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Abstract

N-methyl-D-aspartate receptors (NMDARs) are glutamatergic ionotropic receptors
essential for synaptic maturation during development and synaptic plasticity in adult

stages, whose properties are known to change depending on the life stage.

In particular, the subunit composition of synaptic NMDARSs has important implications for
NMDAR function. In the hippocampus, NMDARs are mainly composed by GIuN2A or
GIuN2B subunits, with GIuN2B-NMDARSs being associated with slower kinetics, more

calcium charge transfer and higher mobility.

GIuN2B-NMDARs are predominant in immature synapses during development,
contributing to the synaptic maturation process, which involves a GIUN2B to GIuN2A
shift. Thus, GIUN2A-NMDARs are the most abundant subtype in adult stages, when most
synapses are in the mature state. Much less is known about the subunit contribution in
aged synapses. However, previous reports showed age-related alterations in NMDAR
properties, such as slower responses, lower current amplitudes and a negative

correlation between GIuN2B levels and memory performance.

These alterations in NMDAR properties, from development to aging, might be caused by
different regulation mechanisms. The amyloid precursor protein (APP), which is mainly
known to be involved in Alzheimer’'s Disease, has emerged as a putative regulator of
NMDARSs. Although the physiological role of APP is not fully understood, it is known to
regulate synaptogenesis and synaptic plasticity and might have different effects when
acting through the full-length protein or its derived fragments. Additionally, APP has
shown to interact and regulate NMDAR surface levels and currents but the functional
relevance of this interaction at different life stages, as well as the underlying mechanisms

of regulation have not been explored so far.

Thus, we hypothesized that APP regulates NMDARs in an age-dependent manner and
defined as the main aims of this work to study APP-NMDAR regulation mechanisms in
immature, mature and aged synapses. To address these guestions in physiological
conditions, we used as our experimental models the hippocampus of wild-type C57BI/6
mice at different life stages (infant (7-10 days), adults (10-16 weeks) and aged (18 — 20
months), as well as postmortem brain tissue from human subjects with different ages

(18-89 years old) and rodent hippocampal primary neuronal cultures.

By combining patch-clamp electrophysiology and molecular approaches, we have

unraveled a dual mechanism by which APP controls GIuN2B-NMDARs, depending on
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the life stage. In the present study, we show that APP is highly abundant at the post
synapse in infant mice, where it interacts with GIluN2B-NMDARSs, controlling its mediated
currents. Moreover, APP knockdown in primary neuronal cultures caused a reduction in
GIuN2B-NMDAR synaptic content, suggesting that APP might be important to stabilize
the receptors at the synapse. Considering the crucial role of GIUN2B-NMDAR in synapse
maturation, this mechanism might potentially be important to achieve functional, mature

synapses during development.

Although this interaction is maintained in adult/aged synapses, NMDAR-mediated
currents showed to be unaltered when interfering with the APP C-terminal during a short
period at these ages, contrary to the results obtained in infant mice. Thus, we concluded
that the APP-NMDAR regulatory mechanisms are different in adult/aged mice when

compared to infants.

We hypothesize that alterations in the APP-NMDAR regulation could be the underlying
mechanism for age-related alterations in NMDAR properties. Accordingly, we found that
aged mice exhibit an increase in GIuUN2B-NMDAR relative currents, which does not
correlate with alterations in subunit levels. Moreover, we found an increase in APP
processing into intracellular fragments upon aging. Importantly, when we inhibited APP
processing or interfered with APP intracellular signaling in aged mice, we were able to
normalize GIuN2B-NMDAR synaptic contribution to adult-like levels. Thus, we propose
that signaling pathways mediated by APP intracellular fragments induce an increase in
GIuN2B-NMDAR relative currents upon aging. Additionally, we show that APP
processing into intracellular fragments also tends to increase in aged humans,
suggesting that a similar mechanism might occur in mice and humans. Considering the
impact of NMDAR on synaptic plasticity, this increase in GIuUN2B-NMDAR relative

currents can potentially contribute to age-related synaptic and memory impairments.

Key words: APP (amyloid precursor protein), NMDA receptor, aging, postnatal

development, glutamatergic synapse



Resumo

Os recetores N-metil-D-aspartato (NMDARs) sdo recetores glutamatérgicos
ionotrépicos, que desempenham um papel fundamental na maturacéo e plasticidade
sinapticas, sendo que as suas propriedades séo influenciadas pela composicao das

subunidades e sofrem altera¢des ao longo da idade.

No hipocampo, os recetores NMDA sinpticos pertencem maioritariamente ao subtipo
GIuN2A ou GIuN2B, sendo que o subtipo GIuN2B-NMDA esta associado a uma cinética

mais lenta, maior transferéncia de carga por calcio e uma maior mobilidade.

Os recetores GIUN2B-NMDA sédo abundantes nas sinapses imaturas durante o
desenvolvimento e contribuem para o processo de maturagéo sinaptica, fase na qual os
recetores GIUN2A-NMDAR passam a ser predominantes. Apesar da informacdo em
relagdo a contribuicdo relativa destas subunidades para o funcionamento neuronal no
envelhecimento ser limitada, ja se comprovou que as propriedades dos recetores NMDA
se alteram em idades mais avancadas. Em modelos de roedores, os recetores
respondem de forma mais lenta e apresentam menor amplitude de correntes. Além
disso, existe uma correlagdo negativa entre os niveis de GIUN2B e as capacidades de

memoéria/ aprendizagem em ratinhos envelhecidos.

Estas alteracdes que ocorrem ao longo da idade podem ser causadas por modificacdes
nos mecanismos de regulagcdo dos NMDARs. Em patrticular, a proteina precursora de
amiloide (PPA), extensivamente estudada por estar envolvida na Doenca de Alzheimer,
pode funcionar como reguladora dos NMDARs. Apesar de a funcao fisiolégica desta
proteina ndo ser ainda totalmente compreendida, sabe-se que a PPA desempenha um
papel importante na sinaptogénese e plasticidade sinaptica. Sabe-se ainda que a PPA
atua ndo so6 na sua forma integral, mas também através dos fragmentos que se geram
guando é clivada. Além disso, foi previamente demonstrado que a PPA interage com 0s
recetores NMDA e tem a capacidade de regular os seus niveis na membrana plasmética
e as suas correntes. No entanto, a relevancia funcional desta interagdo, bem como os

mecanismos de regulacdo ao longo da idade séo ainda desconhecidos.

Assim sendo, a nossa hipétese é que a PPA regula os recetores NMDA de uma forma
dependente da idade. Logo, definimos como o principal objetivo deste trabalho estudar
0s mecanismos de regulacdo dos recetores NMDA pela PPA em sinapses imaturas,
maduras e envelhecidas. De forma a explorar estes mecanismos em condicdes

fisiologicas, utilizamos como modelos experimentais o hipocampo de ratinhos C57BI/6
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‘wild-type’ com diferentes idades (periodo pés-natal (7-10 dias), idade adulta (10-16
semanas) e idade avancada (18 — 20 meses), culturas primarias de neurénios de rato
do hipocampo, bem como amostras de tecido cerebral (cortex) humano obtidas

postmortem de individuos com idades compreendidas entre 18 e 89 anos.

Neste trabalho utilizamos uma combinacdo de métodos de eletrofisiologia Patch-Clamp
e estudos moleculares, levando a concluséo de que a modulacdo exercida pela PPA na
funcdo dos recetores GIUN2B-NMDA apresenta mecansimos diferentes consoante a
idade.

Os nossos resultados em ratinhos durante o desenvolvimento pds-natal mostraram que
a PPA é muito abundante na pds-sinapse, onde interage com os recetores GIuN2B-
NMDA e controla as suas correntes. Além disso, quando induzimos o silenciamento da
PPA em culturas primarias de neurénios, observamos uma reducdo na percentagem de
subunidades GIuN2B que se encontram na poés-sinapse, sugerindo que a PPA pode
estabilizar estes recetores na sinapse. Tendo em conta o papel fundamental dos
recetores GIUN2B-NMDA para a maturacao sinaptica, € possivel que este mecanismo

seja importante para obter sinapses funcionais e maduras durante o desenvolvimento.

Apesar da interacdo entre a PPA e os NMDAR se manter em sinapses de ratinhos
adultos e envelhecidos, nestas idades ndo observamos alteracdes nas correntes
mediadas por NMDARs quando interferimos de forma aguda com o C-terminal da PPA,
ao contrario do que observamos durante o desenvolvimento pés-natal. Logo,
concluimos que os mecanismos de regulacdo PPA-NMDAR sao diferentes em idades

adultas/envelhecidas, quando comparadas com fases de desenvolvimento.

De acordo com a nossa hip6tese, o envelhecimento podera levar a alteracdes na
regulacdo PPA-NMDAR, contribuindo para alteracdes nas propriedades dos NMDARs
em idades avancadas. De facto, verificamos que os ratinhos nestas idades apresentam
um aumento na contribuicdo relativa das correntes sinapticas mediadas por GIuN2B-
NMDARSs. Nestas mesmas idades, observamos um aumento do processamento da
PPA, gerando niveis mais elevados de fragmentos intracelulares. Quando inibimos o
processamento da PPA ou interferimos com a sinalizagdo mediada pelo dominio
intracelular da PPA em ratinhos envelhecidos, observamos a normalizacdo das
correntes relativas mediadas por GIUN2B-NMDARs para valores semelhantes aos

registados em idade adulta.

Assim sendo, os nossos dados indicam que as vias de sinalizacdo induzidas pelos

fragmentos intracelulares derivados da PPA levam a um aumento das correntes
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relativas GIUN2B-NMDARs em idades avancadas. Uma vez que provamos que o0
processamento da PPA esta também aumentado com o envelhecimento em amostras
de tecido cerebral humano, podemos especular que o mecanismo podera ocorrer de
forma semelhante em ambas as espécies. Além disso, tendo em conta o papel crucial
dos NMDARs na plasticidade sinaptica, é possivel que este aumento nas correntes
relativas GIUN2B-NMDA possa contribuir para os défices sinapticos e de meméria

associados ao envelhecimento.

Palavras-chave: PPA (proteina precursora de amiloide), recetor NMDA,

envelhecimento, desenvolvimento pés-natal, sinapse glutamatérgica
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1 Introduction




1.1 Prologue

“All ideas in science were born in the dramatic conflict between reality and our attempts

to understand it.”

Albert Einstein



From synaptic plasticity to NMDA receptors

One of the most important and fascinating properties of the mammalian brain is its
plasticity, i.e. its ability to constantly adapt depending on our experiences (Costandi,
2016). We can consider the communication between neurons as a dynamic combination
of conversations (synapses) happening at the same time, as illustrated in Figure 1.1.
Using this analogy, the plasticity of the synapses would be the ability to ‘initiate or stop
a certain conversation’ or ‘adjust the volume of each conversation’, depending on the

context.

]

A\

Figure 1.1 - lllustration of synapses as dynamic ‘conversations’ between neurons.
The volume settings illustrate the synaptic strength of each connection. Adapted from
(Ludwig, 2017).

This plasticity might occur at the structural level, by forming new connections
(synaptogenesis) and eliminating others. Although synaptogenesis occurs throughout a
healthy person's lifespan, it is more predominant during early brain development, as
shown in Figure 1.2 (Huttenlocher & Dabholkar, 1997). In fact, during our first years of
life, we are highly sensitive to all types of environmental stimuli and experience, we
absorb and process a great amount of information and ultimately learn complex skills
(sensory processing, language ang cognitive functions) (Berardi et al., 2000, Goldman-
Rakic, 1987). This is why the formation of new synaptic connections is so important at

this stage, leading to the establishment of neuronal networks. Thus, we can consider the



synaptogenic stage as the phase when the brain ‘initiates multiple conversations’ at the

same time.

To make these networks functional, the most active connections are selected for
reinforcement and maturation, while the weaker ones disappear (Huttenlocher et al.,
1982). Thus, the synaptic maturation stage involves the selection of “conversations” that

should be maintained in the brain.
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Figure 1.2 — Alterations in synaptic density from development to adulthood.

a) The temporal profile of synapse density in the human neocortex. The synapse density reaches the peak
at 1-4 years after birth and declines gradually after that. Adapted from (Okabe, 2020),

b) Golgi-impregnated neurons in the primary auditory cortex from children at different postnatal ages.
Adapted from (Kral & Pallas, 2011).

When we become adults, most of our synapses are in the mature state, but maintain
their plasticity at the functional level. The ability of synapses to be strengthened or
weakened in response to increasing or decreasing activity levels is called synaptic
plasticity and is essential for our adaptation, learning and memory skills (Citri & Malenka,
2008). The synaptic strength can be seen as the volume settings of each ‘conversation’,
which are not static. Increasing or decreasing the synaptic strength is like ‘tuning up or
down the volume control’, thus helping to determine which ‘conversations’ are more

important and should be ‘heard’ at a given time.

If synaptic plasticity mechanisms become dysregulated, then it might be harder to
distinguish the ‘important conversations from the overall noise’. This is likely what
happens upon aging. Contrary to what was initially thought, the cognitive decline
associated with normal aging is not attributed to significant neuronal loss but is rather a

result from changes in synaptic connectivity and plasticity (Burke & Barnes, 2006).



The mechanisms that govern the synaptic maturation process during development, the
synaptic plasticity in mature synapses and its age-associated impairments are still not
completely understood. When these processes occur in glutamatergic synapses, the
main excitatory synapses in the brain, they depend on an important molecular player:
the NMDA receptors (NMDARSs). These postsynaptic receptors are activated upon
glutamate release and consist of ion channels permeable to calcium (Ca?*). They are
crucial for synaptic maturation and plasticity since they convert patterns of neuronal

activity into synaptic alterations (Pérez-Otafo & Ehlers, 2004).

In fact, NMDARSs act as coincidence detectors during synaptic maturation stages, being
activated when pre and postsynaptic activity occur at the same time. Therefore, NMDAR
activation works as a signal for synaptic maturation and stabilization, leading to
alterations in their composition and function, as illustrated in Figure 1.3 (Shi et al., 1999,
Durand & Konnerth, 1996).

Synapse formation Synapse maturation
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pre/postsynaptic
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Figure 1.3 — Mechanisms of synapse stabilization.

Once the initial synapse is established, activities of the pre- and postsynaptic membrane need to be
synchronized, i.e., the postsynaptic membrane needs to respond to presynaptic neurotransmitter release.
Synchronization stabilizes the synapse, whereas failure to synchronize leaves the postsynaptic membrane
unstable, which leads to a retraction and elimination of the synapse. Adapted from (Konradi & Heckers,
2003)

In mature synapses, the stimulation frequency and the consequent NMDAR-mediated
Ca?* influx, determines which synapses become potentiated or depressed, as shown in
Figure 1.4. Potentiation is a persistent synaptic strengthening leading to a long-lasting
increase in signal transmission between neurons, whereas depression is a long-lasting

reduction in synaptic strength (Citri & Malenka, 2008).



In response to high-frequency stimulation, the calcium influx through NMDARs is
maximal, which activates intracellular signaling cascades that ultimately lead to long-

term synaptic potentiation (LTP), which involves receptor insertion at the post-synapse.

In contrast, low-frequency stimulation causes modest increases in postsynaptic calcium,
triggering the removal of receptors from the post-synapse and inducing long-term

depression (LTD).
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Figure 1.4 — Different patterns of electrical stimulation induce bidirectional

changes in synaptic efficacy.

High-frequency stimulation induces long-term synaptic potentiation (LTP), leading to an increase in signal
transmission. In contrast, prolonged low-frequency stimulation induces long-term synaptic depression (LTD),
i.e. a decrease in synaptic transmission. These changes in synaptic efficacy are mediated, in part, by

changes in levels of intracellular calcium through NMDARs. Adapted from (Plasticity lab, n.d.).

Considering the crucial role of NMDARs for synaptic maturation and plasticity, we
hypothesize that NMDAR properties, functions and regulation mechanisms might suffer

alterations throughout our life, possibly becoming dysregulated upon aging.



1.2 Literature review

L=



1.2.1 NMDA receptors properties

A) How do ionotropic NMDA receptors become activated?

N-methyl-D-aspartate receptors (NMDARs) belong to the glutamatergic ionotropic
receptor family, consisting of ion channels whose opening is favored by glutamate
binding. The family of ionotropic glutamatergic receptors can be subdivided into three
types named after their selective agonists: NMDA, a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) and kainate (KA) receptors (Kew & Kemp, 2005), as
depicted in Figure 1.5.

GLUTAMATE
| |
lonotropic glutamate receptors Metabotropic glutamate receptors
(iGluRs) (mGluRs)
I T |
NMDA AMPA Kainate
receptor Receptor Receptor
v v )
Caz+ MNa+ MNa+
Na+ (Ca2t) (Caz+)

Figure 1.5 — Schematic representation of the different types of glutamatergic

receptors.
Adapted from (Kew & Kemp, 2005).

NMDAR activation is ligand and voltage-dependent, since it requires the binding of
glutamate (agonist) and a co-agonist (glycine/D-serine) (Oliet & Mothet, 2009), as well
as sufficient cell depolarization. Accordingly, at resting potential, the extracellular
magnesium (Mg?*) ions work as a break, by binding to the receptor and blocking ion flux
through the channel. Depolarization of the cell removes the Mg?* break, thus allowing

current flow (Nowak et al., 1984).

Therefore, NMDARS act as coincidence detectors for pre- and postsynaptic activity since
receptor activation requires glutamate release (at the pre-synaptic terminal) and strong
membrane depolarization (post-synaptic cell). The current-voltage curves for the NMDA
receptor at normal Mg?* concentrations and in the absence of this ion are represented in

Figure 1.6.



30 pA
a Resting conditions Strongly active b
synapses ?0 2
Mgz‘. /
Mg2+ O O 10
]
YOO Y 00 S5 -0 -60 -40 -20 «20 +40 +60
with Mg?* *—e____.-/ .
L10
NMDAR 0|0 °
ca*V e _ "
without Mg?* &

Figure 1.6 - NMDAR voltage-dependent block by magnesium (Mg?*)

a) Under conditions of rest or low levels of input activity, the channel of the NMDA receptor is blocked by
magnesium ions (Mg?*). High concentrations of glutamate released at a strongly active synapse produce
strong depolarization of the post-synaptic membrane, resulting in the expulsion of Mg?* ions from the
NMDAR channel, allowing ion influx. Adapted from (Cooke & Bliss, 2006).

b) Glutamate-induced currents in the whole-cell recordings. The current-voltage curve for the NMDAR at
normal Mg?* concentrations (0.5 mM), is non-linear, contrary to the condition in the absence of Mg?*. At
resting potentials (-70mV) NMDARSs are largely blocked by Mg?*. Adapted from (Nowak et al., 1984).

B) Which synaptic responses are mediated by NMDAR activation?

When the necessary conditions for NMDAR activation occur, the receptors suffer a
conformation change, leading to channel opening, a strong influx of sodium (Na*) and
calcium (Ca?*) and small efflux of potassium (K*) ions. Therefore, the net effect is the

depolarization of the postsynaptic neuron (Lischer & Malenka, 2012).

Compared to other glutamatergic ionotropic receptors, NMDARs exhibit high
Ca?* permeability (Burnashev, 1998). Accordingly, a substantial fraction of the current
through NMDARSs is carried by Ca?* ions (fractional Ca?* current, ~10%) (Garaschuk et
al., 1996) and can lead to large Ca?* accumulations in dendritic spines (Sobczyk et al.,
2005).

Therefore, besides contributing to depolarization, NMDARs couple electrical synaptic
activity to biochemical signaling via activation of Ca?"dependent enzymes and
downstream signaling pathways. For example, high frequency stimulation causes a large
influx of calcium through NMDARSs, leading to the activation of kinases (such as
calcium/calmodulin kinase Il (CaMKIIl)) and the downstream insertion of AMPARS into
the synapse (Sanhueza et al., 2011). In contrast, low frequency stimulation and the

consequent calcium entry through NMDARs leads to the activation of phosphatases



including the calcium/calmodulin dependent phosphatase (calcineurin), inducing the
endocytosis of AMPARs (Mulkey et al., 1994).

The high affinity for glutamate and slow kinetics of NMDARs allow them to decode
synaptic input patterns over prolonged periods (Patneau & Mayer, 1990, Traynelis et al.,
2010). Accordingly, NMDARs can remain open for hundreds of milliseconds after
presynaptic release of glutamate (Vicini et al., 1998, Lester et al., 1990), whereas
AMPARs current decays much faster (a few milliseconds) (Mosbacher et al., 1994).
Thus, calcium influx through NMDARs can lead to long-term changes in synaptic
strength, through LTP of LTD and contribute to learning and memory processes. The

synaptic processes that occur upon NMDAR activation are summarized in Figure 1.7.

K+

LTP «— CAMKII

Depolarization

LTD -« Calcineurin

Figure 1.7 — Synaptic responses mediated by NMDAR activation. The ionotropic
function of NMDARSs causes depolarization through monovalent cation flux and through
calcium influx, which activates downstream calcium-dependent pathways, including LTP
and LTD.

C) How does the NMDAR structure relate to its synaptic functions?

NMDARSs consist of large complexes of four homologous subunits, which belong to one
of these families: GIuN1 (8 isoforms due to alternative splicing), GIuN2 (subunits A-D)
and GIuN3 (subunits A and B) (Paoletti & Neyton, 2007), as depicted in Figure 1.8a.
Most NMDARs in the brain are heteromeric receptors usually consisting of two GIuN1
(obligatory subunit) and two GIuN2 subunits (regulatory subunit), as represented in
Figure 1.8b.
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Figure 1.8 — NMDAR subunits and their organization into heteromeric receptors.
a) List of different NMDAR subunits. Adapted from (W. Zhang et al., 2022).

b) Organization of NMDAR subunits into heteromeric receptors, usually containing two GluN1 and two GIluN2
subunits. Adapted from (Kumar, 2015).

All NMDAR subunits share a structure composed of four distinct domains as illustrated
in Figure 1.9:

- Amino-terminal domain (ATD) - important for subunit assembly

- Ligand-binding domain (LBD) or agonist-binding domain — glutamate, glycine and
D-serine binding sites

- Transmembrane domain (TMD) - contains the ion channel, composed by 3
membrane-spanning domains (M1, M3, M4) and a re-entrant pore loop (M2)
which form the ion channel.

- C-terminal domain (CTD) - involved in receptor trafficking, anchoring and

intracellular signaling.

X-ray crystallography and cryogenic electron microscopy (cryo-EM) have revealed the
atomic structures of the extracellular (ATD and LBD) and transmembrane domains
(Karakas & Furukawa, 2014, LU et al., 2017). In contrast, the CTDs do not contain any
known domains beyond short recognition motifs, involved in binding to other proteins
(Warnet et al., 2021), as illustrated in Figure 1.9.
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Figure 1.9 - Overview of the NMDA receptor domain structure

a) Crystal structure of the rat GIUN1/GIuN2B (pdb: 4PES) ((Karakas & Furukawa, 2014) shows the
overall heterotetrameric structure of the NMDA receptor without the CTDs. Assuming that the CTD has a
compaction typical of intrinsically disordered proteins, the GIuUN2A/B CTDs are expected to have a radius of

gyration of about the dimension the extracellular domains, which suggests that CTD spans a range more
than twice a large.

b) Sketch of the topology of the conserved fold of ionotropic glutamate receptors. M2 does not span the
membrane but forms a re-entrant channel-lining segment. The LBD includes the loop between M3 and M4,
providing tight coupling between the LBD and the transmembrane domain.

Adapted from (Warnet et al., 2021).

The length of the CTD varies dramatically between paralogues, from ~ 50 residues for
the shortest isoform of GIuN1 up to 660 residues for the GIuN2B CTD. The lack of a 3D
stable structure suggests that CTDs belong to the class of intrinsically disordered
regions, which are characterized by establishing transient interactions with multiple
targets (Warnet et al., 2021, Kjaergaard & Kragelund, 2017). In fact, several binding
partners are known to interact with the CTDs of NMDAR subunits, as illustrated in Figure
1.10.
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Figure 1.10 - Protein interactions mapped biochemically to the GluN1, GIuN2A
and GIuN2B C-terminal domain. Adapted from (Warnet et al., 2021)

D) Does subunit composition influence NMDAR synaptic function?

In higher brain structures (hippocampus and cortex), GIUN2A and GIuN2B are the
predominant regulatory subunits (Monyer et al., 1994). In each NMDA receptor, the
respective GIuN2 subunits can be identical or different, giving rise to diheteromeric and

tri-neteromeric receptors (Al-Hallag et al., 2007, Rauner & Kéhr, 2011).

The GIuN2 subtype dictates NMDAR properties thus influencing their mediated
responses. Despite the 70% amino acid sequence homology (C. C. Wang et al., 2011),
GIuN2B and GIuN2A confer specific properties to NMDARSs, as reviewed in (Yashiro &
Philpot, 2008). When compared to GIUN2A, GIuN2B-NMDA receptors exhibit:

- Lower open probability and peak currents (Erreger et al., 2005) .

- Slower rising and decaying times, thus staying open for a longer time (Vicini et al.,
1998) (Figure 1.11 a).

- More charge (approximately 2-fold) for a single synaptic event (Erreger et al., 2005)

and more Ca?* per unit of current (Sobczyk et al., 2005).
- Higher affinity for CAMKII binding, which is essential for LTP (Mayadevi et al., 2002).

- Higher mobility, diffusing in the dendritic shaft, spine neck and head, whereas GIUN2A—
NMDAR are mostly confined in the postsynaptic density (PSD) located at the spine head
(Groc et al., 2006) (Figure 1.11 b).
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- Higher affinity for the antagonist Ifenprodil (>400-fold selectivity for GluUN2B-NMDAR
compared to GIuUN2A-NMDARs (Williams, 1993) and its derivatives (such as Ro 25-
6981) (Karakas et al.,, 2011). In contrast, TCN-201 (3-chloro-4-fluoro-N-[(4-[(2-
(phenylcarbonyl)hydrazino)carbonyl]phenyl)methyllbenzenesulfonamide) and  zinc
(Zn?*) act as antagonists with higher selectivity for GIluN2A when compared to GIuUN2B-
NMDARs (Hansen et al., 2012, Rachline et al., 2005).

a) NMDAR currents b) NMDAR mobility

GIluN2A-NMDAR GIuN2B-NMDAR

ﬂf | T o~

|
|
| |
o e |
| 100ms | 100ms

Figure 1.11 — GIuN2A and GIuN2B-NMDARs exhibit different properties, including

deactivation kinetics and mobility.

a) NMDA channel currents obtained by Patch-Clamp after 1-ms applications of L-glutamate (1 mM) to human
embryonic kidney 293 cells (HEK-293) transfected with distinct NMDA receptor subunits. Adapted from
(Vicini et al., 1998).

b) On the left: Representative trajectories (50 s duration) of a surface GIuN2A- (red trace) and GIuN2B—
(blue trace) NMDAR in the spine of a hippocampal neuron. The surface GIuN2 subunit were imaged over
time using single Quantum Dot (QD) tracking approach (inset, lower right). Each of the trajectories
represents the diffusion of a single particle-receptor complex. The GIuUN2A-NMDAR is confined in the
postsynaptic density (PSD), located at the spine head. The GIuN2B—-NMDAR diffuses in the dendritic shatft,
spine neck and head, in which it is transiently retained. Scale bar=200 nm. On the right: Enlarged view of
the PSD area and the surface GIuUN2A— and GIuUN2B-NMDAR trajectories. Note the presence of high
confinement areas (yellow circle) in PSD part of trajectories, particularly evident for the GIUN2A-NMDAR.
Scale bar=100 nm. Adapted from (Bard & Groc, 2011).

Therefore, the synaptic GIUN2B/GIUN2A ratio determines the consequences of NMDAR
activation, including total calcium influx and downstream signaling. Both GIuUN2B and
GIuN2A-NMDARs contribute to synaptic plasticity, learning and memory. However, given
their different properties, the GIuUN2B/GIUN2A ratio might influence the threshold for
LTP/LTD induction. Accordingly, in GIuN2B-rich synapses a modest response is
expected to elevate Ca?* and activate CaMKII to a level sufficient to induce LTP, lowering
the threshold for LTP induction (Yashiro & Philpot, 2008), as illustrated in Figure 1.12.
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Figure 1.12 - Hypothetical model of synaptic plasticity regulation by NMDAR
subunits

On the left: A model to explain why the LTD/LTP induction threshold may differ between synapses which
predominantly have GIuN2B-NMDARs (upper) or GIuN2B-NMDAR (lower image). In these two synapses,
the same frequencies of stimulation will produce different outcomes in synaptic plasticity. In GluN2B-NMDAR
rich synapses, large amounts of Ca?* can enter the spine through NMDARs in response to synaptic
stimulation and/or the calcium is more likely to activate CaMKII. Therefore, modest synaptic activity is more
likely to stimulate LTP.

On the right: The graph represents the level of the integrated postsynaptic response in the x-axis (which is
related to the frequency of synaptic activation), while the y-axis represents the lasting change in synaptic
strength. In GIUN2B-NMDAR rich synapses, the LTD-LTP crossover point (6m) shifts to the left, favoring
LTP over LTD. Adapted from (Yashiro & Philpot, 2008).

This GIUN2B/GIuN2A ratio is not static, changing in response to neuronal activity and
sensory experience during postnatal development, (Bellone & Nicoll, 2007, Quinlan et
al., 1999, Philpot et al., 2001, Yashiro et al., 2005), but also in adult synapses (Baez et
al., 2013, Carta et al., 2018). Thus, depending on the physiological context, synapses
adapt their GIuN2-NMDAR signaling to modulate their integrative capacity.

E) Does the GIuN2B/A ratio change with age?

While the GIuN1 subunit is ubiquitously expressed in the brain at all ages, GIuN2 subunit
composition varies across brain regions and throughout time, influencing the GIuN2B/A
ratio (illustrated in Figure 1.13).

Major changes in the expression patterns of these GIuN2 subunits occur during the first

postnatal weeks in rodents. The GIuN2A subunit gradually increases after birth,
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becoming abundantly expressed in the brain. In contrast, GIUN2B expression is observed
at high levels during embryonic development and following birth, peaks around the first
postnatal weeks (postnatal days (P) 7-10), being also expressed during adulthood
(Williams et al.,, 1993, Monyer et al., 1994). Therefore, during early postnatal
development in rodents, NMDARs change their subunit composition from primarily
containing GIuN2B subunits to predominantly containing GIUN2A subunits
(GIuN2B—GIuN2A switch) as illustrated in Figure 1.13a (X. B. Liu et al., 2004). This
subunit exchange is observed throughout the brain and also occurs in humans (Figure
1.13b) (Law et al., 2003, Jantzie et al., 2015).

Much less is known about the impact of aging on the GIuN2B/A ratio, with most studies
reporting a decline in mMRNA/protein levels of NMDAR subunits, which seems to be more

pronounced for GIUN2B, as reviewed in (Kumar, 2015).
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Figure 1.13 — Temporal expression/synaptic levels of GIuN2A and GIuN2B in mice

and humans

a) Resuls obtained from GIuN2A and GIuUN2B detection by postembedding immunogold electron microscopy
in layer IV of somatosensory cortex (SC) during postnatal development (P2-P19). Adapted from (X. B. Liu
et al., 2004). P — postnatal day.

b) RNA-seq results in human dorsolateral prefrontal cortex (DFC) and hippocampus (HIP) for GIuN2B and
GIuN2A. Adapted from (Bar-Shira et al., 2015). PCW — postconceptional weeks; m — months; y — years.
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The fact that GIuN2B-NMDARSs play a crucial role in early development is supported by
the results obtained in knockout (KO) models. Accordingly, the complete loss of GIuN1
or GIuN2B subunits in mice is heonatally lethal, possibly due to impairments in essential
functions for autonomous neonatal life, such as breathing and feeding (Kutsuwada et al.,
1996, Forrest et al., 1994). In contrast, GIUN2A-NMDARs knockout mice are viable,
which is consistent with the reduced expression levels during development (Sakimura et
al., 1995).

Importantly, the genetic replacement of GIuN2B with GIuN2A also results in high rates
of perinatal lethality and suppressed feeding, although NMDAR currents are maintained.
These experiments indicate that GIuN2B-containing NMDARSs activate unique processes
during development that cannot be rescued by replacement with GIUN2A (Gray et al.,
2011).

When the GIuN1 or GIuN2B deletions are restricted to the CA1l pyramidal cells of the
hippocampus or to the forebrain, respectively, starting only at the third postnatal week,
the mutant mice are viable, but exhibit deficits in NMDAR synaptic currents, long-term
potentiation and spatial memory (Tsien et al., 1996, von Engelhardt et al., 2008), similarly
to GIuN2A complete KO mice (Ito et al., 1997, Sakimura et al., 1995).

Overall, the results obtained in these models suggest that both GIuN2B and GIuN2A
subunits play a crucial role for synaptic plasticity and cognitive functions, with GIUN2B

being particularly relevant during development.

Table 1.1 - Summary of the main results observed in knockout mouse models for
NMDAR subunits.

Subunits | Complete KO Conditional KO
(After third postnatal week)
GluN1 Neonatally lethal Restricted to CA1 (Cre T29-1)
|Swallowing and breathing Viable
(Forrest et al., 1994) INMDAR currents, |LTP (field, HFS), | Spatial
memory

(21-48 days old)
(Tsien et al., 1996)

GluN2B Neonatally lethal Restricted to forebrain (CamCre4 mice)

Absence of suckling behavior = | Viable

lack of nutrition INMDAR currents, |LTP (cellular, LFS, CA1),
(Kutsuwada et al., 1996) | Spatial memory

(5 months old)
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(von Engelhardt et al., 2008)

GIluN2A Viable -
INMDAR currents, |[LTP (field,
HFS) in CA3-CA1, |[Spatial
memory

(9-10 weeks old)

(Sakimura et al., 1995)

Abbreviations: LTP — Long-term potentiation; HFS — high frequency stimulation; LFS —

low frequency stimulation.

F) Are there age-dependent alterations in NMDAR functions and
properties?

Fi) Development

The phase when NMDARs switch from GIuN2B to GIuN2A

During postnatal development in rodents, there is a peak in synapse formation (Blue &
Parnavelas, 1983, Li et al., 2010, Steward & Falk, 1991). In the newly formed synapses,
which are considered ‘immature’, glutamatergic synaptic transmission is mainly
mediated by GIuUN2B-NMDARSs, as shown by electrophysiology recordings in rodent
hippocampal slices (Durand & Konnerth, 1996, Hsia et al., 1998, Bellone & Nicoll, 2007).

These receptors are important for the synaptic maturation process, by assuring that it
occurs only when there is strong or correlated neuronal activity. When the synaptic
activity is under basal levels, the synapses are kept in an ‘immature’ stage. In contrast,
then the synaptic activity reaches a certain threshold, this results in enough Ca?* entry
through GIuN2B-NMDARSs, triggering synaptic maturation (Durand & Konnerth, 1996,
Gray et al., 2011, Adesnik et al., 2008).

The predominance of GIUN2B-NMDARs might be important at this stage since they
integrate stimuli received in longer periods (slower kinetics) (Carmignoto & Vicini, 1992),
carry more Ca?* per unit of current (Sobczyk et al., 2005) and are more mobile than
GIuN2A-NMDARs (Groc et al., 2006). Moreover, they are thought to reduce the threshold
for LTP-like responses, which act as the trigger for synaptic maturation (Yashiro &
Philpot, 2008).
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Accordingly, an acute and bidirectional change in GIuN2 subunit composition can be
induced by synaptic activity in the rodent hippocampus. Accordingly, the induction of LTP
in young hippocampal slices (postnatal days 2-9) results in a very rapid switch in synaptic
composition (from GIUN2B to GIuN2A), whereas a subsequent depotentiation reverses
this activity-dependent switch. Interestingly, this protocol fails to induce any change (by
LTP or depotentiation) in older hippocampal slices (P16-21), indicating that this

mechanism only occurs during early postnatal development (Bellone & Nicoll, 2007).

In the cortex, this process is known to be regulated by sensory experience (Carmignoto
& Vicini, 1992, Philpot et al., 2001, Quinlan et al., 1999, Quinlan et al., 2004) which
triggers strong neuronal activity and induces an LTP-like response responsible for the
GIluN2B-GIuN2A switch (Gray et al., 2011). In contrast, when animals are subjected to
sensory deprivation conditions, the developmental switch does not occur (Philpot et al.,
2001).

The fact that this process is highly conversed and occurs during a crucial period for
synapse maturation, circuit refinement and acquisition of learning abilities indicates that
it might be extremely relevant for high brain functions (Dumas, 2005). While the GIuN2B
predominance might be crucial during early development to allow proper synaptic
formation and maturation, the shift to GIUN2A might be important to reduce the synaptic
response time and increase the threshold for LTP in mature synapses, leading to a better
fine-tuning of synaptic plasticity mechanisms (Kirkwood et al., 1996, Barth & Malenka,
2001, Yashiro & Philpot, 2008).

When synapses undergo maturation, they suffer pronounced alterations in the PSD
composition, as illustrated in Figure 1.14. Besides the GIuUN2B—GIuN2A switch, the
maturation process also leads to the incorporation of AMPARs at the synapse and an
alteration in the main PSD scaffolding proteins (Cizeron et al., 2020). Immature synapses
mainly contain GIUN2B-NMDARs interacting with the scaffolding protein SAP-102
(Synapse-associated protein 102) (Zheng et al., 2010), whereas GIuUN2A-NMDARs
mainly interact with PSD-95 (Postsynaptic density protein) in mature synapses. (Sans et
al., 2000, Elias et al., 2008).

Although the molecular mechanisms that result in the developmental GIuN2 subunit
switch remain uncertain, they are known to involve the upregulation of GIUN2A and the
SAP102- PSD-95 shift (Sans et al., 2000, Elias et al., 2008).
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Figure 1.14 — Synaptic maturation leads to alterations in NMDAR subunit
composition and postsynaptic scaffolding proteins.

Synapse maturation results in a switch in the predominant synaptic GIuUN2 subunit from GIuN2B to GIuN2A.
Synaptic maturation also results in alterations in the levels of several scaffolding (SAP102 vs. PSD-95) and

an increase in synaptic AMPA receptors (Sanz-Clemente et al., 2013).

Several studies have shown that NMDARs are indeed important to achieve proper
synaptic maturation, although with complex and conflicting results depending on the
model, timing of intervention and parameters used to study synaptic maturation, as
summarized in Table 1.2. Overall, the results suggest that the manipulation of NMDAR
levels and activity in stages of synaptic maturation is sufficient to dysregulate AMPAR
currents and clusters (having either a positive or negative result), implying that NMDARS

determine in which synapses AMPARs should be incorporated.

In one hand, in the absence of NMDARs, AMPAR incorporation could occur through a
less selective NMDAR-independent mechanism, thus causing an increase in AMPAR
currents (C. C. Wang et al., 2011, Hall et al., 2007, J. S. Ferreira et al., 2015, Gray et al.,
2011, Ultanir et al., 2007, Adesnik et al., 2008, Gambrill & Barria, 2011).

On the other hand, when NMDARSs are present but their activity is blocked, the NMDAR-
dependent mechanism of AMPAR incorporation does not work efficiently, possibly
explaining the decrease in AMPAR transmission (Liao et al., 1999, Zhu & Malinow,
2002). Thus, the results obtained so far point towards a model in which GIUN2B-NMDAR

activity is important to regulate synaptic maturation, as shown in Figure 1.15.

The fact that GIuUN2B deletion and knockdown cause a decline in spine density indicates
that this receptor subtype is indeed essential for synapse formation and maturation.
Importantly, inducing GIuN2A overexpression in early developmental stages also causes
a reduction in spine density, showing the importance of GIuN2B-NMDAR properties at
this life phase (Gambirill & Barria, 2011).
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Table 1.2 — Summary of the main findings observed in rodent models when

interfering with NMDAR levels/activity in immature synapses.

Strategy Model Effect Ref
GIuN2B—2A mice | Mouse cortical primary neurons t  Amplitude of AMPAR | (C. C. Wang et
(genetic DIV15 mMEPSCs al., 2011)
replacement)

GIuN2A Rat organotypic | Frequency of mEPSCs (Gambrill &

overexpression
(transfection of rat
organotypic
hippocampal slices)

hippocampal slices (CAl), P67
Overexpression at 4-5dic, analysis
at 7-8dic

= Amplitude mEPSCs
| Spine density

Barria, 2011)

GIuN2B KO mice
(global)

Mouse cortical primary neurons
DIV 8-11

1 Amplitude of AMPAR-

mMEPSCs

(Hall et al,
2007)

Mouse  hippocampal primary | 1 AMPAR synaptic levels (J. S. Ferreira et
neurons al., 2015)
DIV 14-15
GIuN2B conditional | Mouse acute hippocampal slices | 1 Amplitude of AMPAR-EPSCs | (Gray et al.,
KO mice | (CAl), P17 | Spine density 2011)

(GluN2Bfl/ifl + Cre
expression)

(Cre expression by AAV injection
at P0)

Nex-Cre

GIluN1 KO mice
(pyramidal neurons
in the cortex and
hippocampus)

Mouse slices of somatosensory
cortex

(Layer 2/3 pyramidal neurons)
P10-P21

1 Amplitude and frequency of
MEPSCs
| Spine density (only after P15)

(Ultanir et al.,
2007)

GIluN1 conditional
KO (GluNZ1flifl mice
+ Cre expression)

Mouse organotypic hippocampal
slices, P5-P9, CAl

(CRE expression by transfection
at 14-20 dic)

1 Amplitude of AMPAR EPSCs

Mouse acute hippocampal slices,
P12-P19, CAl

1 Amplitude of AMPAR EPSCs

(Adesnik et al.,
2008)

GIluN2B KD
(rat slices/ neuronal
cultures)

(Cre expression by in utero
electroporation)
Rat organotypic hippocampal | | Frequency of mEPSCs (Gambrill &

slices, P6—7, CAl
Transfection with SIRNA at 7—8 dic

| Spine density

Barria, 2011)

Rat cortical primary neurons
Transfection with siRNA at DIV 5-
6, analysis at DIV 12-13 DIV

1 Amplitude of
AMPAR-mEPSCs

(Hall et al.,
2007)

NMDAR
blocking
(rat primary neurons
/ organotypic slices)

chronic

Rat cortical primary neurons
DIV 5 to DIV12-13

APS5 (100 pM) or

Ifenprodil (3 pM)

= Amplitude of AMPAR

mEPSCs

(Hall et al.,
2007)

Rat hippocampal primary neurons
15-21DIV
AP5 (100 pM)

| AMPAR clusters

(Liao et al.,
1999)

Rat
slices
PO, 15 dic, CA1
CPP (100 uM)
AP5 (50 uM)

organotypic  hippocampal

1 Frequency of mEPSCs,
= Amplitude of mMEPSCs
= AMPAR/NMDAR ratio
= Spine density

(Lathi et al.,
2001)
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Rat organotypic hippocampal | | AMPAR/NNMDAR ratio (Zhu &
slices (Only for treatment of 1-3 days) | Malinow, 2002)
P6, 12 dic, CAl
AP5 (200 pM)
NMDAR acute | Rat organotypic hippocampal | | AMPAR/NNMDAR ratio (Zhu &
blocking slices (Only for P3 and P6) Malinow, 2002)
(Rat organotypic | P3, P6, P9 and P12, CAl
hippocampal slices) | AP5 (200 uM, 24h)

Abbreviations: KO — knockout; KD — knockdown; fl - floxed allele; Cre — Cre-recombinase; DIV — days in
vitro; dic — days in culture; P — postnatal days; mEPSCs — miniature Excitatory Postsynaptic Currents; AP5
- (2R)-amino-5-phosphonovaleric acid (NMDAR inhibitor); CPP - 3-(2-Carboxypiperazin-4-yl)propyl-1-
phosphonic acid (NMDAR inhibitor)

Strong Activity === Synapse maturation
(GIuN2A and AMPAR)
= ,, c

/ O GluN1 \
} ’ A GluN2A ‘
B / v
% @ () clunzs
\ @ @ AMPAR
GIuN2B Deletion GIUN2B-NMDAR inhibition

Figure 1.15 — Hypothetical model of GIuN2-NMDAR contribution to synaptic

maturation

a) Modest activity in immature synapses occurs predominantly through GluN2B-NMDARs and prevents the
constitutive trafficking of AMPARS to the PSD. This mechanism ensures that synapses only become mature
after strong or correlated activity, when enough calcium enters to override the inhibitory pathway (possibly
via an LTP-like mechanism). This strong activity triggers AMPAR insertion in the PSD and the subunit switch
from predominantly GIuUN2B-NMDARs to predominantly GIluN2A-NMDARs.

b) When GIuN2B subunits are deleted during early postnatal development, the inhibitory ‘silencing’ signal is
absent, and AMPARSs constitutively traffic to the PSD.

¢) When GIuN2B-NMDARs are inhibited, there is no strong synaptic activity, thus the AMPAR insertion and
NMDAR subunit switch do not occur.

Adapted from (Gray et al., 2011).
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Fii) Aging

The phase when NMDARs might contribute to synaptic dysfunction

Several studies indicate that aging is associated with alterations in NMDAR levels and
properties, but the underlying mechanisms are still not known. The fact that aging is a
highly heterogeneous process both in humans and other species make this analysis
extremely challenging, sometimes leading to contradictory results. Studies in rodents
suggest that animals can be classified as impaired and unimpaired considering their
behavioral performance in learning/memory tasks, which allows a better correlation with

alterations at the synaptic level (Fischer et al., 1989, Temido-Ferreira et al., 2020).

Most studies so far have reported a decline in mRNA/protein levels of NMDAR subunits
upon aging in the cortex and hippocampus, with contradictory results depending on the
species, brain region/subregion and subunit (P. Liu et al., 2008, Adams et al., 2001). This
decrease is particularly consistent for GIUN2B protein levels, being described in wild-
type mice (3-4 vs. 26-30 months old) (Magnusson et al., 2002, Zhao et al., 2009), in F344
rats (4 vs. 24 months) (Clayton & Browning, 2001) and non-human primates (6-8 vs.
24-26 years (Bai et al.,, 2004). A recent study in humans also showed a negative
correlation between age (=20-60 years) and the total GIuUN2B levels in the temporal
cortex (Pegasiou et al., 2020). Additionally, the cortex and hippocampus are
characterized by a decrease in NMDAR binding by its agonist ([*H]glutamate) or
antagonists ([3H]JCPP, [3HJMK801) upon aging, both in wild-type mice (3 vs. 28-30
months) (Magnusson & Cotman, 1993, Magnusson, 1995, Magnusson, 2000), F344 rats
(5 vs. 24 months) (Wenk et al., 1991) and non-human primates (4-9 vs. 29-34 years)
(Wenk et al., 1991). Similarly, humans also exhibit a decline in binding of [SHJMK80L1 to
the NMDA receptor upon aging (24 weeks gestation to 100 years old) in the frontal cortex
(Piggott et al., 1992). The main findings regarding NMDAR subunit levels and binding in

aged wild-type mice are summarized in Table 1.3.

Table 1.3 — Summary of the main findings observed in aged wild-type mice

regarding NMDAR subunit levels and binding.
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Parameter Model Results Ref

C57BI/6 mice Cortex: |GIuN2B, |GIuN1, =GIuN2A | (Magnusson et
3 vs. 30-month-old | (membrane fractions) al., 2002)
mice. Hippocampus: |GIuN1, = GIuN2B, =

. GIuN2A (membrane fractions)
NMDAR subunit

levels C57BL/6INIA mice Cortex: |GIuN2B, = GIuN1 (not in whole | (Zhao et al,
4 vs. 26 months old lysates, only in synaptosomes) 2009)
Hippocampus: |GIuN2B, = GIuN1 (whole

lysates + synaptosomes)

C57BI/6 mice INMDA-displaceable [3H]glutamate and | (Magnusson,
3 vs. 30 months [BH]CPP binding (cortex and | 2000)
hippocampus)

C57B1 and BALB/c | [NMDA displaceable  [*H]-glutamate | (Magnusson &
NMDAR binding mice binding (cortex and hippocampus) Cotman, 1993)
3 vs. 30 months

C57B1/6 mice INMDA displaceable [*H]-glutamate and | (Magnusson,
3 vs. 28-30 months [BH]CPP binding (cortex and | 1995)
hippocampus)

Abbreviations: CPP- [(x)-2-carboxypiperazin-4-yl] propyl-1-phosphonic acid; [*H] - radioactive isotope of
hydrogen (Tritium)

Additionally, several studies reported alterations in NMDAR function, as shown by a
decrease in the amplitude of field NMDAR-mediated excitatory post-synaptic potentials
(NMDAR-fEPSPSs) in the CAL region of the hippocampus in wild-type mice (3-5 vs. 23—
27-months) (Billard & Rouaud, 2007) and F344 rats (Eckles-Smith et al., 2000,
Bodhinathan et al., 2010, Kumar & Foster, 2013).

Similar outcomes were reported when measuring evoked NMDAR-mediated excitatory
post-synaptic potentials (NMDAR-EPSCs) in individual CA1 pyramidal cells, which
showed a lower amplitude in aged F344 rats (4—6 months vs. 24-26 months) (Kumar et
al., 2019). Moreover, the duration of NMDAR-fEPSPs tends to increase in aged Sprague-
Dawley rats (3—4-vs. 25—-33-months) (Jouvenceau et al., 1998), but it is still not clear if

this occurs due to alterations in NMDAR subunit composition.

Emerging evidence shows that NMDARSs function differently in aged or adult synapses,
namely considering the incongruent results regarding GIUN2B-NMDAR impact on
memory performance. Some studies suggest that increasing GIuN2B levels could

alleviate the age-associated memory impairments in mice. Accordingly, forebrain-
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specific GIuN2B transgenic mice exhibit increased LTP, accompanied by a better
recognition, contextual and cued fear memory and spatial learning compared to wild-
type mice with the same age (15-18-months) (Brim et al., 2013). Additionally, viral-
induced overexpression of GIUN2B in the hippocampus/cortex of aged wild-type mice
(22-26 months) resulted in increased NMDAR EPSPs and improved spatial memory
(Cao et al., 2007). However, there is also evidence that aged mice (26 months old) with
higher GIUN2B and GIuN1 expression exhibit poorer memory (Zhao et al., 2009), which
might indicate that NMDARs have different properties upon aging. Accordingly, two
independent studies have shown that the association between GIUN2B and PSD-95
increases in aged synapses, based on results from GIUN2B co-immunoprecipitation in
synaptosomes from the frontal cortex of wild-type aged mice (3 vs. 26 months) (Zamzow
et al., 2013) and proximity ligation assays in dorsal CA1 of aged (3—4 vs. 20—-23 months)
(al Abed et al., 2020).

Considering the potential role of NMDARs in age-associated memory impairments,
NMDAR antagonists have emerged as potential compounds to counteract these
alterations. However, antagonists such as memantine have shown both prejudicial
(Creeley et al., 2006, Pinho et al., 2017) and beneficial effects in rodents (Pieta Dias et
al., 2007, Zoladz et al., 2006, Beracochea et al., 2008), depending on the age, type of
administration, dose and memory task involved in the study, as summarized in Table
1.4.

Overall, the results propose that memantine could be beneficial in age-impaired animals
or in situations of excessive NMDAR activation (Zajaczkowski et al., 1997). This is
consistent with the proposed mode action for memantine, by acting as a non-competitive
NMDAR antagonist that blocks pathological tonic NMDAR activation while preserving
their physiological transient synaptic activation (Parsons et al., 2007, Danysz & Parsons,
2003, Lipton, 2006, X. Song et al., 2018). Considering that memantine is an approved
therapeutic drug for moderate to severe Alzheimer’'s disease (AD) (Reisberg et al.,
2003), it is possible that blocking NMDAR pathological activity might also be beneficial
for AD patients.

Table 1.4 — Summary of the effects obtained upon memantine administration in

wild-type rodents and human AD patients.
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aged mice when
comparing to adults (4to 5
months))

Model Memantine Treatment Synaptic Learning/memory Ref
plasticity
Adult Sprague i.p (2.5, 5, 10, mg/kg) - | Memory retention (Creeley et
Dawley rats Single injection, before 2.5, 5, and 10 mg/kg al., 2006)
6 -8 months behavioral tests Hole-board test
Adult Wistar rats, i.p. (1,50r10 No effect No effect (Pinho et al.,
2-4 months mg/kg/day) Morris Water Maze 2017)
for 15-20 days
Adult Sprague- i.p. (2.5,3.75,5,0r 7.5 - 1 Memory retention (Zoladz et
Dawley rats mg/kg) (5 or 7.5 mg/kg) al., 2006)
Single injection, before Radial-arm water maze
behavioral tests (24h retention trial)
Aged Wistar rats i.p. (20 mg/kg/day) - 1 Memory retention (Pieta Dias
24 months for 21 days Novel object recognition et al., 2007)
Last injection 1w before task 1 week after the last
behavioral tests injection
Aged Wistar rats i.p. (1,50r10 | LTP | Place learning (Pinho et al.,
17-25 months mg/kg/day) magnitude (Impaired in aged 2017)
for 15-20 days (increased in comparing to adults (2-4
aged months))
comparing to 10 mg/kg/day
adults (2-4 Morris water maze
months))
10 and 5
mg/Kg/day
Aged C57BI/6 Oral - 1 Spatial memory (Beracochea
mice gavage (3 0or 0.3 3mg/kg et al., 2008)
18-20 months mg/kg/day) Contextual serial
for 7 days discrimination (Impaired in

Human AD
patients
(moderate-to-
severe)

Oral (20 mg/day)
for 28 weeks

tPerformance in
CIBIC-Plus, ADCS-
ADLsev and Severe
Impairment Battery

(Reisberg et
al., 2003)

Abbreviations: ip — Intraperitoneal; w - week; CIBIC-Plus - Clinician’s Interview-Based Impression of Change

Plus Caregiver Input; ADCS-ADLsev - Alzheimer’s Disease Cooperative Study Activities of Daily Living

Inventory modified for severe dementia; AD — Alzheimer’s Disease

Taken together, this data indicates that NMDARs in aged synapses have different but

still unknown properties, potentially contributing to synaptic dysfunction in later life

stages. In fact, aging is associated with calcium dyshomeostasis (Hajieva et al., 2009),

(Oh et al., 2013) alterations in synaptic plasticity (Burke & Barnes, 2006), namely a shift

from LTD to LTP (Temido-Ferreira et al., 2020), and memory deficits (Tombaugh et al.,

2002) in wild-type rodents. Similar mechanisms might occur in human aging, which is

also characterized by alterations in in cortical plasticity (Freitas et al., 2011), as well as

impairments in cognition (Singh-Manoux et al., 2012) and spatial memory (Newman &

Kaszniak, 2000).
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Considering the impact of the GIUN2B/A ratio in Ca?* influx and in defining a threshold

for LTP, alterations in the subunit composition could eventually explain these age-

associated properties, but this hypothesis has not been explored so far.

The main findings related to NMDAR function in aged synapses in wild-type rodents,

namely in CA3-CAL synapses, are summarized in Figure 1.16.

Hippocampus (CA3-CA1)

Adult synapse

Aged synapse

© o

Ca2+ homeostasis
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GIuN2B levels

NMDAR-EPSCs amplitude
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LTD to LTP shift
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@ Futative alteration in GIUNZB-NMDAR properties

Figure 1.16 — Summary of age-associated alterations in NMDAR levels/function in aged

synapses in wild-type rodents, namely in CA3-CALl synapses. Adapted from (Temido-

Ferreira et al., 2019).

G) Which factors regulate NMDAR synaptic content?
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The age-dependent properties of NMDARs might correlate with alterations in the
GIuN2B/A ratio and the respective contribution at the synapse. The NMDAR synaptic
content is regulated by multiple mechanisms, including biogenesis, insertion into the
plasma membrane, stabilization at synaptic sites, trafficking in/out of the synapses by
lateral diffusion, endocytosis, recycling and degradation, as reviewed in (Vieira et al.,
2020, Bard & Groc, 2011) and illustrated in Figure 1.17.

Tetrameric NMDARs are assembled in the endoplasmic reticulum (ER) (Hawkins et al.,
2004) and undergo maturation in the Golgi, being subsequently transported in vesicles
to the synapse (Setou et al., 2000). Alternatively, NMDARs can bypass this classical
route by being transported to Golgi outposts close to the synapse (Jeyifous et al., 2009).
The incorporation of NMDARs at the membrane takes place mainly at extrasynaptic sites
along the somatodendritic compartment (Gu & Huganir, 2016), with the receptors then
relocating to the synaptic membrane via lateral diffusion (Ladepeche, Dupuis, & Groc,
2014, Tovar & Westbrook, 2002, Groc et al., 2006). Anchoring in the postsynaptic density
is achieved by interactions between the CTD of NMDAR subunits and scaffolding
proteins, most notably from the PSD-95 family of membrane-associated guanylate
kinases (MAGUKSs) family (Steigerwald et al., 2000, Barda et al., 2010) as well as
interactions with transmembrane proteins (reviewed in (Petit-Pedrol & Groc, 2021)).
NMDAR lateral mobility allows the receptors to exit the postsynaptic density and move
to the extrasynaptic regions, where they can undergo endocytosis (Blanpied et al., 2002,
Lavezzari et al., 2004). Then, this pool of internalized receptors can either be recycled

to the cell surface or targeted to lysosomes for degradation (Scott et al., 2004).
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Figure 1.17 - NMDAR synaptic content is regulated by multiple mechanisms, including
biogenesis, insertion into the plasma membrane, stabilization at synaptic sites, trafficking
infout of the synapses by lateral diffusion, endocytosis, recycling and degradation.
Adapted from (Vieira et al., 2020, Groc & Choquet, 2020).

Overall, the half-life of NMDARSs is expected to last between 2 and 34 h (Huh & Wenthold,
1999) and the average synaptic residency time is within the minute range (Barda et al.,
2010, Groc et al., 2006, Tovar & Westbrook, 2002), showing that these processes are
highly dynamic. Accordingly, approximately 30—40% of surface NMDAR are mobile and,
at a given time point, approximately 30% of these surface receptors (mostly GluN2B—
NMDARSs) exchange between the synaptic and extra synaptic areas (Barda et al., 2010,
Groc et al., 2006, Tovar & Westbrook, 2002).

There is a wide variety of posttranslational modifications (PTMs) that can control NMDAR
trafficking, synaptic levels and properties (glycosylation, phosphorylation, palmitoylation,
ubiquitination and sumoylation). In particular, several phosphorylation sites on NMDAR
subunit CTDs have shown to regulate NMDARs, as reviewed in (Lussier et al., 2015).
Some phosphorylated resides interfere with NMDAR interaction with scaffolding proteins
and endocytosis, while others affect the gating and Ca?* permeability without altering the

surface levels of NMDARs, as exemplified in Figure 1.18.
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Figure 1.18 - Examples of phosphorylation sites on the C-terminal of NMDAR
subunits and their impact in NMDAR function
Adapted from (Sanz-Clemente et al., 2013)

The main scaffold proteins that anchor and stabilize surface NMDARSs at glutamatergic
synapses are the PSD-95 family of MAGUKSs (e.g. PSD-95, SAP-102) (X. Chen et al.,
2015). PSD-95 exhibits low levels in young neurons (rat hippocampus, postnatal day 2),
which increase with age (from P10 to 6 months). In contrast, the number of SAP102-
positive synapses is higher during early postnatal development (rat hippocampus,
postnatal day 2), then decreasing with age (6 months). The fact that SAP102 is highly
mobile in spines (80%, in primary neuronal cultures), compared with PSD-95 (36%)
might indicate that NMDAR properties/trafficking might also differ depending on their
associated MAGUK (Sans et al., 2000, Zheng et al., 2010).

Besides the PSD-95 family, other proteins have shown to interact and contribute to

NMDAR synaptic retention (e.g. Ephrin B, Reelin and matrix metalloprotease 9, (Dalva

30



et al., 2000, Groc et al., 2007, Michaluk et al., 2009). The amyloid precursor protein has
been identified as a potential regulator of NMDAR, but the underlying mechanisms are

still not known.
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1.2.2 APP as a putative regulator of NMDARs

The amyloid precursor protein (APP) has emerged as a strong candidate for the
regulation of NMDARs, considering the following observations (summarized in Table
1.5):

- APP interacts with NMDARs — observed upon exogenous expression in cell
lines, but also endogenously in neuronal cultures and brain tissue from adult

mice, by co-immunoprecipitation (Cousins et al., 2009, Hoe et al., 2009).

- APP regulates NMDAR surface levels - GIuUN2B-NMDAR surface levels
increase due to APP overexpression and decrease after APP knockdown in

primary neuronal cultures with exogenous NMDAR expression (Hoe et al., 2009).

- APP knockdown during embryonic development in mice leads to a decline in
GIuN2B-NMDAR synaptic contribution in CAl pyramidal neurons during
postnatal stages (P7-9) (Pousinha et al., 2017).

- The APP intracellular domain (AICD) increases the GIuN2B-NMDAR
synaptic contribution in CA1 pyramidal neurons of adult rats (P32—-40). These
results were observed upon AICD viral delivery (2 weeks) or ex vivo incubation
(for 2h) (Pousinha et al., 2017).

Altogether, these studies suggest that APP interacts and regulates NMDARSs, but the
underlying mechanisms and functional relevance of this regulation remain to be
elucidated. Two independent studies showed an interaction between APP and NMDAR
subunits by co-immunoprecipitation and concluded that APP overexpression results in
increased surface levels of GIuN2B-containing NMDARs (Cousins et al., 2009, Hoe et
al., 2009).

However, there are some conflicting results in terms of the selectivity of this effect for
GIuN2B/GIuN2A receptors, as well as the proposed mechanism of action. According to
Hoe et al., APP regulates GIluN2B-containing NMDARs specifically, whose surface levels
increase due to APP overexpression and decrease after APP knockdown, whereas no
effect was reported for GIUN2A. The authors suggest that APP acts by decreasing
GIuN2B-NMDAR internalization (Hoe et al., 2009). On the other hand, Cousins et al.
have observed enhanced surface expression of both NMDAR subtypes after APP
overexpression. The authors suggest that APP interacts with the GIuN1 subunit in the

endoplasmic reticulum, pointing towards a role in receptor trafficking (Cousins et al.,
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2009). Some of these confounding results might be explained by differences in the
experimental models. The work by Cousins et al. involves heterologous protein
expression in cell lines, thus it is possible that this accumulation and association of APP
with NMDAR subunits at the ER might occur as an artifact of the high concentration of
these proteins in the cell. On the other hand, Hoe et al. have used neuronal cultures and
recorded NMDAR currents mediated by endogenous receptors, whereas the analysis of
surface NMDAR levels was performed upon transfection with NMDAR subunits. It is
possible that the specificity of the APP response for the GIUN2B receptors only occurs
in a neuronal context and depending on the maturation state, since these cells have

unique mechanisms to regulate NMDARSs at the synapse.

When investigating the APP-NMDAR interaction in brain tissue, both studies reported an
association between GluN1 and APP and no apparent specificity for GIUN2B receptors.
However, the discrimination between the exact subunit interacting with APP is technically
challenging, since GIuN1/GIuN2A/GIuN2B might exist in the same protein complexes
(Rauner & Kohr, 2011), being all detected following APP immunoprecipitation.

In conclusion, APP has been proposed to associate with NMDARs and regulate their
surface levels. Several answers remain to be answered, such as the selectivity of this
effect for GIUN2B receptors, the mechanism involved and the domains of APP/NMDAR

subunits responsible for this association.

According to previous results obtained by our group (Pousinha et al., 2017), the APP
intracellular domain might be the mediator of some of these responses. Accordingly,
Pousinha et al. have demonstrated a critical physiological role for a particular APP
fragment (APP intracellular domain (AICD)) in controlling GIuN2B-NMDARs at CA1l
excitatory synapses. This study was performed in wild-type mice/rats at different stages:
i) first week of life, when synapses are still immature and contain predominantly GIuUN2B
subunits; ii) adult stages, characterized by mature synapses where GIuN2A is the most

abundant subunit.

To study the role of APP in early developmental stages, the authors depleted APP in
neuronal precursor cells of the hippocampus by in utero electroporation of a short-hairpin
RNA (shRNA) against APP (shAPP). When analyzing NMDAR EPSCs during the first
week of postnatal development, Pousinha et al. observed a reduction in GluN2B-NMDAR
synaptic contribution due to APP depletion. This effect was rescued by incubating the

hippocampal slices with an AICD peptide (for 2h).

Moreover, this study explored the impact of elevated AICD levels in adult stages, by

incubating adult hippocampal slices with the same peptide. This treatment resulted in an
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increased GIuN2B-NMDAR synaptic contribution, which was dependent on AICD

nuclear localization and transcriptional alterations.

Therefore, the emerging model indicates that APP alters synaptic GIuN2B-NMDAR

contribution, towards a GIuN2B-rich profile, potentially through its intracellular domain.

Altogether, these studies suggest that the regulation of synaptic NMDARs by APP might

occur through several putative mechanisms (illustrated in Figure 1.19), possibly

contributing to age-related alterations in NMDAR properties.

Table 1.5: Summary of the main findings related to APP regulation of NMDAR in cell

lines, neuronal cultures and wild-type rodents.

Parameter Model Results Ref
Rat primary hippocampal neurons (DIV14) APP interacts with GIuN1 | (Hoe et al., 2009)
Mouse brain (adult) (Co-IP)
APP-NMDAR HEK293 cells transfected with NMDAR | APP interacts with | (Cousins et al., 2009)
interaction subunits (with and without exogenous APP | GIuN1/GIuN2A/GIuN2B
expression) (Co-IP)
Rat brain (adult)
CGCs DIVS | NMDAR currents (Hoe et al., 2009)
Transfected with APP siRNA, analysis 2-3
days after transfection
Hippocampal neurons (DIV10-12) Transfected | = NMDAR currents (Hoe et al., 2009)
with APP siRNA, analysis 2-3 days after
Impact of APP transfection
silencing on Hippocampal neurons (DIV10-12) Transfected | |GluN1 and GIuN2B surface | (Hoe et al., 2009)
NMDARs with  APP siRNA and NMDAR subunits, | levels (No effect on GIuN2A)
analysis 8-14 days after transfection 1GIluN2B endocytosis
CD1 mice, In vivo electroporation with APP | |GIuN2B-NMDAR (Pousinha et al,
shRNA, analysis at P7-9, CA1 contribution 2017)
Rescue by AICD incubation in hippocampal
slices (2h, 100nM)
CGCs DIV5 1+ NMDAR currents (Hoe et al., 2009)
Transfected with APP, analysis 2-3 days after | 1 GIluN2B NMDAR
transfection contribution
Hippocampal neurons (DIV14) Transfected | 1 NMDAR currents (Hoe et al., 2009)
with APP, analysis 2—3 days after transfection
Impact of APP Hippocampal neurons (DIV10-12) Transfected | 1 GluN1 and GIuN2B surface | (Hoe et al., 2009)
overexpression | with APP and NMDAR subunits, analysis 8-14 | levels (No effect on GIuN2A)
on NMDARs days after |GIuN2B endocytosis
transfection
HEK293 cells transfected with NMDAR | 1GIluN2B and  GIuN2A- | (Cousins et al., 2009)
subunits (with vs. without exogenous APP | NMDAR surface levels
expression) = Total levels of NMDAR
subunits
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Sprague Dawley adult rats 1 NMDAR currents (Pousinha et al,
AAV-AICD injection in the hippocampus at P21- | t1GIuN2B-NMDAR 2017)
Impact of AICD 22, analysis at P32-40 contribution
increased levels
on NMDARs Sprague Dawley adult rats, P32-40 1GIluN2B-NMDAR (Pousinha et al,
AICD delivery ex vivo (100nM), incubation of | contribution 2017)
hippocampal slices for 2h

Abbreviations: HEK293 - Human embryonic kidney 293 cells, CGCs - Cerebellar granule cells, DIV — days
in vitro, P- postnatal day; Co-IP - co-immunoprecipitation; AAV — adenoassociated virus.
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Figure 1.19- Schematic representation of the putative mechanism by which APP
might regulate NMDARs. Adapted from (Cousins et al., 2015).

A) Integrating APP domains with its functions

APP is a transmembrane single-pass glycoprotein, being considered as a receptor-like
modulatory protein (as reviewed in (Reinhard et al., 2005)). It is expressed in a variety
of tissues, but most abundantly in the brain (NCBI, n.d.) . It is mostly known for being

involved in Alzheimer’s Disease pathology, since its cleavage generates the amyloid-
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beta (AB) peptide, which accumulates in the brains of AD patients and has neurotoxic
effects (Hardy & Higgins, 1992). Although the physiological function of APP is not
completely understood, it has been described as regulator of several neuronal processes
including synaptogenesis, synaptic plasticity (reviewed in (U. C. Miller & Zheng, 2012))

and calcium signalling (Paschou et al., 2023).

APP is ubiquitously expressed in the brain and exhibits three major isoforms in mammals
(APP695, APP751, APP770) as illustrated in Figure 1.20a, with APP695 being the most

predominantly expressed in neurons (Tanaka et al., 1989).

Being a transmembrane single-pass glycoprotein, APP is composed of the following

domains (reviewed in (Dawkins & Small, 2014)) and illustrated in Figure 1.20b:

- N-terminal domain (NTD) — large extracellular domain containing two domains
(E1 and E2) important for dimerization, ligand/metal binding and cell adhesion.

- Transmembrane domain (TMD) — a single transmembrane span that contributes
to dimerization. Includes the AB domain, which has been linked to Alzheimer’s
Disease pathology.

- C-terminal domain (CTD) - known to interact with several adaptors/ signal
transduction proteins (in particular the YENPTY motif). It is important for APP

transport, endocytosis and the regulation of signaling pathways.
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Figure 1.20 - The amyloid precursor protein isoforms and domains.
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a) Schematic representation of the three common isoforms of APP—695, 751 and 770—highlighting
individual domains present in each protein. Adapted from (Delport & Hewer, 2022).

b) Hypothetical 3-dimensional structure of APPbased on the following protein data bank files: E1 domain
(B3KTM), Kunitz protease inhibitor (KPI1) domain (1ZJD), E2 domain (3UMK), transmembrane domain (TMD)
(2LLM) and intracellular domain (3DXC). Adapted from (Dawkins & Small, 2014).

B) APP binding partners modulate its function

Since APP exhibits no enzymatic activity, it has been described as a receptor-like
modulatory protein. Accordingly, both extra- and intracellular domains of APP are
involved in its biological functions, suggesting that APP links extracellular cues (e.qg.
ligand or substratum binding) to intracellular signaling pathways (via scaffolding proteins,
Ca?* regulation, interactions with the cytoskeleton and/or protein kinases) (reviewed in
(Reinhard et al., 2005)). APP regulatory role is possibly mediated by its interaction with
extracellular and intracellular binding partners, with more than 200 having already been
identified (U. C. Muller et al., 2017), as illustrated in Figure 1.21a. One of the described
APP interactors is the NMDAR, although the putative binding site and the functional

relevance of this interaction are still largely unknown.

In particular, the intracellular domain has been described as a signaling hub with several
interaction partners such as adaptor proteins involved in multiple neuronal mechanisms
(e.g. Fe65, DABL1 (disabled homologue 1), GRB2 (growth factor receptor-bound protein
2), X11/Mint, Goao/s) (U. C. Mlller et al., 2017), as shown in Figure 1.21a, b.

Fe65 has emerged as an APP important interactor, especially considering the similar
phenotypes observed in mouse knockout models for the Fe65 and APP family members
(Guénette et al., 2006, Strecker et al., 2016, B. Wang et al., 2004). Importantly, Fe65 is
an adapter protein that binds to the APP intracellular (A% to M®%, including the
682YENPTY®8” motif (APP695 numbering)) (Figure 1.21a, b) through its phosphotyrosine
binding domain 2 (PTB2) (Radzimanowski et al., 2008) and regulates APP trafficking
and processing (Sabo et al., 1999), as well as APP-mediated transcriptional effects
(Konietzko et al., 2019, Probst et al., 2021).

Additionally, the APP intracellular domain interacts with heterotrimeric G Proteins,
namely the Gao (Nishimoto et al., 1993) and Gas subunits (Deyts et al., 2012), leading
to their activation. The cytoplasmic APP sequence H®7 to L%76, which includes the
672RHLSK®76 motif (APP695 isoform numbering) (Figure 1.21a, b) has been identified as
the putative binding site (Nishimoto et al., 1993, Deyts et al., 2012). Following activation,
the Gs and Go class of G-proteins mediate stimulation or inhibition of adenylate cyclase

activity, respectively (Eason et al., 1992). Thus, it has been suggested that APP signaling
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might preferentially activate Gao- or Gas- associated responses in a context-dependent

manner (e.g. different ligands, neuronal activity, etc.) (Copenhaver & Kogel, 2017).
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Figure 1.21 — Schematic representation of APP interaction partners

a) Representation of some of the APP identified interaction partners. APP interacts with several
proteins through its extracellular portion (top) and its intracellular domain (bottom). Known interactors with
mapped APP-binding motifs are shown in the same colour as their interacting APP domains. Extracellular
and intracellular interactors with non-mapped interaction sites are listed underneath (in grey). Adapted from
(U. C. Miller et al., 2017).

b) The illustrated the intracellular domain of APP and its binding partners. The domain involved in
Go/Gs binding is shown in green, while the YENPTY and YKFFE domains are illustrated in yellow and red
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are, respectively, being required for binding to other interaction proteins. The amino acid residues numbering
corresponds to the APP770 (and APP695 isoform). Adapted from (van der Kant & Goldstein, 2015).

Moreover, APP signaling is modulated by its ability to establish cis- and trans-dimers
with itself and other proteins of the same family mainly through the E1 and E2 domains
(Hoefgen et al., 2014), as illustrated in Figure 1.22. In particular, APP trans-dimers have
shown cellular adhesion properties (Soba et al., 2005). In contrast, APP processing by
secretases has the opposite effect, possibly by destabilizing APP trans-dimers (Stahl et
al., 2014). Therefore, APP function might be modulated by the balance between

dimerization and processing.

(@) (b)

Figure 1.22 - Model of APP cis and trans dimerization.

a) If both APP molecules are located at the same membrane, they form cis-dimers, which can influence APP
signaling.

b) If two APP molecules are located at different cell membranes they can form trans-dimers, contributing to
cell adhesion. Adapted from (Hoefgen et al., 2014).

C) APP is located at synaptic terminals

APP distribution is ubiquitous throughout the brain and shows high expression levels in
the hippocampus and cerebral cortex both in rodents (Apelt et al., 1997, Loffler & Huber,
1992, Lorent et al., 1995, Allen Institute for Brain Science (2004), n.d.) and humans
(Goedert, 1987, Higgins et al., 1988, Sola et al., 1993). Although generally considered a
neuronal protein (Guo et al., 2012, del Turco et al., 2016), there are some reports

detecting APP in glial cells (Reichard et al., 2003, Trapp & Hauer, 1994). Importantly,
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APP is detected in rodent synaptosomes throughout life (Kirazov et al., 2001), being
located both in the pre- and post-synaptic terminals in adult rodents and aged
postmortem brain tissue (Lafl3ek et al., 2013, Lundgren et al., 2020), Ferrer-Raventoés et

al., 2023) and in rodent primary neuronal cultures (Hoe et al., 2009, Kedia et al., 2020).

APP expression in rodents is known to start during embryonic development (embryonic
day 7.5 in mice) (Ott & Bullock, 2001) increasing after birth and showing a peak at the
second postnatal week (Trapp & Hauer, 1994, Kirazov et al., 2001). Less is known about
the temporal expression of APP in the human brain, having been detected during
pre/postnatal development and adulthood (Haytural et al., 2019, Reichard et al., 2003),
and showing a tendency for a decrease in synaptosomal levels in aged subjects (20
years vs. 80 years, cortex) (Pliassova et al.,, 2016). Additionally, previous studies
reported an increased activity of secretases involved in APP proteolytic processing (B-
and y-secretase) in the mouse aged brain (Fukumoto et al., 2004, Placanica et al., 2009),
accompanied by an increased accumulation of APP-derived fragments in the mouse

aged brain and in mouse aged primary neuronal cultures (Burrinha et al., 2021).

Overall, the subcellular distribution of APP suggests that it could play important roles at
the synapse. Moreover, the peak of protein levels observed during early postnatal
development indicates that APP might be particularly relevant during the formation and
maturation of synaptic connections. On the other hand, alterations in APP levels/

processing upon aging could potentially interfere with its physiological functions.

D) APP trafficking and processing

APP trafficking and processing might modulate its neuronal functions, namely by
regulating the levels of surface APP and its derived fragments, as illustrated in Figure
1.23. Upon synthesis in the ER, APP is transported through the Golgi apparatus to the
Trans-Golgi network (TGN), undergoing posttranslational modifications (e.g.
glycosylation, phosphorylation), as reviewed in (Haass et al., 2012). In neurons, this is
followed by APP transport to axons and dendrites (Simons et al., 1995, Back et al., 2007,
Delbove et al., 2018). While anterograde transport of APP in axons has been well
characterized, being mediated by kinesin-1 (Kamal et al., 2000), much less information
is known about the transport of APP within the dendrites (as reviewed in (Muresan &
Ladescu Muresan, 2015)) (Figure 1.24 a).

APP is then trafficked to the cell surface, with APP plasma membrane fraction accounting
for less than 20% of the total protein levels in basal conditions (de Coninck et al., 2018).

A recent study in mouse primary neuronal cultures showed that APP undergoes lateral
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diffusion on the synaptic membrane and is transiently immobilized in nanodomains,
which are abundant at the post-synapse, as illustrated in Figures 1.24 b, ¢ (Kedia et al.,
2020). When present at the cell surface, APP might be processed by a-secretase and y-
secretase (Figure 1.23) (Delbove et al., 2018), (reviewed in (Wilquet & Strooper, 2004)).
On the other hand, when the uncleaved APP at the plasma membrane is internalized to
early endosomes, it can be sorted into different pathways, including being recycled back
to the TGN or to the plasma membrane. Alternatively, it can be processed by (3- and y-
secretase at the endosomal membrane or undergo degradation in late
endosomes/lysosomes (Figure 1.23) (as reviewed in (Burrinha & Claudia, 2022)).

Overall, APP displays a fast turnover, with a half-life ranging from approximately 1 hour
to approximately 4 hours (considering studies in vitro and in vivo), as reviewed in (Hunter

& Brayne, 2012), suggesting it could play a dynamic function at the synapse.
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Figure 1.23 — APP trafficking and processing. Adapted from (Eggert et al., 2018).
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Figure 1.24 — APP is located at the synapse.

a) Schematic depiction of the intracellular trafficking and synaptic location of APP. 1 Major trafficking steps
of APP at the biosynthetic secretory pathway. TGN Trans-Golgi network, PM plasma membrane, E
endosome, L lysosome. 2 Anterograde and retrograde axonal transports of APP. 3 Localization of APP and
secretion of APP fragments at the synaptic compartment. Adapted from (Brunholz et al., 2012).

b) In silico reconstruction of APP nanoscale distribution in a CAl dendrite. APP distribution data was
obtained by super resolution microscopy in mouse primary neuronal cultures (DIV21) and applied to a
dendritic shaft model of pyramidal neurons from the CA1-CA3 region of the adult rat hippocampus. Yellow
represents the geometrical reconstruction of dendritic shaft. Red puncta represent monomeric APP and blue
clusters indicate nanodomains of APP. Adapted from (Kedia et al., 2020).

¢) In silico reconstruction of APP distribution in functional zones of excitatory synapses in a CAl dendrite.
APP distribution data was obtained by super resolution microscopy in mouse primary neuronal cultures
(DIV21) and applied to a dendritic shaft model of pyramidal neurons from the CA1-CAS3 region of the adult
rat hippocampus. Yellow, white and cyan regions indicate extrasynaptic, perisynaptic (endocytic zone) and
postsynaptic density, respectively. Red puncta represent APP monomers and red clusters represent APP
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nanodomains. Arrows indicate APP nanodomains in post and perisynaptic regions Adapted from (Kedia et
al., 2020).

E) Why is it challenging to study APP physiological roles at the synapse?

It is particularly difficult to decipher the APP synaptic function given the functional
redundancy with members of the same protein family, but also considering the multiple
APP fragments generated by secretase cleavage, which play distinct neuronal functions
(U. C. Mdller & Zheng, 2012). Finally, the fact that APP is involved in the pathogenesis
of Alzheimer’s Disease (Hardy & Higgins, 1992), has led to multiple studies in the context
of disease, while little is known about the physiological role APP.

Ei) APP family members — overlapping functions

In mammals, APP is a member of the APP family of proteins, which also includes APP-
like protein 1 and 2 (APLP1 and APLP2) (Wasco et al., 1993). All family members share
a similar structure, in which the C-terminal domain, in particular the YENPTY motif, is
highly conserved (Figure 1.25 a, b), whereas the N terminus is more divergent (Shariati
& de Strooper, 2013). APLP2 is expressed in multiple organs and tissues, whereas
APLP1 is mainly expressed in the brain, resembling APP695 (Lorent et al., 1995) (Figure
1.25a). Although processing by secretases is a common feature of APP and APP-like
proteins (Eggert et al., 2004), APP is the only family member with an A3 peptide domain,

as represented in Figure 1.25 a.
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Figure 1.25 — Tissue expression, protein domains and homology in the C-terminal

sequence for the APP family members.

a) Domain organization and tissue expression of APP (770 and 695), APLP1 and APLP2.

b) Alignment of the intracellular C-terminal domain of APP, APLP1, and APLP2 showing high
sequence homology between the members of this family.

Adapted from (van der Kant & Goldstein, 2015)

Importantly, models lacking only one of the family members are viable and show subtle
phenotypes (Dawson et al., 1999, Heber et al., 2000, von Koch et al., 1997). In contrast,
APP/APLP2 and APLP1/APLP2 knockout mice as well as triple knockouts for
APP/APLP1/APLP2 die shortly after birth (Heber et al., 2000, von Koch et al., 1997), as
described in Table 1.6. Overall, these findings indicate that APP family members might
have overlapping functions and compensate for each other. Alternatively, they might
possess unrelated nonredundant functions, with the net effect leading to lethality in
double/triple knockout mice. This aspect should be taken into consideration when
studying APP physiological roles, since APLPs might compensate for the lack of APP.
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Table 1.6 — Reported viability for single, double and triple knockout (KO) mice for
APP family proteins.

Model Viability Reference

Single KO APP Viable (Dawson et al., 1999)
APLP1 Viable (Heber et al., 2000)
APLP2 Viable (von Koch et al., 1997)

Double KO APP/APLP1 Viable (Heber et al., 2000)
APP/APLP2 Early postnatal lethality (von Koch et al., 1997,

Heber et al., 2000)

APLP1/APLP2 Early postnatal lethality (Heber et al., 2000)

Triple KO APP/APLP1/APLP2 | Early postnatal lethality (Heber et al., 2000)

Eii) APP processing — multiple fragments

The canonical model of APP proteolysis involves processing by one of the following
pathways: i) the non-amyloidogenic, which preferentially occurs at the cell surface; and
i) the amyloidogenic, which leads to AR production and occurs in early endosomes, as
reviewed in (Haass et al., 2012) (Figure 1.26).

Non-amyloidogenic processing starts with APP cleavage by a-secretase (Sisodia, 1992),
mainly ADAM10 (disintegrin and metalloproteinase domain-containing protein 10) (P. H.
Kuhn et al., 2010). This cleavage step releases the soluble ectodomain of APP (sAPPa)
and gives rise to a membrane-tethered intracellular C-terminal fragment, denominated
CTFa or C83. The subsequent intramembrane cut by y-secretase (a multi-
subunit protease complex containing presenilin) liberates a peptide called p3 and the
APP intracellular domain (AICD) (Kojro & Fahrenholz, 2005), as illustrated in Figure
1.26.

On the other hand, the amyloidogenic processing mainly occurs in early endosomes
(Koo & Squazzo, 1994) , where APP and B-secretase converge (Das et al., 2013). This
pathway involves an initial APP cleavage by (B-secretase (3-site APP-cleaving enzyme
1: BACEL1), leading to the extracellular release of a soluble APP peptide (sAPP-3) and
the retention of the corresponding C-terminal fragments CTF-f3 (C99) or CTF- 3’ (C89).
Then, CTFpB is subjected to y-secretase cleavage, yielding AR and AICD (Wilquet &
Strooper, 2004), as represented in Figure 1.26.

Despite having the same amino acid sequence, AICDs from each pathway show distinct
stability and function. When produced through the amyloidogenic pathway, AICD is

thought to form a protein complex with Fe65, being transported to the nucleus and
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showing transcriptional roles (Belyaev et al., 2010), whereas the same peptide is rapidly
degraded in the cytosol by insulin-degrading enzyme when originated from non-

amyloidogenic processing (Edbauer et al., 2002).

Besides negatively regulating the APP cellular adhesion properties, APP processing
gives rise to multiple proteolytic products which have physiological/pathological roles in
neurons (as reviewed in (U. C. Mdiller et al., 2017)). Besides the conventional
amyloidogenic / non-amyloidogenic processing, alternative APP-cleavage pathways
have been recently discovered (e.g. ©-, n- and meprin pathways, as reviewed in (Andrew
et al., 2016). Therefore, it is extremely difficult to discriminate between signaling by APP

full-length or its derived fragments.
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Figure 1.26 —The proteolytic cleavage of APP by the non-amyloidogenic and
amyloidogenic processing pathways. Adapted from (T. Zhang et al., 2020).

Eiii) APP is involved in Alzheimer’s Disease

APP is involved in the pathogenesis of Alzheimer’s Disease (Hardy & Higgins, 1992),
explaining why most studies so far have been performed in the context of disease, while

far less is known about APP physiological role.

Accordingly, AD (in both sporadic and familial forms) is characterized by the
accumulation of AB (generated from APP amyloidogenic processing), which has been
associated with synaptic and memory impairments, as reviewed in (Hampel et al., 2021).
Interestingly, additional studies showed that AD patients also exhibit an accumulation in
APP full-length and other APP-derived fragments, including increased levels of CTFf in
synapses (Ferrer-Raventos et al., 2023), elevated AICD levels (Ghosal et al., 2009) and
APP full-length accumulation around amyloid plaques (Jorda-Siquier et al., 2022). This
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data indicates that both APP full-length and its derived amyloidogenic fragments might

be involved and/or affected in AD.

Importantly, familial AD (fAD) patients (<1% total cases) carry autosomal dominant
mutations in the presenilin proteins (PSEN1, PSEN2 - part of y-secretase) or in APP, as
reviewed in (Tcw & Goate, 2017). Most APP pathogenic mutations cluster around the y-
secretase cleavage site (Figure 1.27) and result in increased production of longer forms
of AB, which tend to be less soluble and more toxic (Shen & Kelleher, 2007). Additionally,
the pathogenic Swedish mutation (Mullan et al., 1992) and the protective Iceland
mutation (Jonsson et al., 2012) occur in sequences adjacent to the B-secretase cleavage
site (Figure 1.27), having opposite effects in AB levels (Citron et al., 1992), (Jonsson et
al., 2012).

APP

Transmembrane region

B-Amyloid (AB) sequence of APP
« »

p-Secretase

{ ! ‘.4 8!
EVKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGALLGLMVGGVVIATVIVITLVMLKKK
KETONME7IL D678N  E682K AB92G ;

AB73T

Figure 1.27 — Schematic illustration of APP sequence (top) and the location of
pathogenic substitutions in APP linked to familial AD, as well as the A673T protective

mutation (in green). Adapted from (Tcw & Goate, 2017).

Considering the neurotoxic effects of AR accumulation (Mucke & Selkoe, 2012), the
modulation of APP processing has emerged as a potential therapeutical approach in AD.
However, clinical trials involving - and y-secretase inhibitors have shown no positive
effects in cognitive performance and were associated with serious side effects (Doody
et al., 2013), (Egan et al., 2018), possibly because they interfered with other y-and [3-

secretase substrates with crucial biological functions.

Accordingly, BACE1 (B-secretase) is involved in important brain processes including

myelination, neuronal migration, cell adhesion, dendrite/spine development and synaptic
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plasticity and has substrates such as NRG1 (Neuregulin 1), Sez6 (Seizure-related gene
6), CHL1 (Close homologue of L1) and Contactin-2, as reviewed in (Munro et al., 2016).
Moreover, PSENL1 (y-secretase) is associated with neurite outgrowth and cell adhesion,

having notch and ephrins as substrates (reviewed in (Haapasalo & Kovacs, 2011)).

Finally, ADAM10 (a- secretase) has been implicated in neuronal differentiation and
migration, cell adhesion, neurite outgrowth, synaptic functions, acting on substrates such
as Notch, Cadherins, Ephrins and NLGN1 (Neuroligin-1) (P.-H. Kuhn et al., 2016).

The fact that conditional forebrain postnatal KO models for BACE1, PSEN1 and ADAM10
show memory and/or synaptic deficits (Ou-Yang et al., 2018, Yu et al., 2001, Prox et al.,
2013) indicates that all secretases have important physiological functions in the brain.
Thus, caution might be taken when pharmacologically modulating APP processing since

other substrates might act as confounding factors.

Considering the contribution of APP and its processing pathways to Alzheimer’s Disease
pathology, the elucidation of APP physiological function in neurons might be extremely
useful to better understand the disease.

F) Which mouse models have been used to study APP physiological
functions?

Several knockout and knock-in (KI) mouse models have been developed to study the

physiological role of APP in the brain.

Firstly, a single APP knockout mouse model was developed, which only exhibited a
subtle phenotype, with LTP, learning and memory impairments starting at 10 months of
age (Dawson et al., 1999, Tyan et al., 2012). These findings led to the hypothesis that
other APP family members could compensate for the lack of APP.

Thus, double (DKO) and triple (TKO) knockout mouse models have been generated to
study the APP family members, avoiding compensatory responses. However, since
these animals die shortly after birth (Heber et al., 2000, von Koch et al., 1997, Herms et
al., 2004) (Table 1.6), the development of conditional knockouts specific to the forebrain

has emerged as a suitable alternative.

When the triple KO is induced in the forebrain during embryonic development (E11.5)
(NexCre cTKO), mice show gross brain morphology alterations related to developmental
deficits (agenesis of the corpus callosum and disrupted hippocampal lamination)
(Steubler et al., 2021). This clearly shows the crucial role of the APP family proteins for

neuronal positioning/migration, which is further supported by the dysregulation of
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neuronal migration observed in the rat cortex after in utero knockdown of APP (Young-
Pearse et al., 2007). However, given these gross brain malformations, it is not possible
to dissect the APP physiological role in synapse formation/maturation processes and
synaptic plasticity in postnatal/adult stages using this model, since they might occur as

consequences of impaired brain development.

In contrast, when the triple KO is induced only after the second postnatal week (Camk2a
Cre cTKO), APP is still present at normal levels during embryonic and early postnatal
development. Therefore, the deficits in NMDAR responses, LTP, learning and memory
observed in this model at 3 months of age possibly correlate with APP function in mature
synapses (S. H. Lee et al., 2020). This model is suitable to study APP roles in
adult/mature synapses but does not allow to take conclusions about the impact of APP

in synapse formation/maturation during the first two weeks of life.

An alternative model is the conditional APP depletion during embryonic development at
the forebrain on a constitutive global APLP2KO background. These mice (NexCre cDKO)
allow to study APP in all steps of synapse formation, maturation and maintenance. They
are viable and exhibit no brain morphology alterations, indicating that APLP1 might
compensate for the lack of APP and APLP2 during embryonic development. However,
they exhibit LTP and learning/ memory impairments at young adult stages (4-6 months),
suggesting that APLP1 compensation is not sufficient at this stage (Hick et al., 2015).
However, we cannot determine if these impairments are due to alterations in synapse
formation/maturation during early postnatal development or if they arise only upon
adulthood.

The main findings obtained in these knockout mouse models regarding brain
development, synaptic function/plasticity and learning/memory are summarized in Table
1.7. Overall, these studies show that the phenotype depends on the developmental stage

is which the knockout is induced, as illustrated in Figure 1.28.
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Table 1.7 — Summary of the main findings observed in viable mouse models of

APP single KO and APP family members conditional KO.

Mouse Description Timing of | Region of | Phenotype References
Model KO KO
APP KO | Complete knockout of | Embryonic Full brain ILTP (Dawson et al.,
APP development |Learning and memory | 1999, Tyan et
(only after 10 months) al., 2012)
NexCre Conditional  double | Embryonic Forebrain ILTP (Hick et al.,
cDKO KO development | (excitatory) |Learning and memory | 2015)
(Conditional APP KO (4-6 months)
+ Global APLP2 KO)
NexCre Conditional triple KO | Embryonic Forebrain Altered brain | (Steubleretal.,
cTKO (APP, APLP1, | development | (excitatory) morphology 2021)
APLP2) | Dendritic length and
spine
density of pyramidal
cells
|Basal synaptic
transmission
ILTP
|Learning and memory
(4-7 months)
Camk2a | Conditional triple KO | Postnatal day | Forebrain INMDAR response (S. H. Lee et
Cre (APP, APLP1, | 18 ILTP al., 2020)
cTKO APLP2) |Learning and memory
(3 months)
APPKO

NexCre cDKO
NexCre cTKO

® © ©

Neuron generation and rhigration
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Figure 1.28 - Schematic representation of the cortical development and synaptogenesis

in rodents, as well as the developmental stage in which the knockout of APP/APP family

members is induced in following mouse models: APP KO, NexCre cDKO, NexCre cTKO
and Camk?2a Cre cTKO. Adapted from: (Allen, 2020)
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Moreover, knock-in models have been originated to decipher the role of different APP
domains or derived fragments, including the sAPPa-KI mice (which only produce the
sAPPa) and the APPACT15-KI mice (which express APP lacking the last 15 amino acids,
which include the YENPTY motif (Ring et al., 2007), as illustrated in Figure 1.29.
Interestingly, both single knock-in lines are viable and show a wild type-like phenotype
(2-15 months), possible due to a functional compensation by APP family members.

When the same models were bred to an APLP2-KO background, generating double
mutants (DM), they exhibited partial viability. In both cases, mice displayed LTP and
learning/memory impairments in young adult stages (Klevanski et al., 2015, Weyer et al.,

2011), showing the functional relevance of the APP intracellular domain.

Moreover, Matrone et al. have created a knock-in model with a mutation in the highly
conserved %82YENPTY®” motif. The mutation occurs at the tyrosine residue 682, which
is replaced by a glycine (Y682G), giving rise to the APP YG/YG mouse model. These
mice are characterized by an age-dependent decline in cognitive functions (after 7
months of age), similarly to what occurs in the APP KO model (Matrone et al., 2012).
When crossing this mouse line with APLP2 KO mice, Barbagallo et al. have reported
postnatal lethality and neuromuscular defects, as observed in APP/APLP2 double KOs
(Barbagallo et al., 2010).

The main findings obtained in these knockout mouse models regarding brain
development, synaptic function/plasticity and learning/memory are summarized in Table
1.8.

Altogether, these studies suggest that APP family members have important physiological
roles in neurons, at least partly mediated by the APP intracellular domain. However, the
mechanisms behind APP roles in brain development, synaptic plasticity, learning and

memory are not fully understood.
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Table 1.8 — Summary of the main findings observed in mouse APP knockin

models.

Model

Single Mutant

Double Mutant

References

(2-15months)

|Learning and memory
(3-13months)

(age) (in APLP2KO)
(age)
sAPPa -KI mice Viable Partially viable (Ring et al., 2007,
(only sAPPa) Wild-type like ILTP Weyer et al., 2011)

(tyrosine 682 is
replaced by a glycine

|Learning and memory
(only after 7 months)

APPdCT15 Kl mice Viable Partially viable (Ring et al.,, 2007,
(APP lacking the last | Wild-type like ILTP Klevanski et al.,
15a.a) (2-15months) |Learning and memory 2015)

(5-12months)
APP YG/YG mice Viable Early postnatal lethality | (Matrone et al.,

2012, Barbagallo et
al., 2010)

(Y682G))

APP

[

Wild type E E
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Figure 1.29 — Schematic representation of APP and APP variants expressed in knock-
in mice. Adapted from (U. C. Mdller et al., 2017).

G) APP regulates synaptic adhesion and synaptogenesis

APP has been described as a synaptic adhesion molecule, considering its synaptic
localization, its ability to promote cell-cell interactions and the fact that APP loss results
in altered synapse formation, as illustrated in Figure 1.30a (reviewed in (Sosa et al.,
2017)).

Accordingly, several studies indicate that APP family members promote cell adhesion,
by forming trans-dimers in intercellular contact sites. Soba et al. have used Drosophila

Schneider (S2) cells and analyzed co-clustering after mixing two cell pools that express

52



proteins of the APP family. The authors have shown that these proteins promote cell
adhesion, by stabilizing cell-cell interactions through trans-dimerization via the E1
domain. Moreover, in this study, the depletion of APP family members was sufficient to
cause a reduction in intercellular adhesion in mouse embryonic fibroblasts (MEFs) (Soba
et al., 2005).

The main question was whether this intercellular interaction would also occur between
pre and postsynaptic terminals, where APP family members are located. Using mouse
brain samples, Soba et al. showed that APP family members form dimers at the synapse
(Soba et al., 2005).

This data suggested that APP could work as a synaptic adhesion molecule, possibly
contributing to synaptogenesis. This hypothesis was tested in the neuromuscular
synapse, using APP conditional knockout mouse models for motor neurons or in the
muscle. The authors showed that both pre- and postsynaptic APP are required for the
proper apposition of pre-synaptic proteins and post-synaptic receptors, leading to
neuromuscular synapse development (Z. Wang et al., 2009). This possibly explains the
neuromuscular junction deficits observed in APP/APLP2 double knockout mice (P. Wang
et al., 2005).

This led to the hypothesis that APP could act in a similar way in central synapses. Wang
et al. showed that APP promotes synaptogenesis in vitro, by using a co-culture system
in which primary neurons were cultured together with HEK293 cells overexpressing APP.
The authors observed an increase in synaptogenesis in neuronal axons contacting with
HEK cells, which required APP expression in both contact sites. In fact, this synaptogenic
effect was inhibited when HEK293 cells overexpressing APP were co-culture with APP-
depleted primary neurons. Importantly, only the full-length protein and not the
extra/intracellular domains alone were able to rescue synaptogenesis in this condition
(Z. Wang et al., 2009).

These results suggest that the full-length protein would be the one responsible for
synaptic adhesion and synaptogenesis, whereas APP processing could potentially
interfere with these processes. Accordingly, APP cleavage deficient forms have shown
to induce an increase in cell aggregation (tested in S2 cells) and synaptogenesis (tested
in a co-culture with APP-HEK cells and primary neurons) (Stahl et al., 2014). Therefore,

the current model suggests that APP-trans dimerization induces synaptogenesis and cell
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adhesion, whereas APP processing reduces dimerization, having an inhibitory role in

both processes, as illustrated in Figure 1.30b.

By acting as a synaptic adhesion molecule, APP might be able to recruit important
components to pre and postsynaptic terminals, assuring their proper apposition (Figure
1.30a). In fact, APP-depletion in rat primary neuronal cultures results in a lower puncta
density of pre-synaptic (Bassoon) and postsynaptic (PSD-95) markers (K. J. Lee et al.,
2010), which is similar to the recently reported results in APP-depleted human induced
neurons (Zhou et al., 2022). To better understand the synaptogenic function of APP,
future studies will be important to identify the list of pre- and post-synaptic components
that are regulated by APP, as well as to unravel how APP controls their recruitment

and/or stabilization at synaptic sites.

By inducing the clustering of synaptic proteins in newly formed synapses, APP could
contribute to the consequent activation of signaling pathways, leading to dendritic spine
formation and synapse maturation, as described for other synaptic adhesion molecules,
as illustrated in Figure 1.30a (Dalva et al., 2007).

Accordingly, loss/gain of function experiments implicate APP in the regulation of spine
density. APP KO hippocampal neuronal cultures have shown a reduction in spine density
compared with wild-type neurons (Tyan et al., 2012), similarly to the effect observed

upon APP knockdown in neuronal cultures (K. J. Lee et al., 2010).

This defect is also observed in CA1 neurons from APP KO mice only upon aging (Tyan
et al., 2012) and in young adult NexCre-cDKO mice (11-13 weeks) (Hick et al., 2015).
Interestingly, Zou et al. have proposed a role for APP in the regulation of spine dynamics,
since both spine formation and elimination are reduced in the somatosensory cortex of
APP KO mice (5-7 months old) (Zou et al., 2016). On the other hand, APP
overexpression has resulted in increased spine densities in hippocampal neuronal
cultures, being dependent on both the extracellular and intracellular domains of APP (K.
J. Lee et al.,, 2010). The results obtained regarding spine/synapse density upon
manipulation of APP levels in neuronal cultures and mouse models are summarized in
Tables 1.9 and 1.10.

54



a Stabilization of contacts
between neurons

Recruitment of specific
/ postsynaptic proteins

, S| nalling to actin cytoskeleton
Adhesion g § ‘
— molecules ﬂ

Inductlon of dendritic
spine maturation

Recruitment of specific ¢—
presynaptic proteins

presynapse

postsynapse
1 APP Processing ¢ APP Processing

i Cell adhesion T Cell adhesion
Synaptogenesis Synaptogenesis

Figure 1.30 — APP is a synaptic adhesion molecule which contributes to
synaptogenesis.
a) Functions of synaptic adhesion molecules during synaptogenesis. Adapted from (Dalva et al., 2007).

b) APP processing alters the levels of APP available for trans-dimerization at the synapse, thereby
influencing its ability to promote cell adhesion and synaptogenesis. Adapted from (Stahl et al., 2014).

H) APP regulates glutamatergic transmission, synaptic plasticity and
memory

In mature synapses, synaptic adhesion molecules interact and modulate pre- and post-
synaptic components (Figure 1.31) (reviewed in (Dalva et al., 2007)). Accordingly, APP
interacts and regulates synaptic vesicle proteins at the presynaptic active zone in the
mouse brain (del Prete et al., 2014, LaRRek et al., 2014) and facilitates glutamate release
in mouse hippocampal slices (Fanutza et al., 2015). Moreover, APP exhibits postsynaptic
functions, having been described as a regulator of glutamate ionotropic receptors.
Previous studies suggest that APP/APP-derived fragments regulate the levels of AMPAR
subunits (Paschou et al., 2023, Martinsson et al., 2019), the synaptic levels and currents
of kainate receptores (Barthet et al., 2022) and the surface levels and currents of
NMDARs (Hoe et al., 2009, Cousins et al., 2009, Pousinha et al., 2017).
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Consistent with this hypothesis, Hoe et al. have observed a reduction in NMDAR
subunits located at the dendritic surface following APP silencing, accompanied by a
decrease in NMDA-evoked current densities in cerebellar granule cells. In contrast, APP
overexpression has been associated with an increase in NMDAR-mediated currents and
surface levels in the same model (Hoe et al., 2009). Moreover, Camk2a Cre cTKO mice
exhibit a decrease in NMDAR currents while the AMPAR component is maintained (S.
H. Lee et al., 2020). Finally, APP depletion during embryonic development has proved
to reduce GIuN2B-NMDAR currents in infant mice (Pousinha et al., 2017).

The impact of APP on NMDARs might result in alterations in synaptic plasticity
mechanisms. Accordingly, APP KO mice exhibit impairments in LTP and learning skills
upon aging (observed at 10 months, but not at 4 months) (Dawson et al., 1999) and
NexCre-cDKO mice show pronounced deficits in LTP, learning and memory performance

in young adult stages (2-6 months) (Hick et al., 2015).

Concurrently, transgenic mouse models of APP overexpression exhibit progressive
learning and memory impairments. Accordingly, two independent studies have reported
deficits in behavioral tests upon aging (8-12 months), whereas earlier time points (5-6

months) were characterized by a normal performance (Moran et al., 1995),

Altoghether, these studies show the importance of maintaining APP under physiological
levels to obtain normal synaptic plasticity mechanisms, learning and memory skills. The
exact mechanisms by which APP regulates these processes are still unknown but might
potentially involve NMDAR regulation. Another open question in the field is whether
these effects are mediated by APP-full length and/or its derived fragments. The APP
intracellular domain has emerged as an important domain for these functions,
considering the impairments in LTP and hippocampus-dependent behavior observed in
APPsa-KI mice and APPdCT15-KI / APLP2 KO mice (Weyer et al., 2011, Klevanski et
al., 2015).

The results obtained regarding glutamatergic transmission, synaptic plasticity and/or
learning/memory upon manipulation of APP levels in neuronal cultures and mouse

models are summarized in Tables 1.9 and 1.10.
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Table 1.9 — Summary of the main findings observed in APP knockout (KO) and
knockdown (KD) models in vitro (rodent neuronal cultures and human induced

neurons) and in vivo (rodents).

Model Spine/synapse density Glutamatergic Synaptic plasticity Learning/

transmission memory
In APP KO | | spine density - - -

vitro ro_dent Hippocampal neurons, DIV
primary 1621

Neurons | (Tyan et al., 2012)
APP KO | Synapse density | mEPSCs frequency - -
Human Human iNs, DIV 35-40 | Amplitude of evoked
iNs (Zhou et al., 2022) EPSCs

Human iNs, DIV 35-40

(Zhou et al., 2022)
APP KD l Synapse density l NMDAR currents - -
rodent CGCs, DIV 7-8

primary ;ii?ggcampal neurons, DIV NMDA-evoked  current

neurons densities
(K. J. Lee et al., 2010) (Hoe et al., 2009)
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In
vivo

APP KO | | Spine density - | LTP | Learning and
mice -Mice, 12 months -Mice, 8-12 months, | memory
Cortex (layers lI/lll) and 20-24 months -Mice,10 months
Hippocampus (CA1) CAl Conditioned
(K. J. Lee et al., 2010) (Seabrook et al., 1999) | avoidance test,
Watermaze test
-Mice, 12-15months, CAl -Mice, 8-12 months, | (Dawson et al.,
(Tyan et al., 2012) 20-24 months 1999,
CAl Ring et al., 2007)
(Dawson et al., 1999)
= Spine density
-Mice, 4 months, CA1 -Mice, 12-15months | = Learning and
(Tyan et al., 2012) CAl memory
(Tyan et al., 2012) -Mice, 4 months
-Mice, 5-7 months Conditioned
Somatosensory cortex -Mice, 9-12months | avoidance test,
(Layer V) CAl Watermaze test
(Zou et al., 2016) (Ring et al., 2007) (Dawson et al.,
1999,
1 Spine density =LTP Ring et al., 2007)
Mice, 4-6 months, Cortex Mice, 4 months, CA1
(Bittner et al., 2009) (Tyan et al., 2012)
| Spine formation and
elimination
Mice, 5-7 months
Somatosensory cortex
(Layer V)
(Zou et al., 2016)
APP KD - 1 GIluN2B-NMDAR - -
in mice contribution
-Mice, P7-9, In utero
electroporation with
shAPP
Evoked NMDAR-
EPSCs, CAl
(Pousinha et al., 2017)
NexCre | Spine density and size = NMDAR and AMPAR | | LTP | Learning and
cDKO Mice, 11-13 weeks, CA1 currents -Mice, 4-6 months, | memory
mice (Hick et al., 2015) -Mice, 4-6 months, | CAl -Mice, 2-5 months
Spontaneous  synaptic | (Hick et al., 2015) Morris water
mEPSCs (AMPAR and maze, radial
NMDAR), CA1 maze
(Hick et al., 2015) (Hick et al., 2015)
Camk2a - | NMDAR currents | LTP | Learning and
Cre =AMPAR currents -Mice, 3 months, CAl memory
cTKO -Mice, 3 months (S. H. Lee et al., 2020) | -Mice, 3 months
mice Evoked NMDAR- Morris water
EPSCs, CAl maze test
(S. H. Lee et al., 2020) (S. H. Lee et al.,
2020)
APPdCT - - | LTP | Learning and
15 Kl/ Mice, 9-12-months | memory
APLP2 CAl -Mice, 5.5—
KO mice (Klevanski et al., 2015) | 7months
T-maze, radial
maze
(Klevanski et al.,
2015)
sAPPsa - | = Spine density - L LTP | Learning and
Kl / | Mice, 3-5 months, CAl Mice, 3-5 months; 10- | memory
APLP2 (Weyer et al., 2011) 13 months, CAl -Mice, 3-5 months
KO mice (Weyer et al., 2011) T maze, radial
maze
(Weyer et al.,
2011)
APP | Spine density - - | Learning and
YG/IYG Mice (2 and 7months), CA1 memory

(Matrone et al., 2012)

-Mice, 7 months
Active avoidance,
NOR, RAWM
tests
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(Matrone et al.,
2012)

= Learning and
memory

-Mice, 4 months
Active avoidance,
NOR, RAWM
tests

(Matrone et al.,
2012)

Abbreviations: DIV — days in vitro, CGCs - Cerebellar granule cells, iNs — induced neurons, NOR - novel

object recognition, RAWM - radial-arm water maze,

Table 1.10 — Summary of the main findings observed in APP overexpression

models in rodents (in vitro and and in vivo models).

Model Spine density Glutamatergic Learning/memory
transmission
Invitro | APP overexpression | 1 Spine density T NMDAR currents -
In primary neurons Hippocampal neurons CGCs, DIV 7-8
DIV 21-24 Hippocampal neurons,

(K. J. Lee et al., 2010) DIV 11-13

NMDA-evoked current
densities

(Hoe et al., 2009)

In vivo Transgenic mice - ! Learning and
expressing human memory
APP in neurons -Mice, 12 months

(Moran et al., 1995)

-Mice, 8 months
(Simén et al., 2009)

= Learning and
memory

-Mice, 6 months

(Moran et al., 1995)

-Mice, 5 months
(Simén et al., 2009)

Y maze, water maze,
object recognition

Abbreviations: DIV — days in vitro, CGCs - Cerebellar granule cells, iNs — induced neurons, NOR - novel

object recognition, RAWM - radial-arm water maze,

Overall, these findings show that APP is able to modulate neuronal activity. Interestingly,
neuronal activity is also able to modulate APP. Accordingly, electrical and chemical
stimulation in rodent hippocampal slices (Farber et al., 1995, Kamenetz et al., 2003), as
well as NMDAR activation in primary neuronal cultures (Hoey et al., 2009) results in

increased secretion of APP-derived fragments, which might in turn also affect synaptic
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transmission. The complex interplay between APP, its cleavage products and synaptic
transmission is not fully understood. However, it has been suggested that the function of
APP trans-dimers might dominate under conditions of low neuronal activity or in early
steps of synaptogenesis, whereas activity-dependent increase of APP processing might

lead to a domination of APP cleavage products function (Stahl et al., 2014).

) Which are the physiological/pathological roles of APP-derived
fragments?

Not only APP full-length protein, but also its derived fragments are known to play
important synaptic roles, as summarized in Table 1.11. However, discriminating the
effects of each APP fragments is extremely challenging. Most studies so far were based
on the overexpression of these fragments, thereby not recapitulating what happens in
physiological conditions. When considering the fragments generated by the conventional
APP processing pathways (amyloidogenic and non-amyloidogenic), important effects
have been attributed to sAPP a, CTFB, AR and AICD (reviewed in (U. C. Miiller et al.,
2017)). Additionally, fragments originated from n-secretase cleavage have also shown
important synaptic roles (Willem et al., 2015, Mensch et al., 2021).

The acute application of sSAPPa has been linked to neuroprotective actions (Corrigan et
al., 2014, Smith-Swintosky et al., 1994, Hefter et al., 2016), being able to increase spine
density (Weyer et al., 2014), NMDAR activation (Taylor et al., 2008, Moreno et al., 2015)
and LTP at the CA1 region of the hippocampus (A. Ishida et al., 1997, Moreno et al.,
2015, Xiong et al., 2017), together with an improved spatial memory in rodents (Xiong et
al., 2017).

In contrast, CTF3 overexpression leads to a reduction in NMDAR currents (Hoe et al.,
2009), LTP magnitude (Nalbantoglu et al., 1997) and memory performance (Nalbantoglu
etal., 1997, D. K. Song et al., 1998, Berger-Sweeney et al., 1999), as well as an impaired
lysosomal-autophagic function in rodent models (Lauritzen et al., 2012). Importantly, this
fragment has shown to accumulate at the synapses of Alzheimer’s Disease patients

(Ferrer-Raventos et al., 2023).

Interestingly, dose-dependent responses have been observed upon AR
incubation/injection. When present in picomolar concentrations (close to physiological
conditions, (Cirrito et al., 2003)), AB causes an increase in LTP and memory functions
(Puzzo et al., 2008). In contrast, higher doses have a negative effect in spine density
(Smith et al., 2009), NMDAR currents (Hoe et al., 2009), LTP (Puzzo et al., 2008) and
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memory tasks in rodent models (Gulisano et al.,, 2018), possibly recapitulating the

responses triggered by the accumulation of A oligomers/plaques in AD patients/mouse

models.

Finally, the viral expression/ ex vivo delivery of AICD results in increased NMDAR

activation in adult rats, favoring the GIuUN2B-NMDAR contribution, together with an

impairment in LTP and spatial memory (Pousinha et al., 2017, Pousinha et al., 2019).

Moreover, AICD has been described as a transcription regulator, although the relevance

of this response in physiological conditions is still controversial.

In conclusion, different APP fragments (illustrated in Figure 1.32) might have distinct

dose-dependent roles in glutamatergic neurotransmission, synaptic plasticity and

memory, as summarized in Table 1.11. Therefore, maintaining normal levels of APP and

its derived fragments seems to be crucial to normal synaptic function.

Table 1.11 — Summary of the main functions of APP fragments derived from

amyloidogenic/non-amyloidogenic

pathways

regarding

spine

density,

glutamatergic transmission, synaptic plasticity and learning/memory reported in

rodent models.

(Hoe et al., 2009)

(Nalbantoglu et al.,
1997)

Morris water maze
(Nalbantoglu et al.,
1997)

APP Spine density | Glutamatergic Synaptic plasticity Learning/memory Other roles
fragment transmission
sAPPa T Spine | tNMDAR 1 LTP i Learning and | Neuroprotective
density currents Rats (1.5-2 months) memory (traumatic brain injury,
Rescue of Infusion of sAPPa in | Rats (24 months) ischemia, hypoxia)
deficits in APP | Rats (1.5-2 | vivo (11 nM), dentate | Intra-hippocampal (Corrigan et al., 2014,
KO months) gyrus injection sAPPa (300 | Smith-Swintosky et
organotypic sAPPa (0.03 nM), (Taylor et al., 2008) nM) al., 1994, Hefter et al.,
hippocampal HFS-evoked 2016)
cultures summated Rats (2-3 months) Novel object location,
(Weyer et al., | NMDAR- sAPPa (100 nM), CA1 | not watermaze test
2014) EPSC peak | (A.Ishidaetal, 1997) | (Xiong et al., 2017)
amplitude, dentate
gyrus Rats (24-27 months)
(Taylor et al., | sAPPa (0.1 nM), CA1
2008) (Moreno et al., 2015)
Rats (6 months, | Rats (24 months)
24-27 months old | sAPPa (10 nM), CA1
sAPPa (0.1 nM), | Rescue of deficits
hippocampal slices | upon aging
Increased Ise | (Xiong et al., 2017)
(fEPSP slope/PFV
slope ratio of | Mice (APP/APLP2
NMDA  synaptic | cKO, 4-6 months)
potentials, CAl sAPPa (10 nM), CA1
(Moreno et al., | (Hick etal., 2015)
2015)
CTFB - ! NMDAR | | LTP l Learning and | Lysosomal-autopha
currents Mice (8 months), | memory gic pathology
transgenic Mice (8 months), | Mice (2 months), viral
CCCs DIV 7-8) | oy t i delivery of C99 at PO
Transfection ransgenic elivery o at PO,

(Lauritzen et al., 2012)

61




Mice(4-10
transgenic,
Morris water maze
(Berger-Sweeney et
al., 1999)

months),

Mice, Injection  of
CTFB, Passive
avoidance
performance

(D. K. Song et al.,
1998)

i GluN2B-

NMDAR
contribution
Rats (1-2 months)
Delivery ex vivo
(100 nM), CA1
(Pousinha et al.,
2017)

(Pousinha et al., 2019)

AB l Spine | |[NMDAR 1 LTP 1 Learning and | Major APP fragment
density currents Mice (3-4 months) memory associated with AD
Mice (4- | CGCs (DIV 7-8) | AB (200 pM), CA1 Mice (3-4 months) pathogenesis; gives
months) incubation AB Injections of AR (200 | rise to AB oligomers
Hippocampal (2uM) L LTP pM), Morris water | and plaques
slices, (Hoe et al., 2009) Mice (3-4 months) maze (Hardy & Higgins,
incubated with AB (above 20 nM), | (Puzzo etal., 2008) 1992)

AB (100 nM) CAl
(Smith et al., (Puzzo et al., 2008) l Learning and
2009) memory
Mice (3—6 months)
Injections of AB (200
nM), Morris  water
maze
(Gulisano et al., 2018)
AICD TNMDAR | LTP l Learning and | Transcriptional
- currents Rats (1-2months) memory regulation
Rats (4-6 weeks, | Delivery ex vivo (100 | Rats (1-2months) (Cao & Sudhof, 2001)
Viral injection nM), CAl Viral injection
CAl (Pousinha et al., 2017) | Spatial object
(Pousinha et al., recognition
2017) task

Abbreviations: Ise - index of synaptic efficacy, PFVs - Presynaptic fiber volleys, HFS — high frequency

stimulation
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Figure 1.32 — Schematic representation of the APP-derived fragments, indicating in

orange the ones that have been shown to influence NMDAR transmission. Adapted
from (Coronel et al., 2019).

J) Is AICD a transcription regulator?

AICD has been proposed to translocate to the nucleus (Cupers et al., 2001, Y. Gao &
Pimplikar, 2001) and regulate transcription of target genes (Cao & Sudhof, 2001). The
most accepted model is that AICD is stabilized by interacting with Fe65, then forming a
transcriptionally active complex in the nucleus in combination with Tat-interactive protein
60 (Tip60), which is a histone acetyltransferase (Cao & Sudhof, 2001, Y. Gao &
Pimplikar, 2001). The Fe65 PTB2 domain is essential for Fe65-AICD binding, whereas
the Fe65 PTB1 domain mediates its interaction with Tip60 (Feilen et al., 2017).

A series of target genes have been reported for AICD, being involved in several cellular

functions, as reviewed in (T. Mdller et al., 2008):

- APP processing/degradation: neprilysin (MME, AB degradation) (Belyaev et al., 2009),
APP, BACE (von Rotz et al., 2004).

- Cell survival/apoptosis: Stathminl (STMN) (T. Mdller et al., 2013), KAI1 (von Rotz et
al., 2004), Epidermal growth factor receptor (EGFR) (Y. W. Zhang et al., 2007).

- Metabolism: Glycogen synthase kinase 3B (GSK3) (Kim et al., 2003), Low-density
lipoprotein receptor-related protein 1 (LRP1) (Q. Liu et al., 2007).
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- Actin dynamics: Transgelin (TAGLN), Tropomyosin 1 (TPM1), a2-Actin (ACTA2) (T.
Muller et al., 2007).

- Synaptic transmission: GIuN2B (Pousinha et al., 2017).

The great majority of the studies have been performed in vitro, using cell lines
overexpressing AICD/APP. Therefore, contradictory results have been reported
depending on the cell line and system used to induce expression (von Rotz et al., 2004,
T. Muller et al., 2007 Belyaev et al., 2009, Pardossi-Piquard et al., 2005, A. C. Chen &
Selkoe, 2007), The fact that some studies induce the co-expression of AICD together
with Fe65/Tip60 is another confounding factor, making it challenging to differentiate
AICD role by itself (Pardossi-Piquard et al., 2005, T. Muller et al., 2007, T. Muller et al.,
2013). Moreover, the overexpression system is considered an artificial system,
questioning the physiological relevance of AICD nuclear effects. For some targets, the
contradictory or negative results obtained in APP/APLP2 single/double knockout models
(A. C. Chen & Selkoe, 2007, Hébert et al., 2006) suggest that APP/AICD might induce

transcriptional alterations only when overexpressed.

Interestingly, two studies by Zhang et al. and Liu et al. have shown evidence for AICD
transcriptional regulation of EGFR and LRP1 under physiological conditions. By
chromatin immunoprecipitation, the authors have reported an interaction between the
promoter regions of these genes and endogenous AICD in wild-type mouse brains.
Moreover, both studies report transcriptional alterations upon APP depletion, that can be
rescued by reintroducing only the AICD peptide (Y. W. Zhang et al., 2007, Q. Liu et al.,
2007).

In summary, the impact of AICD nuclear signaling in neurons under physiological
conditions, its mechanism of action and the complete list of target genes in this cell type
remain to be elucidated. Studying the role of endogenous AICD has proven to be
technically challenging giving the short half-life of this peptide (=5 min) (Cupers et al.,
2001), being normally detected in low levels in the rodent brain and primary neuronal

cultures.
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1.3 Hypothesis and aims

%

65



NMDARs are glutamatergic ionotropic receptors essential for synaptic maturation during
development and synaptic plasticity in adult stages, whose properties are known to

change depending on the life stage (Pérez-Otafio & Ehlers, 2004).

In particular, the subunit composition of synaptic NMDARs (GIUN2B vs. GIuN2A) has
important implications in NMDAR function. GIuN2B-NMDARs, which predominate during
development, favor slower kinetics, more Ca?* charge transfer, higher mobility and a
lower threshold for LTP (Yashiro & Philpot, 2008).

GIuN2B-NMDARs play important roles in immature synapses, possibly facilitating the
LTP-like mechanism required for the synaptic maturation process, which involves a
GluN2B to GIuN2A shift (Bellone & Nicoll, 2007). Thus, GIUN2A-NMDARs are the
predominant subtype in adult stages, allowing for a better fine-tuning of which synapses
should undergo potentiation (Williams et al., 1993). Much less is known about what
happens in aging, with previous studies showing that NMDAR properties suffer
alterations, exhibiting slower responses and lower current amplitudes and being less
associated with good memory performance (Kumar, 2015). However, it is still not known
if this relates to alterations in the GIuUN2B/A relative contribution.

These alterations in NMDAR properties might be caused by different regulation
mechanisms. APP, which is mainly known to be involved in Alzheimer’s Disease (Hardy
& Higgins, 1992), has emerged as a putative regulator of NMDARs. Although the
physiological role of APP is not fully understood, it is known to regulate synaptogenesis
and synaptic plasticity and might have different effects when acting through the full-
length protein or its derived fragments (U. C. Miiller & Zheng, 2012). Additionally, APP
has shown to interact and regulate NMDAR surface levels and currents (Hoe et al., 2009,
Cousins et al., 2009, Pousinha et al.,, 2017), but the functional relevance of this
interaction at different life stages, as well as the underlying mechanisms of regulation

have not been explored so far.

We hypothesize that APP is important to stabilize NMDARs at the synapse, thus being
particularly relevant during development, when new synapses are formed. On the other
hand, APP could mainly work as a modulator of NMDAR activity in adult stages, when
most synapses are in the mature state. Finally, we hypothesize that this process
becomes dysregulated upon aging, possibly causing NMDAR aberrant function and

synaptic plasticity impairments.
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Therefore, our main hypothesis is that:

APP regulates NMDARs in an age-dependent manner.

Thus, we defined two main aims for this work:

1) Study how APP regulates NMDARs in immature and mature synapses.

2) Investigate how APP regulates NMDARSs in aged synapses.
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2 Methods
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2.1 Models

In order to elucidate how APP regulates NMDARSs in immature, mature and aged

synapses, we used the following models:

A) Hippocampi from wild-type C57BI/6 mice at different ages: infants (7-
10 days), adults (10-16 weeks) and aged (18 — 20 months)

We used infant mice (7-10 days) because they mainly have immature synapses, thereby
being considered as a suitable model to study synapse formation and maturation. These
processes occur during the second postnatal week in mice and at around 3.5 years in
humans (Figure 2.1) (Pressler & Auvin, 2013).

As our model of mature synapses, we used adult mice with 10-16 weeks, which is
equivalent to 25 years in humans (Figure 2.1) (Flurkey et al., 2007). This was considered
our reference group for comparisons with either infant or aged mice.

Finally, aged mice with 18 — 20 months (which is equivalent to 65 years in humans) were
used as a model of aged synapses (Figure 2.1) (Flurkey et al., 2007), considering the
synaptic plasticity and memory impairments reported at this stage (Radulescu et al.,
2021).

We collected the hippocampus of wild-type mice at these different ages because this
brain region is involved in spatial and episodic memory (Burgess et al., 2002).
Additionally, the hippocampus is particularly vulnerable to the aging process (Burke &
Barnes, 2006, Temido-Ferreira et al., 2019) and it is one of the most affected regions in
Alzheimer’s Disease (Scheff et al., 2006). Therefore, it is a suitable brain region to study

molecular mechanisms involved in age-associated deficits in synaptic plasticity.

B) Human cortical post-mortem tissue from subjects with different ages (18-

89 years old)

We used human post-mortem brain tissue from subjects with different ages to

understand if the findings obtained in mice could also apply to humans.

In this case, we used pre-frontal cortical tissue because this brain region is important
for working memory and executive function (Lara & Wallis, 2015), being vulnerable to
the aging process (Burke & Barnes, 2006) and highly affected in Alzheimer’s Disease

(Salat et al., 2001). Therefore, it is a suitable alternative to hippocampal tissue, which is
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extremely rare in human biobanks, allowing to study molecular mechanisms involved in

synaptic plasticity.

Infant Adult Aged
Mice: 1 week Mice: 3 months Mice: 1.5 years
Human: < 3.5 years Human: = 25 years Human: = 65 years

Figure 2.1- Representation of the ages selected for this study in mice, as well as
the corresponding ages in humans (Pressler & Auvin, 2013, Flurkey et al., 2007).

<./ C)Rat hippocampal primary neuronal cultural cultures

We used this in vitro model to better elucidate APP regulation of NMDARS in immature
synapses. Accordingly, rat primary neuronal cultures recapitulate the synapse
development process (Grabrucker et al., 2009) and the NMDAR developmental switch
(Corbel et al., 2015), while providing appropriate imaging resolution to detect NMDARs
at the post-synapse (J. S. Ferreira et al., 2017).
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2.2 Protocols

A) Human and mouse samples

Human samples

The use of human samples was conducted in accordance with the Helsinki Declaration
as well as national ethical guidelines. Protocols were approved by the Local Ethics
Committee and the National Data Protection Committee. Samples of post-mortem brain
tissue from the prefrontal cortex of subjects with different ages (81-89 years old) were
obtained from the National Institute of Legal Medicine and Forensic Sciences, Coimbra,
Portugal, the Neuro-CEB Biological Resource Center (BRC), France and the Newcastle
Brain Tissue Resource, United Kingdom. The gender and postmortem delay period for

each sample are depicted in Table 2.1.

Table 2.1 — Gender and postmortem delay period for the human samples used in this

study.
Postmortem
Age Gender delay period
18 F 81h
21 M >30h
22 M >30h
28 M 12h
31 M 36h
32 M 48h
38 M 24h
38 M 24h
40 F 36h
41 M 24h
41 M 24h
52 F 29h
60 M >30h
65 M >30h
69 M 6h
72 M 29h
73 M 22h
78 M 23h
80 F 25h
81 F 75h
89 F 12h

Abbreviations: M- Male, F — Female, h- hours
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Mouse samples

Animal procedures were performed at the Rodent Facility of Instituto de Medicina
Molecular, that is a licensed establishment (license number 017918/2021) in compliance
with the European Directive 2010/63/EU, transposed to Portuguese legislation in DL
133/2013. All animal research projects carried out at iMM are reviewed by the Animal
Welfare Body (ORBEA-IMM) to ensure that the use of animals is carried out in
accordance with the applicable legislation and following the 3R's principle.
Environmental conditions were kept constant: food and water ad libitum, 22-24 °C, 45-

65% relative humidity, 14h light/10 dark cycles, 3 to 4 mice per cage.

Experiments performed at IPMC were done according to policies on the care and use of
laboratory animals of European Communities Council Directive (2010/63) and the
protocols were approved by the French Research Ministry following evaluation by a
specialized ethics committee (protocol number 00973.02) All efforts were made to
minimize animal suffering and reduce the number of animals used. The animals were
housed three per cage under controlled laboratory conditions with food and water ad
libitum, a 12 hr dark light cycle and a temperature of 22 +2°C.

Male and female wild-type (gender balanced) C57BL/6 mice at different ages were used:
infant (7-10 days), adult (10 — 16 weeks) and aged (18 — 20 months). A C7BL/6-129SvJ
female mouse bearing three mutations (3xTg-AD) associated with familial AD (amyloid
precursor protein [APPswe], presenilin-1 [PSEN1] and microtubule-associated protein
tau [MAPT]) (Mutant Mouse Research and Resource Center at The Jackson Laboratory)

was used as reference.
BACEL1 Inhibitor treatment

LY2811376 ((4S)-4-[2,4-difluoro-5-(5-pyrimidinyl)phenyl]-5,6-dihydro-4-methyl-4H-1,3-
thiazin-2-amine) was obtained from Medchem Express (Sweden) and prepared in 10%
DMSO, 40% PEG300, 5% Tween-80, 45% saline. C57BL/6 aged mice (18 — 20 months)
received LY2811376 at 100 mg/kg body weight by oral gavage as described in (Filser et
al., 2015). Animals treated with LY2811376 (n=3) or vehicle (n=2) were sacrificed =12h

after treatment.

B) Patch Clamp electrophysiology

Newborn mice were anesthetized through hypothermia, whereas adult and aged mice

were anesthetized [ketamine (150 mg/kg)/xylazine (10 mg/kg)]. All groups were
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transcardially perfused with artificial cerebrospinal fluid (aCSF) for slice preparation
containing (in mM): 119 NaCl, 2.5 KCI, 1.25 NaH2PO4, 26 NaHCO3, 1.3 MgS04, 2.5
CaCl2 and 11 D-glucose, oxygenated with 95% 02 and 5% CO2, pH 7.4. Acute
transverse hippocampal slices (250 um) were prepared on a vibratome (Microm
HM600V, Thermo Scientific, France) in ice-cold dissecting solution containing (in mM):
234 sucrose, 2.5 KCI, 0.5 CaCl2, 10 MgCl2, 26 NaHCO3, 1.25 NaH2PO4 and 11 D-
glucose, oxygenated with 95% O2 and 5% CO2, pH 7.4. Slices were incubated for 60
min at 37°C, in an artificial CSF (aCSF) solution, oxygenated with 95% O2 and 5% CO2,
pH 7.4. Slices were used after recovering for another 30 min at room temperature. To
measure pharmacologically isolated NMDAR EPSCs, slices were perfused with the
oxygenated aCSF at 31 £ 1°C in the continuous presence of 50 mM picrotoxin (Sigma-
Aldrich, dissolved in DMSO) to block GABAergic transmission and DNQX (10 pM) to
block AMPA receptors.

Recording pipettes (5-6 MQ) for voltage-clamp experiments were filled with a cesium
gluconate solution containing the following: 117.5 mM Cs-gluconate, 15.5 mM CsCl, 10
mM TEACI, 8 mM NacCl, 10 HEPES, 0.25 mM EGTA, 4 mM MgATP and 0.3 NaGTP (pH
7.3; osmolarity 290-300 mOsm). Slices were visualized on an upright microscope with
IR-DIC illumination (Scientifica, Ltd). Whole-cell recordings were performed using a
Multiclamp 700B (Molecular Devices) amplifier, under the control of pClamp10 software
(RRID:SCR_011323) (Molecular Devices). The Schaffer collateral pathway was
stimulated at 0.10 Hz using electrodes (glass pipettes filled with aCSF) placed in the

stratum radiatum.

After a tight seal (>1 GW) on the cell body of the selected CA1 pyramidal neuron was
obtained, whole-cell patch clamp configuration was established, and cells were left to
stabilize for 2—-3 min before recordings began. Pharmacologically isolated NMDAR
EPSCs were recorded from cells voltage clamped at +40 mV. Holding current and series
resistance were continuously monitored throughout the experiment, and if either of these
two parameters varied by more than 20%, the experiment was discarded. Electrical
stimulation was adjusted to elicit EPSCs of approximately 150 pA amplitude in the

different studied groups.

The following parameters have been measured by Patch-Clamp:

- NMDAR EPSCs deactivation kinetics

Decay time was fitted with a double exponential function, using Clampfit software, to

calculate both slow and fast decay time constants, 1fast and 1slow, respectively. The
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weighted time constant (tweighted) was calculated using the relative contribution from
each of these components, applying the formula: Tw = [(af. tf) + (as. ts)]/(af + as), where
af and as are the relative amplitudes of the two exponential components, and tf and ts

are the corresponding time constants.
- GIuN2B-NMDAR contribution

NMDAR EPSCs were measured immediately before (5 min) and 25-20 min after
ifenprodil (5uM) perfusion to selectively block GIluN2B-NMDARS.

- APP C-terminal antibody impact on NMDAR currents

The APP C-terminal antibody Y188 (ab32136, Abcam, raised against human APP (aa
675- C-terminus, APP695 numbering)) was added to the intracellular solution to a final
concentration of 0.4ug/mL (2.57nM). In the control condition, the same antibody was
heat-inactivated by incubation at 98°C for 10min. The percentage of reduction in NMDAR
EPSCs due to the APP C-terminal antibody incubation was calculated comparing the
baseline amplitude (15-20min) with the final amplitude (55-60 min) and normalized with

the control condition for each age.
- PTB2 peptide effect on GIuN2B-NMDAR synaptic contribution

Expression and purification of His-tagged fusion proteins (PTB1-p (Fe65 G366 - R506,
6xHis-tag, 16.7KDa) and PTB2-p (Fe65 K536 - Q666, 6xHis-tag, 15.1KDa) in
Escherichia coli were performed by Svenja Konig and Stefan Kins (University of

Kaiserslautern).

Hippocampal slices were incubated with either the PTB2-p or the respective control
(PTB1-p) at a final concentration of 5nM for 3h, followed by Patch-Clamp

electrophysiology recordings.

For more details about the Patch Clamp methodology used in this study, please see
Section 2.4A.

C) Protein analysis

Total lysates

For the preparation of total protein lysates, hippocampi from C57BL/6 wild-type mice
were dissected and snap-frozen in liquid nitrogen. Mouse and human frozen tissue
samples were resuspended in A-EDTA buffer (10 mM HEPES-KOH pH 7.9, 10 mM KCl,
1.5 mM MgCl,, 0.1 mM EDTA, 0.3% NP-40 with protease and phosphatase inhibitors)
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and homogenized using a Glass/Teflon Potter Elvehjem homogenizer, as described in
(Pousinha et al., 2017). Protein quantification was performed using BioRad DC Protein
assay kit. Lysates were diluted in water and 5x sample buffer (Final concentration: 50mM
Tris HCI pH 6.8, 2% SDS, 6% glycerol, 0.1% bromophenol blue, 121mM DTT) and

denatured at 95°C for 10 min before being used for Western Blot analysis.

Fractionation into PSD-enriched fractions

Mouse and human frozen tissue were subjected to the fractionation protocol adapted
from (Frandemiche et al., 2014), all centrifugation steps were performed at 4°C and all
solutions contained protease/phosphatase inhibitors.

Samples were first homogenized using a Glass/Teflon Potter Elvehjem homogenizer in
Buffer I (0.32M sucrose and 10mM HEPES, pH 7.4) and then centrifugated (1.000 g for
10min) to remove nuclei and cell debris. This centrifugation step was repeated 3 times,

until the supernatant was completely clear.

Then, the supernatant was subjected to a centrifugation at 12.000 g for 20min. The pellet
was recovered to obtain a crude membrane fraction, which was resuspended in Buffer Il
(4mM HEPES and 1 mM EDTA, pH 7.4) and centrifuged twice at 12.000 g for 20 min.

The pellet was then resuspended in 25uL of Buffer Il (20 mM HEPES, 100mM NacCl,
0,5% Triton X100, pH= 7.2) and incubated 1h at 4°C with mild agitation. By centrifuging
the samples at 12.000 g for 20 min it was possible to pellet the synaptosome membrane
fraction, whereas the supernatant was collected as the non-postsynaptic density

membrane fraction (non-PSD) or Triton-soluble fraction.

Finally, the pellet was solubilized in 25uL Buffer IV (20 mM HEPES, 0.15 mM NaCl, 1%
TritonX-100, 1% sodium deoxycholate, 1% SDS, pH 7.5) for 1 h at 4°C and centrifuged

at 10.000 g for 15 min. The supernatant contained the PSD or Triton-insoluble fraction.

The integrity of non-PSD was verified by immunoblotting for synaptophysin, which was
enriched in the non-PSD fraction, and the integrity of the PSD fraction was confirmed by

the immunoblotting of PSD-95 enriched in this compartment, as shown in Section 2.4B.

Synaptosomes preparation

The protocol for synaptosome preparation was adapted from (Lopes et al., 1999), all
centrifugation steps were performed at 4°C and all solutions contained

protease/phosphatase inhibitors.
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Hippocampi from C57BL/6 wild-type mice were dissected, resuspended in a 0.32 M
sucrose solution containing 50mM Tris, 2 mM EDTA, pH=7.6 and homogenized using a
Glass/Teflon Potter Elvehjem homogenizer. The suspension was centrifuged at 3.000 g

during 10 min to remove nuclei and cell debris.

The supernatant was collected and centrifuged at 14.000 g for 12 min to obtain the crude

membrane fraction.

The pellet was resuspended in 1.8 ml of a 45% vol/vol Percoll solution made up in a
Krebs-Ringer solution (140mM NaCl, 1mM EDTA, 10mM HEPES, 5mM KCI, pH= 7.4).
After centrifugation at 21.100g for 2 min, the top layer was collected (synaptosome

fraction) and washed twice in Krebs-Ringer solution (centrifugation at 21.100g, 2 min).

When synaptosome fractions were used for co-immunoprecipitation experiments, they
were subsequently resuspended in the respective Co-IP buffer (50mM Tris HCI pH 7.5;
150 mM NaCl; 2 mM EDTA; 1% Triton with protease and phosphatase inhibitors).

Co-immunoprecipitation

For immunoprecipitation in total lysates, frozen tissue (from mice or humans) was
resuspended in immunoprecipitation buffer (50mM Tris HCI pH 7.5; 150mM NaCl; 2mM
EDTA; 1% Triton with protease and phosphatase inhibitors) and homogenized using a
Glass/Teflon Potter Elvehjem homogenizer. Following a centrifugation at 1.000g, 10 min

4°C to remove nuclei and cell debris, the supernatant was collected.

Protein quantification of total lysates and mouse synaptosome fractions was performed

using the BioRad DC Protein assay Kkit.

The immunoprecipitation protocol was adapted from (Tomé et al.,, 2021). For each
sample, 50uL of Dynabeads were washed 3 times with washing buffer (0.1% BSA; 2mM
EDTA in phosphate-buffered saline (PBS)). Dynabeads were then resuspended in 500uL
washing buffer and the appropriate volume of antibody: APP C-terminal Y188 (3ug,
ab32136, Abcam), PSD-95 (3ug, ab18258, Abcam) or Normal rabbit IgG (3ug, 12-370,

Merck Millipore) and incubated overnight at 4°C under rotation.

Following 3 washing steps with washing buffer, dynabeads were resuspended in 350uL
washing buffer and incubated with 500ug of protein lysate diluted in Immunoprecipitation
buffer (500uL) for 2h at 4°C under rotation. Following 5 washing steps with
Immunoprecipitation buffer, dynabeads were gently resuspended in 60uL of pre-heated
2x sample buffer (140mM Tris HCI pH 6.8, 4% SDS, 13.6% glycerol, 272mM DTT,
0.004% Blue bromophenol) in RIPA (50mM Tris, 1mM EDTA, 150mM NacCl, 0.1% SDS,
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1%Tergitol-type NP-40, pH 8.0). Finally, samples were incubated for 10 min at 95°C, the

supernatant was collected and used for Western Blot analysis.

Western blotting (NMDAR subunits)

Following protein quantification using BioRad DC Protein assay kit, samples were diluted
in water and 5x sample buffer (Final concentration: 50mM Tris HCI pH 6.8, 2% SDS, 6%
glycerol, 0.1% bromophenol blue, 121mM DTT) and denatured at 95°C for 10 min. The
immunoprecipitated samples were directly loaded in the gel.

Gel electrophoresis was performed as described previously (D. G. Ferreira et al., 2017),
in Tris-glycine buffer with 10% SDS using 10-12% and 4% acrylamide resolving and
stacking gels, respectively. Proteins were electro-transferred to 0.45um Polyvinylidene
fluoride (PVDF) membranes in Tris-glycine buffer with 20% methanol at 350mA for 90

min.

After transfer, all membranes were blocked with 3% BSA in TBS-T (20 mM Tris, 150 mM
NaCl, 0.1% Tween-20) at room temperature (RT) for 1h and incubated with primary
antibodies (diluted in 3% BSA TBS-T) overnight at 4°C. The following antibodies were
used: GIuN2A (1:200, sc-136004, Santa Cruz), GIuN2B (1:1000, D15B3, Cell Signalling),
GIuN1 (1 :500, 556308 BD Pharmigen), Phospho-GIuN2B Y1472 (1:1000, #4208, Cell
Signalling) PSD95 (1:1000, D27E11, Cell signalling), Synaptophysin (1:200, S5768,
Merck Millipore), B-actin (1 :1000, sc-47778, Santa Cruz), GAPDH (1:1000, AM4300,
Invitrogen). After three washing steps of 10min with TBS-T, membranes were incubated
with horseradish peroxidase (HRP)—conjugated anti-mouse or anti-rabbit secondary
antibodies for 1 h at RT: Goat Anti-Mouse 1IgG HRP (1:4000, 10004302, Cayman
Chemicals) or Goat Anti-Rabbit IgG HRP (1:10.000, 1706515, Bio-Rad). After three
washing steps of 10min with TBS-T, chemiluminescent detection was performed with
enhanced chemiluminescence (ECL) western blotting detection reagent (GE

Healthcare).

Western blotting (APP and APP fragments)

Following protein quantification using BioRad DC Protein assay kit, lysates were diluted
in water and 5x sample buffer, following denaturation at 95°C for 10 min. as described

previously.

For APP, APP-CTFs and AICD analysis, optimal conditions for low molecular mass

proteins separation were used, as described in (Willem et al., 2015). Proteins were
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separated using precast gradient Tricine Protein Gels (10-20%, 1 mm, Novex) in Tris-
tricine buffer (1M Tris, 1M Tricine, 1% SDS). Samples were electro-transferred at 400mA
for 1h to 0.2um Nitrocellulose membranes using a Tris Glycine buffer (25 mM Tris, 190
mM glycine) with 20% ethanol. Proteins transferred to nitrocellulose membranes were
additionally denatured by boiling the membrane in PBS for 5 min, acting as an antigen

retrieval step to detect AICD, as described in (Pimplikar & Suryanarayana, 2011).

After transfer, we followed the same protocol as before, using the following antibodies:
APP C-terminal Y188 (1:1000, ab32136, Abcam), B-actin (1 :1000, sc-47778, Santa
Cruz), GAPDH (1:1000, AM4300, Invitrogen).

For more details about the methodology used in this study for the detection and

identification of APP-derived fragments, please see Section 2.4C.

Chemiluminescent detection and Western Blot quantification

Chemiluminescent detection was performed with enhanced chemiluminescence (ECL)
western blotting detection reagent (GE Healthcare). For AICD detection, longer exposure
times were applied (150 times longer than for APP full-length). Optical density was
determined with Image-J, according to the software instructions (T. Ferreira. & Rasband,
2012). When analyzing total lysates, results were normalized with -actin (in mice) or
GAPDH (in humans). When analysing PSD-enriched fractions, the levels of the proteins
of interest (GIuN2B, GIuN2A and APP) were normalized to PSD-95 as in (Holehonnur et
al., 2016), to account for the possible variability in protein loading, PSD fractionation
efficiency and number of synapses at each age. With this type of normalization, our
output corresponds to the protein levels per PSD-95, therefore reflecting the synaptic

composition rather than the absolute values.

D) APP knockdown in primary neuronal cultures

Primary neuronal cultures

Hippocampal neurons were cultured from 18-day Sprague-Dawley rat embryos, adapting
the protocol from (Temido-Ferreira et al., 2019, Faria-Pereira et al., 2022, Afonso et al.,
2019). Briefly, embryos were collected in Hank’s Balanced Salt Solution (HBSS, Corning)
and rapidly decapitated. After removing the meninges, hippocampi were dissociated in

HBSS with 0.25% trypsin at 37°C for 15 min, resuspending every 3min. The tissue was

78



then washed with HBSS containing 30% fetal bovine serum (FBS) to stop trypsin activity,
followed by three washing steps with HBSS.

Cells were resuspended in neuronal plating medium (MEM (Minimum Essential Medium)
supplemented with 10% horse serum, 0.6% glucose, and 100 U/mL Pen-Strep), gently
dissociated and filtered through a 70um strainer. Finally, cells were plated on poly-D-
lysine-coated glass coverslips (0.1mg/mL PDL in 0.1M borate buffer, pH 8.5) in 24-multi
well plates at a final density of 70.000 cells/coverslip, in neuronal plating media and

maintained at 37°C in a 5% CO»-humidified incubator.

After 4 hours, the plating medium was replaced for neuronal culture medium: Neurobasal
Medium (Gibco—-Life Technologies) supplemented with B-27 supplement, 25uM
Glutamic acid, 0.5mM Glutamine, and 20 U/ml penicillin/streptomycin. Cultures were
maintained in the humidified incubator for 2 weeks, feeding the cells once per week with
neuronal culture medium by replacing half of the medium per well. This protocol is
associated with an enrichment in neuronal cells (NeuN-positive cells =80%) and a low
number of glial cells (GFAP-positive cells =6%) at DIVs 11-14 (Faria-Pereira et al., 2022).

Plasmid generation

Primary neuronal cultures were transfected with AAV-shRNA—-mCherry plasmids, with a
shRNA against APP (shAPP) or a shRNA control sequence (shCTR).

The control plasmid was kindly provided by Dirk Grimm (University of Heidelberg) and
corresponds to AAV-U6-shCTR-CMV-mCherry plasmid, where shCTR is a non-silencing
sequence: GTAACGACGCGACGACGTAA, with no identified targets in the rat genome,
confirmed by NCBI Basic Local Alignment Search Tool (BLAST).

For the generation of the shRNA-APP construct, we used the following sequence:
GCACTAACTTGCACGACTATG (Young-Pearse et al., 2007), which is complementary
to the mRNA NCBI reference sequences for rat and mouse APP (confirmed by NCBI
Basic Local Alignment Search Tool (BLAST)). This construct, which was provided by
Tracy Young-Pearse (Harvard Medical School) in the pENTR-U6 vector, was then
subcloned into an adeno-associated virus backbone (AAV-U6-shRNA empty-CMV-
mCherry plasmid), kindly provided by Dirk Grimm.

Briefly, the shRNA insert was generated by PCR amplification using primers with Ascl
and Xhol restriction sites (Forward Primer: Ascl-U6 5-
GCGGCGCGCCAGGAAGAGGGCCTATTTCCCATG-3’; Reverse Primer: Xhol-PolyA-
Active 5-GCAAGTTAGTGCTTTTTTCTAGACCCTCGAGCG-3’). Subsequently, the
PCR product and the AAV-U6-shRNAempty-CMV-mCherry plasmid were digested with
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Ascl and Xhol restriction enzymes. Following gel purification, the shRNA construct was
ligated into the AAV plasmid and the ligation product was transformed into Topl0
chemically competent cells. Both plasmids were purified using the EndoFree Plasmid
Maxi Kit (Qiagen) and verified by DNA sequencing (Primer 5'-
GGGCCTATTTCCCATGATTCC- 3)).

Neuronal transfection

Primary neuronal cultures were transiently transfected at 7-8 days in vitro (DIV) using
the calcium phosphate transfection protocol adapted from (Silva et al., 2019, Jiang et al.,
2004, Dudek et al., 1998).

For each well, 1.5 ug plasmid DNA was diluted in 17.5uL TE buffer (10 mM Tris, 1 mM
EDTA, pH 7.3). CaCl; solution (2.5M in 10mM HEPES, pH 7.2) was added dropwise to
the diluted DNA (final concentration = 250 mM CaCl) and gently mixed.

This mix was then added dropwise to an equivalent volume of HEPES-buffered saline
transfection solution (in mM: 274 NaCl, 10 KCl, 1.4 Na;HPO4, 11 dextrose, 42 HEPES,

pH 7.2), gently mixed and incubated at RT for 30 min, vortexing every 5 min.

During this period, neurons were treated with 2 mM kynurenic acid (glutamate receptor
antagonist) in conditioned neuronal culture medium (in a new multi-well plate), to reduce
excitotoxicity. The precipitates were then added dropwise to pre-conditioned neurons,
followed by an incubation of 2-3h at 37°C in a 5% CO,-humidified incubator. The calcium
phosphate-DNA precipitates facilitate DNA binding to the surface and entering by

endocytosis.

Finally, DNA precipitates in excess were dissolved by incubating the neurons in an
acidified neuronal culture medium (in mM: 2 kynurenic acid, ~5 HCI final concentration)
for 15-20 min at 37°C to dissolve the precipitates in excess and reduce neurotoxicity.
Coverslips were transferred to the original plates with conditioned neuronal culture media

maintained in the humidified incubator.

Immunocytochemistry

The immunostaining protocol was adapted from (J. S. Ferreira et al., 2017). Briefly,
neurons were fixed at DIV 14-15 (7 days after transfection) in 4% sucrose and 4%
paraformaldehyde (PFA) in PBS for 20 min at RT.
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Neurons were then washed 3 times with PBS and permeabilized with PBS + 0.25% (v/v)
Triton X-100 at RT (for 10min in the case of intracellular epitopes and 5 min for
extracellular targets). Following 3 washing steps in PBS, cells were incubated in 10%
BSA in PBS for 1 h at RT to block nonspecific staining. Incubation with primary antibodies
was performed overnight at 4°C in a humidified chamber, with antibodies diluted in 3%
BSA in PBS: APP Y188 (1:100, ab32136, Abcam), GIuN2B (1:100, AGC-003, Alomone),
GIuN2A (1:100, AGC-002, Alomone), PSD-95 (1:50, ADI-VAM-PS002-E, Enzo).

Following 4 washing steps in PBS, cells were incubated with the appropriate secondary
antibody diluted in 3% BSA PBS (1:500) for 1h at RT: Donkey anti-Rabbit IgG Alexa
Fluor 488, Donkey anti-Mouse IgG Alexa Fluor 488 or Donkey anti-Rabbit Alexa Fluor
647 (Thermo Fisher). Finally, cells were incubated with Hoechst 33258 (12 ug/mL in
PBS, Life Technologies) for 5min to stain the nuclei, washed 3 times with PBS and

mounted in Fluoromount agueous mounting medium (Sigma).

Microscopy imaging and analysis

All images were acquired in a Zeiss LSM 880 laser scanning confocal microscope using

a Plan-Apochromat 63x/1.4 oil immersion objective.

For the analysis of APP immunofluorescence in transfected neurons, Hoechst
fluorescence was detected using 405 nm for excitation (Diode laser with 30 mW nominal
output — 2% transmission) and a 415-475 nm detection window, with PMT gain set to
610 and offset to -1. Alexa Fluor 488 fluorescence was detected using the 488 nm laser
line of an Ar laser for excitation (25 mW nominal output — 1% transmission) and a 498-
557 nm detection window, with GaAsP detector gain set to 500 and offset to 1. mCherry
fluorescence was detected using 594 nm for excitation (HeNe laser with 2 mW nominal
output — 5% transmission) and a 600-735 nm detection window, with PMT gain set to
700 and offset to 1. The pinhole size was set to 1.67 AU for Hoechst, 1.37 AU for Alexa
Fluor 488 and 1.1 AU for mCherry. Z-stacks of the three channels were acquired with
Zoom set to 1 (134.95x134.95 ym area with 1024x1024 pixel frame size - 0.13 pym pixel
size) with a 0.49 pm slice interval, a line average of 2 and 1.03 us pixel dwell time
(unidirectional scan). The APP (Alexa Fluor 488) relative fluorescence intensity was
manually quantified using ImageJ, after maximum intensity projection. For each
condition, 7 transfected neurons were analyzed by defining regions of interest (ROI)
which corresponded to the cell bodies using the mCherry channel. The average intensity
of Alexa Fluor 488 was then determined for each ROI. All values were normalized to the

average intensity in transfected neurons from the control condition (%).
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For the analysis of GIuN2B, GIuN2A and PSD-95 in dendrites of transfected neurons,
Alexa Fluor 488 fluorescence was detected using the 488 nm laser line of an Ar laser for
excitation (25 mW nominal output — 3% transmission) and a BP 495-550 + LP 570 nm
filter set for detection in the Airyscan unit, with gain set to 790 and offset to 0. mCherry
fluorescence was detected using 561 nm for excitation (DPSS laser with 20 mW nominal
output — 7.5% transmission) and a BP 495-550 + LP 570 nm filter set in conjunction with
a SP 615 nm secondary beam splitter for detection, with gain set to 850 and offset to 0
in the Airyscan unit. Alexa Fluor 647 fluorescence was detected using 633 nm for
excitation (HeNe laser with 5 mW nominal output — 14.5% transmission) and a BP 570-
620 + LP 645 nm filter set in conjunction with a LP 660 nm secondary beam splitter for
detection with gain set to 760 and offset to 0 in the Airyscan unit. The pinhole size was
set to 2.66 AU for Alexa Fluor 647, 2.16 AU for mCherry and 2.49 AU for Alexa Fluor
488. Z-stacks of the three channels were acquired with Zoom set to 3.8 (35.51x35.51
pUm area with 836x836 pixel frame size - 0.04 ym pixel size) with a 0.18 pm slice interval,
a line average of 2 and 2.53 ps pixel dwell time (unidirectional scan). All data sets were

subjected to Airyscan processing in ZEN using the same parameters.

The analysis of GIuN2B, GIUN2A and PSD-95 in transfected neurons was performed
using an in-house developed macro for ImageJ developed by Clara Barreto and José
Henriques. For each condition, 13 dendrites from transfected neurons were analyzed.
Following maximum intensity projection and manual selection of the dendritic area using
the mCherry channel, images were segmented with user-defined intensity thresholds for
GIuN2B/A (Alexa Fluor 647) and PSD-95 (Alexa Fluor 488), which were maintained
constant for all conditions. The mean fluorescence intensity and the percentage of
dendritic area with positive signal (above threshold) were quantified for each channel in
the segmented images. GIuN2B/A and PSD-95 clusters were detected by particle
analysis, which also allowed us to quantify average cluster sizes in each case. The
colocalization area was determined by identifying the pixels where both GIUN2B or
GIluN2A and PSD95 intensity values were above the respective threshold. The relative
GIluN2B/A synaptic content was then determined as the ratio between the area occupied
by colocalized pixels and the total area with GIuN2B/A staining. The fluorescence density
was calculated as the mean fluorescence intensity multiplied by the percentage of
dendritic area with positive signal for each channel. All quantifications were normalized

to the average values of transfected dendrites from the control condition (%).
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E) Statistical Analysis

All statistical analyses were performed with GraphPad Prism software. Results are
referred in the text as mean = Standard Error of the Mean (SEM), which is also
represented in the graphs, together with dot plots with individual values. Statistical
analyses were performed after evaluating normality using the Shapiro—Wilk test. When
comparing two groups, the statistical comparison included Unpaired t test (in case of
normal distribution) or Mann-Whitney test (in case the distribution was not normal). When
comparing more than two groups, the statistical comparison included One-way ANOVA
followed by Tukey’s multiple comparison tests (in case of normal distribution). When the
graphs represent relative levels, the values are expressed in relation to the reference
group. When comparing infant or aged mice with adult, the values are expressed in
relation to the adult group. Significance was determined according to the following
criteria: p>0.05= not significant, *p<0.05, **p<0.01 ***p<0.001 and ****p< 0.0001.
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2.3 Supplementary Protocols

(Relative to the Supplementary Results, Section 3.4)

A) Prediction of aminoacid disorder in the structure of APP and NMDAR
subunits

The computer prediction of aminoacid disorder in the structure of mouse and human
APP and NMDAR subunits (GluN1, GIuN2A and GIluN2B) was performed using the
prDOS algorithm, considering a probability threshold of 0.5 to determine the disordered
segments (http://prdos.hgc.jp) (T. Ishida & Kinoshita, 2007).

B) AICD incubation in mouse primary neuronal cultures

Primary neuronal cultures

Hippocampal neurons were cultured from 18-day C57BI/6 mouse embryos, as previously
described (Temido-Ferreira et al., 2020). Briefly, embryos were collected in Hank’s
Balanced Salt Solution and rapidly decapitated. Meninges were removed, and the
hippocampi were dissociated and incubated for 15 min in HBSS with 0.025% trypsin.
Cells were washed once with HBSS with 30% FBS, centrifuged three times, re-
suspended in Neurobasal Medium (Gibco—Life Technologies, USA) supplemented with
2% B-27 supplement, 25 pM Glutamate, 0.5mM glutamine, and 2 U/ml
penicillin/streptomycin, gently dissociated and filtered through a 70 ym strainer. Cells
were plated on poly-D-lysine-coated plates and grown for 14 days at 37 °C in a 5% CO2-
humidified atmosphere in the previously described supplemented Neurobasal medium.
At 15 DIV, neurons were treated with TAT-AICD-NLS or TAT-SCR-NLS (100 nM) for 2
h.

TAT peptides

The peptides TAT-AICD-NLS and TAT-SCR-NLS were synthesized by PSL GmbH
(Heidelberg, Germany) and have been validated by (Pousinha et al., 2017). TAT-AICD-
NLS contained the TAT sequence (YGRKKRRQRRR), conferring cell permeability,
fused to the N-terminal of AICD:
MLKKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN. The SV40
nuclear localization signal (NLS; PKKKRKYV) was added to the AICD C-terminal for
nuclear translocation. The TAT-SCR-NLS contained the same TAT and NLS sequences

at each end of a scrambled version of the AICD sequence:
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VQGITQKMYHNQEGKFLNQKVNVKTHMQFEHETLVDSMKAYYRVEEPSPA. The
purity of peptides was above 90%—95%.

Quantitative PCR

Total RNA was extracted and purified using the RNeasy Plus Mini Kit (QIAGEN,
Germany). RNA quality was assessed by NanoDrop 2000 (Thermo Scientific, USA)
analysis (A260/A280~2; 260/235 >1.8). Total RNA was reverse-transcribed using
random primers and SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen,
USA). Real-time quantitative polymerase chain reaction (RT-gPCR) analysis was
performed on a Corbett Rotor-gene 6000 apparatus (QIAGEN, Germany) using Power
SYBR Green PCR Master Mix (Applied Biosystems, UK), 0.2 mM of each primer and 0.4
ng/uL of cDNA. The thermal cycler conditions were 10 min at 95°C, 40 cycles of a two-
step PCR, 95°C for 15 s followed by 56°C for 25 s with a final thermal ramp from 72 to
95°C. The primers presented high amplification efficiency (>80%) and the R? values of
standard curves was approximately 0.99.

Reference genes were PPIA (cyclophilin A) and Rpl13A (ribosomal protein L13A) and
amplifications were carried out in triplicates and according to the MIQE guidelines (Bustin
et al., 2009). The relative expression of target genes was determined by the comparative
CT method (Schmittgen & Livak, 2008).

Primer design

The primers wused in RT-gPCR were designed using Primer-Blast
(http://www.ncbi.nim.nih.gov/tools/primer-blast/). The following standard design
parameters from Primer-Blast were used: 1) Tm between 57 and 63°C (60°C as the
optimum value), with a maximum difference between the primers of 3°C, 2) primer size
varied between 15 and 25 nucleotides (20nt as the optimum value), and 3) GC content
between 30 and 80%. The “Max Self Complementarity value” was set at 8 and “3’
complementary value” at 3. The PCR product size was limited between 80 and 120 base
pairs (bp).

To avoid possible genomic DNA amplification, the option “Primer must span an exon-
exon junction” was whenever possible selected. Concerning “Primer Pair Specificity
Checking Parameters”, the database used was “Ref Seq RNA” from the organism Mus
musculus. The options ‘Enable search for primer pairs specific to the intended PCR
template’ and “Allow primer to amplify mRNA splice variants” were selected.

The best sequences of pairs of RT-gPCR primers were subsequently analyzed for

genomic DNA amplification and secondary structures.
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We used the OligoAnalyzer tool (IDT, USA)

(http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer) to confirm that the secondary

structures have a AG value between 0 and -9 kcal/mol and the melting temperature of
folded sequence is 5 to 10 °C lower than the annealing temperature. This software was
used to study the possible formation of hairpins, self and hetero-dimers.

Additionally, we used the Oligocalc tool

(http://www.basic.northwestern.edu/biotools/OligoCalc.html) to check potential hairpin

and self-complementary formation. The selected primers were produced by Invitrogen,

UK (HPLC purified) and the respective sequences are listed in Table 2.2.

Table 2.2: Sequence of primers used for Quantitative PCR in this study.

Primer | Target gene Forward Primer Reverse primer

cypa | PPIA peptidylprolyl |+ TG CACTGCCAAGACTGAGTG | CTTCTTGCTGGTCTTGCCATTCC
isomerase A (cyclophilin A)

Rpl13a | Ribosomal protein L13A GGATCCCTCCACCCTATGACA CTGGTACTTCCACCCGACCTC

Lrp1 | Low density lipoprotein | ,croroccaAATGGGGAATGT CGTGAGTTGCAGTAGGAGGG
receptor-related protein 1

Gskap | puycogen synthasekinase 3 | ;AGAACCACCTCCTTTGCGG TGCTGCCATCTTTATCTCTGCTA
Glutamate ionotropic

Grin2b | receptor NMDA type subunit | AAACCAAGAGAGTCGACGAGC TTTTGGGAACGAGCTTTGCTG
2B

Immunocytochemistry

Primary neurons were used for immunocytochemistry experiments as previously
described (D. G. Ferreira et al.,, 2017). Briefly, neurons were fixed with 4%
paraformaldehyde for 10 min at RT, followed by a permeabilization step with 0.05%
Triton X-100 (Sigma—Aldrich) for 10 min at RT. After blocking in 10% FBS for 30 min, the
cells were incubated with the primary antibody (APP Y188 (1:100, ab32136, Abcam),
diluted in PBS 0.05% Tween 20, 4% FBS) overnight at 4 °C. After washing with PBS,
cells were incubated with the secondary antibody for 1 h at RT. Finally, cells were stained
with Hoechst 33258 (12 pg/mL in PBS) for 5 min and mounted in Fluoromount Aqueous
Mounting Medium (Sigma). Images were acquire using a Zeiss Axiovert 200M widefield

fluorescence microscope.

Subcellular Fractionation and Western Blot
We performed a subcellular fractionation to separate the nuclear and

cytosolic/membrane fractions, as previously described (Fonseca-Gomes et al., 2019).
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All centrifugation steps were performed at 4°C and all solutions contained
protease/phosphatase inhibitors. Briefly, cells were washed twice with PBS and
detached from the plate surface using a PBS-EGTA solution. Cells were centrifuged at
800g for 5 min and the pellet was collected and resuspended in harvest buffer containing
10 mM HEPES (pH 7.9), 50 mM NacCl, 0.5 M sucrose, 0.1 mM EDTA, Triton X-100
(0.5%), 1 mM DTT. The homogenate was incubated on ice for 5 minutes and then
centrifuged at 1200g for 10 min to collect the nuclear fraction (pellet) and the cytoplasmic
and membrane proteins fraction (supernatant). The latter was cleaned up through a re-
centrifugation at 16000g, for 15 min. The fraction enriched in nuclear proteins was
resuspended in Buffer A, composed by 10mM HEPES (pH7.9), 10mM KCI, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM DTT and centrifuged at 1200g for 10 min. The pellet
obtained was resuspended in Buffer C (10 mM HEPES (pH 7.9), 500 mM NacCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1% NP-40, 1 mM DTT and mixed vigorously for 15 minutes at
4°C. After a new centrifugation at 16000g for 10 min, the supernatant (nuclear fraction)
was collected. The fractions obtained in this protocol: cytoplasmic/membrane proteins
(Cyto + Memb) and nuclear proteins (Nucleus) were analyzed by western blotting, which
was performed as described in section 2.2C (Western blotting (APP and APP
fragments). We used the following primary antibodies: APP Y188 (1:1000, ab32136,
Abcam), Lamin A/C (1:1000, #2032, Cell Signalling) and anti-a-tubulin (1:1000, sc-8035,

Santa Cruz).

C) AAV-shAPP production and validation

Recombinant adeno-associated virus (rAAV) vectors encoding a shRNA against APP
were produced as previously described (Hauck et al., 2003). Briefly, AAV-293 cells
(RRID:CVCL_6871) (Agilent Technologies) were co-transfected with the AAV-shAPP—
mCherry plasmid (described in the section 2.2D) and three helper plasmids (pH21,
pRV1 and pFD6) using the calcium phosphate method. 65 hours post-transfection, the
cells were harvested and rAAVs were purified using 1 ml HiTrap heparin columns
(Sigma-Aldrich), followed by concentration using Amicon Ultra centrifugal filter devices
(Millipore). Titer quantification was performed by vector genome quantification through

gPCR quantification of free Inverted terminal repeats (ITR2).

In vivo AAV injections

C57BL/6JR]j adult mice (8 weeks) were injected with the AAV-shAPP—mCherry in both

dorsal hippocampi. Stereotaxic injections were performed using a stereotaxic frame
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(Kopf Instruments) under general anesthesia with xylazine and ketamine (10 mg/kg and
150 mg/kg, respectively). 500nl of AAV-shAPP—-mCherry were injected in each
hippocampus with an injection rate set at 100nl/min. Coordinates for dorsal hippocampus
were adjusted from Paxinos and Watson (AP: -2,2, ML + 1,5, DV -1,4). Injected mice

were sactrificed three weeks post-injection.

Immunohistochemistry

Brains were removed from anesthetized mice subjected to intracardiac perfusion of PBS
followed by 4% PFA in PBS and used for immunohistochemistry as previously described
(Pousinha et al., 2017). After being post-fixed in 4% PFA overnight, mouse brains were
washed in PBS and sectioned (40 um) using a vibratome. Sections were incubated in
blocking buffer (10% goat serum; 0.1% Triton X-100; 0.5% BSA in PBS) for 30 min at
RT. Sections were then incubated with the primary antibody APP C-terminal Y188
(1:500, ab32136, Abcam) for 24h at 4°C in PBS with 1% goat serum, 0.1% Triton X-
100% and 0.5% BSA. After two washes in PBS, sections were incubated with an anti-
rabbit Alexa488 conjugated secondary antibody for 2 h at RT. After three washes in 0.1M
Phosphate buffer, sections were mounted on glass slides using Mowiol. Images were
acquired using a confocal microscope TCS SP5 (Leica Microsystems, France). The APP
knockdown efficiency was calculated by quantifying APP mean fluorescence intensity in

mCherry positive (transduced) or negative (non-transduced) cells using ImageJ.
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2.4  Supporting information

A) Patch-Clamp electrophysiology

Using Patch-Clamp electrophysiology, we can measure the synaptic currents mediated
by NMDARs (ion flux) upon electrical stimulation. In this work, we recorded
pharmacologically isolated NMDAR excitatory postsynaptic currents (NMDAR EPSCs)
in single CA1 glutamatergic neurons of mice hippocampal slices.

We used the whole-cell configuration, which means that the electrode was left in place
on the cell and suction was applied to rupture the membrane patch, thus providing
access from the interior of the pipette to the intracellular space of the cell (Segev et al.,
2016), as illustrated in Figure 2.2.

1. Approach 2. Seal formation 3. Whole cell configuration

Pipette \ /
Cell Q e % i
Figure 2.2 - Diagram depicting the basic procedural steps to establish the whole-cell

configuration for Patch-clamp recordings. Adapted from (Segev et al., 2016), (C.-Y.
Chen, 2017).

Our recordings were performed in the hippocampus, by stimulating the Schaffer
collateral pathway established between the presynaptic CA3 and the postsynaptic CA1
neurons (Figure 2.3). We selected this pathway because it is important for learning and
memory functions (Gruart et al., 2006, Bahar et al., 2011), and it is known to be affected

by aging (reviewed in (Temido-Ferreira et al., 2019)).

Given the voltage-dependent properties of NMDARs flow (Nowak et al.,, 1984),
recordings were performed in neurons voltage-clamped at +40mV, i.e. the membrane
voltage is kept constant, allowing to measure ionic currents (voltage clamp
configuration). To specifically detect NMDAR currents, we pharmacologically inhibited
AMPARSs and GABA transmission.

89


https://en.wikipedia.org/wiki/Voltage

Importantly, our recordings consist of synaptic NMDAR currents only, since the afferent
stimulation was maintained at a low frequency (<0.1 Hz), avoiding the activation of

extrasynaptic NMDARs (Papouin et al., 2012).

/ﬂ Recording

CA1
pyramidal
neuron

Stimulation
Schaffer
collateral
inputs

Figure 2.3 — Representation of the Patch-Clamp electrophysiology configuration used in

this work to measure NMDAR EPSCs in CA1 pyramidal neurons.

a) Schematic representation of the mouse hippocampus (shown in orange) and the preparation of
transverse hippocampal slices. Adapted from (Temido-Ferreira et al., 2019, Sun et al., 2018).

b) Representation of the hippocampal circuitry, including the CA3-CA1 pathway: CA3 pyramidal cells
(light blue) excite CA1 pyramidal cells (red) via the Schaffer collateral (SC) pathway. Adapted from
(Cammalleri et al., 2019).

c) Microscopy images of recording (Rec) and stimulation (Stim) electrodes in the hippocampal slice.
Inset image corresponds to the expanded view of the tip of the recording electrode (yellow box) showing the
individual pyramidal neuron for intracellular recordings. Adapted from (Plasticity lab, n.d.).

d) Schematic representation of a CA1 pyramidal neuron, showing the positions for the recording and

stimulation electrodes.

By measuring NMDAR EPSCs, we can analyze different properties, such as the
deactivation kinetics (which relies on subunit composition) and the relative contribution
of GIuN2B-NMDARSs.

NMDAR EPSCs deactivation kinetics — this parameter is known to be higher in
GIuN2B-NMDARs when compared to the GIuUN2A subtype. The kinetic analysis involves

decomposing the current into a slow and fast component, by using a mathematical
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algorithm, and determining the amplitude and time constant for each, as illustrated in
Figure 2.4. The weighted time constant is calculated based on the relative contribution

of slow and fast components.
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Figure 2.4 — Example of NMDAR-EPSCs trace and its decomposition into a slow and

fast component.

GIuN2B-NMDAR contribution — we can determine the contribution of GIuN2B-
NMDARs to total synaptic NMDAR currents by performing recordings before and after
applying a GIuN2B-NMDAR specific inhibitor. Ifenprodil is a noncompetitive inhibitor with
a >400-fold selectivity for GIuN2B-NMDARs compared to GIuN2A-NMDARs (Williams,
1993). It acts by decreasing the GIuN2B-NMDAR open probability and by biasing the

receptor towards low open probability gating modes (Amico-Ruvio et al., 2012).

91



B) Fractionation into PSD-enriched fractions

We prepared PSD-enriched fractions from mouse and human brain samples, following
the protocol described in Section 2.2C. For both cases, we confirmed that the non-PSD
fraction contained high levels of synaptophysin (pre-synaptic marker), whereas the PSD
fraction was enriched in PSD-95 (postsynaptic marker). We detected APP both in non-
PSD and PSD fractions, whereas NMDAR subunits were more abundant in PSD

fractions, as shown in Figure 2.5.
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Figure 2.5 - Fractionation of mouse (hippocampal) and human (prefrontal cortical)
tissue into PSD-enriched fractions.

a) Schematic representation of non-PSD and PSD-fractions and the respective proteins detected in
this study.
b) Representative western blot of hippocampal PSD-enriched fractions from adult wild-type C57BL/6

mice (10 — 16 weeks). Membranes were immunoblotted with antibodies for GIuN2B, APP, PSD-95 and
synaptophysin.

c) Representative western blot of PSD-enriched fractions from postmortem pre-frontal cortex tissue
of an adult human subject (22 years old). Membranes were immunoblotted with antibodies for GIuN2B, APP,
PSD-95 and synaptophysin.
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C) Western Blotting (APP and APP-derived fragments)

Detecting and identifying APP-derived fragments is technically challenging, since the
different CTFs (10-14 KDa) and the AICD (6 KDa) are small fragments with molecular
weights that are difficult to discriminate by Western Blot (Cui et al., 2011). Moreover,
AICD exhibits low levels and is rapidly degraded, only being detectable under optimal

conditions (Cupers et al., 2001).

Therefore, we performed several tests using hippocampal tissue from C57BI/6 wild-type
mice to determine the best conditions for detection and discrimination of these fragments
by Western Blot, using an antibody against the APP C-terminal.

We used a tricine gel system with a low pH in the gel buffer and tricine instead of glycine
in the running buffer. As a result, the smaller proteins and peptides migrate separately
from the free dodecyl sulfate (DS) ions from SDS (present in the samples and running
buffers), contrary to what happens in the traditional tris-glycine protein gel system.
Consequently, this allows the detection of sharper bands and at a higher resolution at

low molecular weights.

Given its low levels and instability (Edbauer et al., 2002), detecting AICD in wild-type
mice/human samples by Western Blot is technically challenging. Thus, we performed an
antigen retrieval step as described in (Pimplikar & Suryanarayana, 2011) to improve
AICD detection. Although it is not entirely clear why incubating the membranes in boiling
PBS increases the detectability of AICD, it has been proposed that this step leads to the
complete denaturation of AICD, which then refolds as the buffer returns to RT. It is also
possible that boiling PBS removes residual SDS and allows better protein folding

(Pimplikar & Suryanarayana, 2011).

Detection of CTFs and AICD

After loading different quantities of protein in the gel (30, 50 or 75ug), we concluded that
50ug would be the ideal dose, since it allows the detection of AICD (which is not possible
when loading only 30ug of protein in the gel) but avoids artifacts due to protein
overloading (as observed for 75ug of protein) (Figure 2.6 a, b). Using 50ug of protein,
we tested different exposure times upon chemiluminescence exposure, concluding that,

on average, =2s is ideal to detect APP, =14s for CTFs and >5min for AICD (Figure 2.6
C).

Discrimination of APP CTFs
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APP is known to generate three species of CTFs (C99, C89, and C83). Both C99 and
C89 are products of cleavage by B-secretase (CTFB and CTFpB’), whereas C83 is a
product of cleavage by a-secretase (CTFa). These fragments are phosphorylated at
Thr668 and detected as phosphopeptides (pC99, pC89, and pC83) (Suzuki & Nakaya,
2008). Thus, using Western blot analysis, typical CTFs species usually appear as five
bands: pC99, C99, pC89, a mixture of C89 plus pC83, and C83. We were able to identify
the different CTFs by comparing samples with (+) or without (-) treatment with
phosphatase inhibitors. A 3xTg-AD mouse (6 months) was used as control, showing an
enrichment in C99 and C99-p fragments (Figure 2.6 d). Using this band
correspondence, we were able to calculate an approximation of the CTF@/a ratio in mice

wild-type samples.

Table 2.3 — Predicted molecular weights for APP, APP C-terminal fragments and AICD
in mice. Adapted from (Kimura et al., 2016), (Chang et al., 2003).

APP fragments Size (KDa)
Full-length 100-140
CTFB (C99) 14

CTFB’ (C89) 12

CTFa (C83) 10

AICD 6
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Figure 2.6 - Detection and identification of APP C-terminal fragments and AICD
Western blot analysis of hippocampal samples from C57BL/6 wild-type mice with different ages: infant (7-
10 days), adult (10 — 16 weeks) and aged (18 — 20 months). Membranes were immunoblotted with an
antibody for the APP C-terminal to detect APP, APP C-terminal fragments (CTFs) and the APP Intracellular
Domain (AICD).

a) Representative western blot from hippocampal samples of mice with different ages (50 ug or 30 pg).

b) Representative western blot from hippocampal samples of mice with different ages (50 pg or 75 pg).

¢) Representative western blot from hippocampal samples of mice with different ages (50 pg), using different
exposure times to detect APP, CTFs and AICD.

d) Representative western blot from hippocampal samples (50ug) of wild-type mice with different ages and
an adult 3xTg-AD mouse (6 months). The samples were prepared with (+) or without (-) phosphatase
inhibitors. The various species of CTFs are schematically represented: CTF( (C99), CTFB’ (C89) and CTFa
(C83) and the Y188 antibody binding is schematically represented in red.
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3 Results
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3.1 Does APP regulate NMDARs in immature and mature synapses?

We investigated whether APP acts as a regulator of NMDARs in synapses that are still
immature (abundant during early postnatal development) and in mature synapses, which
are the predominant type in adult stages. We addressed this question by using in vitro
and in vivo physiological models of immature/mature synapses, in which we disrupted
APP function using knockdown approaches or by interfering with the APP-NMDAR

interaction.

A) APP interacts with the predominant NMDAR subtypes in immature

and mature synapses

Our hypothesis is that APP interaction with NMDARSs could be important to regulate their
synaptic levels and/or function (Cousins et al., 2009, Hoe et al., 2009, Pousinha et al.,
2017). To assess if this occurs both in immature and mature synapses, we used the
hippocampi of C57BL/6 wild-type infant (7-10 days) and adult mice (10 — 16 weeks) as

our models of immature and mature synapses, respectively.

We started by assessing whether APP-NMDAR interaction occurs at both ages. For that
purpose, we immunoprecipitated APP in hippocampal samples using an antibody
against the APP C-terminal domain, followed by detection of NMDAR subunits in
immunocipitated (IP) samples. In the hippocampus, NMDARs contain GIuN1 obligatory
subnits and GIuN2A and/or GIuN2B regulatory subunits (Monyer et al., 1994). To identify
the NMDAR subtypes that interact with APP at each age, we calculated the
GIuN2B/GIuN2A ratio in IP samples. We found that this interaction mainly occurs with
GIuN2B subunits during postnatal development and both with GIuUN2A and GIUN2B in
adult animals (Figure 3.1 a, b). Additionally, we showed that this interaction occurs in
synaptic fractions, possibly regulating the synaptic pool of NMDARs at each stage
(Figure 3.1 c).
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Figure 3.1 — APP interacts with NMDARs in immature and mature synapses.

a) Representative western blot of hippocampal lysates of infant (7-10 days) and adult (10 — 16 weeks) wild-
type C57BL/6 mice immunoprecipitated for APP. Membranes were immunoblotted with antibodies for
GIuN2A, GIuN2B and APP. The schematic representation shows NMDARs being co-immunoprecipitated
with APP, using an antibody against the APP C-terminal.

b) Results from blots as shown in a) from APP immunoprecipitated (IP) samples. The GIuUN2B/A relative
ratio in IP samples is represented as the mean + SEM relative to the adult group (Unpaired t-test, n=4).

¢) Representative western blot of synaptosome fractions from the hippocampi of infant and adult wild-type
C57BL/6 mice immunoprecipitated for APP. Membranes were immunoblotted with antibodies for GIUN2A,
GIuN2B and APP.

We then assessed whether the NMDAR subunits that co-immunoprecipitate with APP
reflect the NMDAR population that is expressed at each stage. When analyzing total
hippocampal lysates, we found that NMDARs are expressed in lower levels in infant mice
than in adults, as shown by the decrease in the obligatory GIuN1 subunit levels (more
than 50%) (Figure 3.2 a, e), as well as in GIUN2A and GIuN2B levels (Figure 3.2 a, b,
c). We also found a reduction in PSD-95 protein levels, which is consistent with the
immature profile of the synapses at this stage (Figure 3.2 a, f). To determine the
predominant NMDAR subtype at each age, we calculated the GIuUN2B/GIuN2A ratio and
found an 8-fold increase in infant mice when compared to adults (Figure 3.2 a, d),

confirming that GIUN2B-NMDARs are the predominant subtype in infant mice.
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Figure 3.2 — The GIUN2B/GIUN2A subunit ratio in total lysates is higher in infant

mice.
a) Representative western of hippocampal lysates from infant (7-10 days) and adult (10 — 16 weeks) wild-
type C57BL/6 mice. Membranes were immunoblotted with antibodies for GIuUN2A, GIuN2B, GIluN1, PSD-95

and B-actin.

b, c, e, f) Results from blots as shown in a) from hippocampal lysates were normalized with 3-actin and are
expressed as the mean + SEM relative to the adult group (Unpaired t-test, *p<0.05, ****p<0.0001); b, c, e)
n=8; f) n=4.

d) Results from blots as shown in a) from hippocampal lysates show the GIUN2B/GIuN2A ratio and are

expressed as the mean + SEM relative to the adult group (Unpaired t-test, ***p<0.001, n=8).

We then confirmed if this peak in GIuUN2B/GIUN2A ratio also occurs in fractions enriched
in the postsynaptic density (PSD). We observed an increase in GIuN2B postsynaptic
levels in infants (Figure 3.3. a, c), whereas no significant alterations were found for
GIuN2A and GIuN1 (normalized with PSD-95) (Figure 3.3. a, b, e). Altogether, this
results in a 4-fold increase in the GIUN2B/GIuUN2A ratio in infant mice, when compared
to adults (Figure 3.3. a, d). These findings show that the GIUN2B-NMDARSs are the
predominant subtype in immature synapses, whereas both GIUN2A and GIuN2B are
abundant in mature synapses. This is consistent with the fact that APP mainly interacts

with GIuN2B in infant mice, but also interacts with GIuN2A in adults.
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Figure 3.3 — The GIuN2B/GIuN2A subunit ratio is higher in immature synapses.

a) Representative western blot of hippocampal lysates subjected to biochemical fractionation to obtain PSD-
enriched fractions from (7-10 days) and adult (10 — 16 weeks) wild-type C57BL/6 mice. Membranes were
immunoblotted with antibodies for GIUN2A, GIuN2B, GIuN1 and PSD-95. The schematic diagram shows the
isolation of PSD-enriched fractions to specifically study the NMDARSs present at the post-synapse.

b, c, e) Results from western blots of PSD-enriched fractions as shown in a) were normalized with PSD-95
and are expressed as the mean + SEM relative to the adult group (Unpaired t-test, *p<0.05); b, ¢) n=5; e)
n=3.

d) Results western blots of PSD-enriched fractions as shown in a) show the relative GIUN2B/GIuUN2A in
PSD-enriched fractions and are expressed as the mean + SEM relative to the adult group (Unpaired t-test,
*p<0.01, N=5).

To assess if this peak of GIUN2B/GIUNZ2A protein ratio correlates with a peak in GIuUN2B-
NMDAR relative contribution to total synaptic currents, we performed Patch-Clamp
recordings in CA1 pyramidal cells in the hippocampus, by electrically stimulating the
Schaffer collaterals (Figure 3.4 a). We measured the total NMDAR excitatory
postsynaptic currents (EPSCs) and then determined the effect of the selective GIUN2B
inhibitor, ifenprodil (5uM). We found that the GIuUN2B-NMDAR contribution is higher in
infants (50,88% + 5,58) when compared to adults (14,20% + 4,32), as depicted in Figure
3.4 b-d.
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Since subunit composition determines NMDAR kinetics (Vicini et al., 1998), we also
determined the NMDAR EPSCs decay time at each age. Therefore, we calculated the
respective slow/fast components and, based on their relative contribution, determined
the weighted time constant (tweighted). We found that this value was higher in infant
mice (156,2 ms * 4,20), compared to the reference group of adults (126,3 ms + 9,11),
indicating that NMDAR-mediated currents exhibit slower deactivation kinetics during

postnatal development (Figure 3.4 ¢, f).
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Figure 3.4 — NMDAR synaptic currents show an increase in GIuN2B-NMDAR

contribution and slower deactivation kinetics in immature synapses.

a) Schematic diagram showing the locations of stimulating and recording electrodes in the hippocampus and
in a CA1 pyramidal neuron for whole cell patch-clamp experiments.

b) Time course of ifenprodil (5uM) effect on pharmacologically isolated NMDAR EPSC amplitude in CA1
pyramidal neurons, measured by whole-cell patch clamp in infant (7-10 days) and adult (10 — 16 weeks)
C57BL/6 wild-type mice. Results are expressed as the mean + SEM (n=10-12).

¢) Traces show NMDAR EPSCs recorded before (CTR) and after 30 min of Ifenprodil 5 uM perfusion (Ifen).
d) GIuN2B contribution was calculated as the percentage of change in NMDAR EPSC amplitude after 30
min of ifenprodil perfusion. Results are expressed as the mean + SEM (Unpaired t-test, ****p<0,0001, n=10-
12).

e) Comparison of representative whole-cell patch-clamp recordings of pharmacologically isolated NMDAR
EPSCs, normalized to the peak amplitude (in %), from infant and adult mice.

f) The weighted time constant (tweighted) was calculated using the relative contribution of both slow/fast
components of NMDAR EPSCs and reflects the overall deactivation kinetics. Results are expressed as the
mean = SEM (Unpaired t-test, **p<0.01, n=28-44).
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Altogether, this data indicates that APP interacts with the predominant subtype of
synaptic NMDARs at each stage, thereby mainly interacting with GIuN2B-NMDARs in
immature synapses and with both GIuN2B and GIuN2A-NMDARSs in mature synapses.

B) APP is highly abundant in immature synapses, where it regulates

NMDAR currents through the intracellular domain

We hypothesized that the ability of APP to work as a NMDAR regulator would depend
on the levels of APP and/or the extent by which it is processed. Accordingly, both the
full-length protein and its derived fragments have been described as potential regulators
of NMDARs (Hoe et al., 2009, Pousinha et al., 2017).

Thus, we measured the levels of APP full-length (APP), APP C-terminal fragments
(CTFs), and APP intracellular domain (AICD) in hippocampal lysates of infant and adult
mice (Figure 3.5 a). We found no differences in the overall levels and processing of APP
into C-terminal fragments when comparing both ages (Figure 3.5 a-c). However, the
levels of AICD in relation to APP showed to be significantly lower in infants when

compared to adult mice (Figure 3.5 a, d).

Since APP interacts with NMDARSs in synaptic fractions, we hypothesize that the levels
of APP at the post synapse could influence its ability to regulate NMDARs. We were able
to detect APP in PSD fractions of both ages and found a 5-fold increase in infants when
compared to adults (Figure 3.5 e, f).
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Figure 3.5 - APP is highly abundant in immature synapses

a) Representative western blot of hippocampal lysates from in infant (7-10 days) and adult (10 — 16 weeks)
C57BL/6 wild-type mice. Membranes were immunoblotted with antibodies for B-actin as the loading control
and for the APP C-terminal (Y188, to detect APP full-length (APP), APP C-terminal fragments (CTFs 8 and
a) and the APP Intracellular Domain (AICD). The Y188 antibody binding site is schematically represented in
red (on the left).

b) Results from blots shown in a) from mouse hippocampal lysates were normalized with 3-actin and are
expressed as the mean + SEM relative to the adult group (Unpaired t-test, n=8-10).

¢) Results from blots shown in a) from mouse hippocampal lysates represent the ratio between CTFs and
APP. Results are expressed as the mean + SEM relative to the adult group (Mann Whitney test, n=8-10).
d) Results from blots shown in a) from mouse hippocampal lysates represent the ratio between AICD and
APP. Results are expressed as the mean + SEM relative to the adult group (**p<0.01, Unpaired t-test, n=8-
10).

e) Representative western blot of hippocampal PSD-enriched fractions from infant and adult wild-type
C57BL/6 mice. Membranes were immunoblotted with antibodies for APP and PSD-95.

f) APP levels were normalized with PSD-95 and are expressed as the mean + SEM relative to the adult
group (Mann Whitney test, ***p<0.001, n=8).
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We then investigated if the APP-NMDAR interaction could regulate NMDAR-mediated
currents. Since a previous study by our group showed that the APP intracellular domain
is able to regulate the GIuN2B-NMDAR contribution (Pousinha et al., 2017), we identified
this domain as the putative binding site to NMDARs. We found that the intracellular
domains of APP and NMDAR subunits do not show a stable 3D structure, thus it was not
possible to obtain a reliable prediction of the APP-NMDAR interaction at the structural

level (Supplementary Figure 3.1).

Therefore, we used an antibody against the APP C-terminal (APPCt Ab, clone Y188) to
interfere with the putative binding domain and potentially disrupt the APP-NMDAR
interaction. For that purpose, we performed Patch-Clamp electrophysiology experiments
introducing the antibody (final concentration 2.5nM) in the recording pipette to allow
access to the intracellular space (Figure 3.6 a). When recording NMDAR EPSCs in
these conditions, we observed a reduction of approximately 20% in NMDAR EPSCs in
infant mice, compared to the control condition (heat inactivated APPCt antibody) (as
illustrated in Figure 3.6 b-d). In contrast, in adult mice we found no alterations in
NMDAR-mediated currents when interfering with the APP C-terminal (Figure 3.6 d).

To test if this response in infant mice is caused by a reduction in GIuN2B-NMDAR
currents, we perfused hippocampal slices with a GIuN2B-NMDAR selective antagonist,
ifenprodil (5uM), for 30 min at the end of the experimental protocol (60-90 min) (Figure
3.6 e, f). As shown, the contribution of GIuN2B-NMDARs was less pronounced in
neurons treated with the APPCt antibody, when compared to the control condition
(approximately 20% vs. 47%) (Figure 3.6 f-h). This data indicates that, in infant mice,
interfering with the APP intracellular domain results in a decrease in NMDAR currents,

predominantly of the GIuN2B subtype.
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Figure 3.6 - The APP intracellular domain regulates NMDAR currents in immature
synapses

a) Schematic diagram showing the strategy used to interfere with the APP C-terminal domain: the antibody
was added to the intracellular solution in the patch pipette to diffuse into the intracellular space.

b) Time course of NMDAR EPSC amplitude measured by whole-cell patch clamp in CA1 pyramidal neurons
of infant (7-10 days) C57BL/6 wild-type mice during 60 min of incubation with an antibody against the APP
C-terminal (APPCt Ab). In the control condition, the antibody was heat inactivated (Inact APPCt Ab). Results
are expressed as the mean + SEM (n=6-10).

¢) Traces show NMDAR EPSCs recorded at 20min (baseline) and 60min by patch clamp in CA1 pyramidal
neurons of infant mice. The APP Ct antibody was inside the patch pipette during the whole course of the
experiment (60min).

d) The percentage of NMDAR EPSCs sensitive to APPCt Ab was determined for infant (7-10 days) and adult
(10 — 16 weeks) C57BL/6 wild-type mice. The effect was calculated comparing the baseline amplitude (15-
20 min) with the final amplitude (60 min) and normalized with the control condition (Inact APPCt Ab) for each
age. Results are expressed as the mean + SEM (Unpaired t-test, ***p<0.001, n=8-15)

e) Schematic diagram showing the strategy used to determine the percentage ifenprodil-sensitive NMDAR
EPSCs in neurons treated with the APP Ct Ab.

f) Time course of NMDAR EPSC amplitude measured by whole-cell patch clamp in CA1 pyramidal neurons
of infant C57BL/6 wild-type mice during 90 min of incubation with the APPCt antibody and perfusion with
ifenprodil (5uM) at 60-90 min. In the control condition, the antibody was heat inactivated (Inact APPCt Ab)
(n=1).
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g) Traces show NMDAR EPSCs recorded at 20min (baseline), 60min and 90min by patch clamp in CAl
pyramidal neurons of infant mice. The APPCt antibody was inside the patch pipette during the whole course
of the experiment (90min), whereas Ifenprodil perfusion occurred from 60 to 90min.

h) The percentage of ifenprodil-sensitive NMDAR EPSCs in infant mice was calculated comparing the
amplitude at 60 min with the final amplitude (90 min). The effect of ifenprodil on NMDAR EPSCs was
calculated in neurons without antibody incubation (No antibody, used as reference), incubated with the
APPCt antibody (APPCt Ab) or the heat-inactivated antibody (Inact APPCt Ab) for 90 min. Results are
expressed as the mean + SEM (One-way ANOVA followed by Tukey's multiple comparisons test, **p<0.01,
*p<0.05, n= 4-6).

C) APP modulates the NMDAR synaptic content in immature
synapses

The reported impact of APP on NMDAR transmission suggested a role for APP in
regulating NMDARSs, being particularly relevant in immature synapses.

To assess the outcomes of APP depletion in immature synapses, we transfected primary
neuronal cultures (7 days in vitro (DIV)) with a plasmid encoding a short-hairpin RNA
(shRNA) sequence against APP (shAPP) or the respective control (ShRNA with no
silencing effect, ShCTR) (Figure 3.7 a). The APP knockdown was efficient, leading to a
reduction of approximately 80% in APP immunoreactivity, when compared to the control

condition, evaluated 7 days post-transfection (14 DIV) (Figure 3.7 b, c).
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Figure 3.7 — Transfection of primary neuronal cultures with shAPP leads to an

efficient reduction in APP levels.

a) Schematic representation of shRNA transfection in rat hippocampal primary neuronal cultures (7 days in
vitro (DIV)) and consequent analysis (DIV14).

b) Representative immunocytochemistry analysis of APP immunofluorescence in primary neuronal cultures

at DIV14 transfected with shAPP or the respective control (sShCTR) at DIV7. mCherry (reporter plasmid) is
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shown in red, APP is labelled in green and cell nuclei are stained with Hoechst in blue. Transfected neurons
are indicated by arrows. Scale bars represent 20 ym.
c) APP immunoreactivity (%) in transfected neurons is expressed as the mean + SEM, using the control

condition as reference (Mann-Whitney test, ****p<0.0001, n=20-21 cells, 3 independent cultures).

When analyzing the impact of APP depletion in NMDAR subunits, we found no significant
differences in GIuN2B positive area, average particle size, mean fluorescence intensity
and fluorescence density, indicating that the total levels/area and clustering remained
unaltered (Figure 3.8, a-d) However, APP knockdown resulted in a 20% reduction in the
percentage of GIUN2B clusters that co-localize with PSD-95 (post-synaptic marker)

(Figure 3.8 a, e).
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Figure 3.8 — APP knockdown causes a reduction in GIuN2B synaptic content

a) Representative immunocytochemistry analysis of rat primary neuronal cultures (DIV14) transfected with
shAPP or the respective control (shCTR) at DIV7. mCherry (reporter plasmid), labelled in red, was used to
identify dendrites of transfected neurons. GIuN2B is shown in magenta and PSD-95 is labelled in green.
Higher magnification images are shown at the bottom, with arrows indicating GIuN2B/PSD95 co-localization
(white). Scale bars represent 5 ym.

b-e) Results of immunocytochemistry experiments as illustrated in a) to analyze GIuUN2B area, average
cluster size, fluorescence density and synaptic content (based on GIuN2B—PSD95 co-localization) in
dendrites of transfected neurons. Results are expressed as the mean + SEM relative to the control condition
(%). For each case, the statistical analysis was performed by Mann-Whitney test, *p<0.05, n= 39, 3
independent cultures.

Similar results were obtained for GIuN2A, since we found no significant alterations in

GIuN2A positive area, cluster size and fluorescence density (Figure 3.9 a-d).
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Additionally, we observed a 56% reduction in the percentage of GIuUN2A clusters that co-
localize with PSD-95 (Figure 3.9 a, e).
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Figure 3.9 - APP knockdown causes a reduction in GIuN2A synaptic content

a) Representative immunocytochemistry analysis of rat primary neuronal cultures (DIV14) transfected with
shAPP or the respective control (shCTR) at DIV7. mCherry (reporter plasmid), labelled in red, was used to
identify dendrites of transfected neurons. GIuN2A is shown in magenta and PSD-95 is labelled in green.
Higher magnification images are shown at the bottom, with arrows indicating GIuN2A/PSD95 co-localization
(white). Scale bars represent 5 ym.

b-e) Results of immunocytochemistry experiments as illustrated in a) to analyze GIUN2A area, average
cluster size, fluorescence density and synaptic content (based on GIuUN2A-PSD95 co-localization) in
dendrites of transfected neurons. Results are expressed as the mean + SEM relative to the control condition
(%). For each case, the statistical analysis was performed by Mann-Whitney test, ***p<0.001, n= 21, 3
independent cultures.

Moreover, we found a reduction in PSD-95 dendritic area and average particle size (less
than 20%), whereas the fluorescence density was not altered (Figure 3.10 a-c). These
results suggest that APP depletion affects PSD-95 distribution and clustering but not the

total protein levels.
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Figure 3.10 - APP knockdown causes a reduction in PSD-95 area and cluster size

a-c) Results of immunocytochemistry experiments as illustrated in Figure 3.8a to analyze PSD-95 area,
average cluster size and fluorescence density in dendrites of transfected neurons. Results are expressed
as the mean + SEM relative to the control condition (%). For each case, the statistical analysis was performed

by Mann-Whitney test, *p<0.05, **p<0.01, n=39 dendrites, 3 independent cultures.

The results obtained in APP-depleted neurons suggest that APP plays an important role
in immature synapses, namely by controlling the synaptic content of NMDARs. We
propose that the APP interaction with NMDARSs is important to recruit/anchor them in
newly formed synapses. This is consistent with the peak of APP levels at the post-
synapse during early postnatal development, when APP interacts mainly with GIuUN2B-
NMDARSs, which are the predominant NMDAR subtype. This interaction, likely mediated
by the APP C-terminal, proved to be essential to maintain normal NMDAR transmission
in infant mice. The fact that this effect was not observed in adult mice indicates that the

APP-NMDAR regulation mechanisms are age-dependent.
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3.2 Does APP regulate NMDARSs in aged synapses?

Since aging is associated with synaptic impairments which are associated with NMDARSs
(Kumar et al.,, 2019), mainly with the GIuN2B subtype (Zhao et al.,, 2009), we
hypothesized that the APP-NMDAR regulation mechanisms might suffer alterations at
later life stages. Using physiological models of aging, we identified the properties that
are altered in APP/NMDARSs in aged synapses and found strategies to counteract these
alterations. Since the adult mice group was used as reference, the results presented

below for adults correspond to the same results described in Section 3.1.

A) APP interaction with NMDARSs is maintained upon aging

To study NMDAR regulation by APP in aged synapses, we used aged C57BL/6 wild-
type mice (18 — 20 months) and compared them to adult mice (10 — 16 weeks).

We observed that the APP-NMDAR interaction is maintained upon aging, since both
GIuN2A and GIuN2B co-immunoprecipitated with APP in total lysates and in
synaptosomal fractions (Figure 3.11 a, c). Moreover, the GIUN2B/A ratio in
immunoprecipitated samples showed no statistical differences in adult and aged mice
(Figure 3.11 a, b). We then assessed if interfering with the APP C-terminal during a short
period (60 min) would be enough to alter NMDAR-mediated currents. For that purpose,
we recorded NMDAR EPSCs while introducing an APP C-terminal antibody (APPCt Ab,
clone Y188, 2.5nM) in the recording pipette to allow diffusion to the intracellular space.
We observed no alterations in NMDAR-mediated currents using this approach in aged

mice, similarly to what happens in adults (Figure 3.11 d).
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Figure 3.11 — APP interaction with synaptic NMDARSs is maintained upon aging.

a) Representative western blot of hippocampal lysates of adult (10 — 16 weeks) and aged (18 — 20 months)
C57BL/6 wild-type mice immunoprecipitated for APP. Membranes were immunoblotted with antibodies for
GIuN2A, GIuN2B and APP.

b) Results from blots as shown in a) from APP immunoprecipitated (IP) samples. The GIuN2B/A relative
ratio in IP samples is represented as the mean + SEM relative to the adult group (Unpaired t-test, n=4). The
schematic representation shows NMDARSs being co-immunoprecipitated with APP, using an antibody
against the APP C-terminal.

¢) Representative western blot of synaptosome fractions from the hippocampi of adult and aged wild-type
C57BL/6 mice immunoprecipitated for APP. Membranes were immunoblotted with antibodies for GIUN2A,
GIuN2B and APP.

d) The percentage of NMDAR EPSCs sensitive to APPCt Ab was determined for adult and aged C57BL/6
wild-type mice. The effect was calculated comparing the baseline amplitude (15-20 min) with the final
amplitude (60 min) and normalized with the control condition (Inact APPCt Ab) for each age. Results are
expressed as the mean + SEM (n=8-14). The schematic diagram shows the strategy used to interfere with
the APP C-terminal domain: the antibody was added to the intracellular solution in the patch pipette to diffuse

into the intracellular space.

We then assessed if the NMDAR subunits that co-immunoprecipitate with APP
correspond to the NMDAR subtypes that are expressed in adult and aged synapses. We
found no significant alterations between both groups in the levels of the obligatory GIuN1
subunit (Figure 3.12 a, €), in contrast with the regulatory subunits. Accordingly, the
GIuN2B levels significantly decreased (Figure 3.12 a, ¢), whereas the GIuN2A showed

a tendency for a decline in aged mice (Figure 3.12 a, b). When calculating the
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GIuN2B/GIuN2A ratio, we found no significant alterations between adult and aged mice,
indicating that the balance between both NMDAR subtypes is maintained. Additionally,
the total levels of PSD-95 were not altered upon aging (Figure 3.12 a, f).
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Figure 3.12 — The ratio between GIuN2B/GIuN2A total levels is maintained upon

aging.
a) Representative western of hippocampal lysates from adult (10 — 16 weeks) and aged (18 — 20 months)
C57BL/6 wild-type mice. Membranes were immunoblotted with antibodies for GIuN2A, GIuN2B, GIuN1 and

B-actin.

b, c, e, f) Results from blots as shown in a) from hippocampal lysates show GIuN2A, GIuN2B, GIuN1 and
PSD-95 levels normalized with B-actin. Results are expressed as the mean + SEM relative to the adult group;
b) Mann Whitney test, n=8; ¢) Unpaired t-test, *p<0.05, n=8; e) Unpaired t-test, n=8; f) Unpaired t-test, n=4.
d) Results from blots as shown in a) from hippocampal lysates show the GIuN2B/ GIuN2A ratio. Results are

expressed as the mean + SEM relative to the adult group. Unpaired t-test, n=8.

We then confirmed that the GIuN2B/GIuN2A ratio was also maintained upon aging in
PSD-enriched fractions. Accordingly, we found no alterations in the postsynaptic levels
of each subunit (GIuN2A, GIuN2B and GIuN1, normalized to PSD-95 content) (Figure
3.13 a-e).

Altogether, our results show that the ratio between GIuUN2B and GIuN2A subunit levels
is maintained upon aging, both in total lysates, postsynaptic fractions and APP

immunoprecipitated samples. Additionally, we found no alterations in the APP-NMDAR
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interaction between adult and aged mice. Interfering with the APP C-terminal during a
short period (60 min) did not cause alterations in the total NMDAR synaptic currents,
indicating that other APP-NMDAR regulatory mechanisms might occur in mature

synapses (both adult and aged).
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Figure 3.13 — The ratio between GIUN2B/GIuN2A postsynaptic levels is maintained
upon aging.

a) Representative western blot of hippocampal lysates subjected to biochemical fractionation to obtain PSD-
enriched fractions from adult (10 — 16 weeks) and aged (18 — 20 months) wild-type C57BL/6 mice.
Membranes were immunoblotted with antibodies for GIuN2A, GIuN2B, GluN1 and PSD-95.

b, c, e) Results from blots as shown in a) from PSD-enriched fractions show GIuN2A, GIuN2B and GluN1
levels normalized with PSD-95 and are expressed as the mean + SEM relative to the adult group, Unpaired
t-test; b, ¢) n=5; ) n =3.

d) Results from blots as shown in a) from PSD-enriched fractions show the GIuN2B/ GIuN2A ratio and are

expressed as the mean + SEM relative to the adult group (Mann Whitney test, n=5).
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B) Aged mice exhibit an increase in the relative contribution of GIuN2B-

NMDAR synaptic currents

Our results indicate that the subunit composition of the NMDARs is similar in adult and
aged mice. We thus investigated if there are functional alterations in these receptors, by
recording pharmacologically isolated NMDAR excitatory post-synaptic currents (NMDAR
EPSCs) in CAl1 pyramidal cells in the hippocampus upon electrical stimulation of the

Schaffer collaterals (Figure 3.14 a).

We found that the relative contribution of GIUN2B-NMDAR currents is higher in aged
mice (33,11% =+ 6,72), when compared to adults (14,20% =+ 4,32), as depicted in Figure
3.14 b-d. This is accompanied by an increase in tweighted in aged mice (177,0 ms *
12,66), compared to the reference group of adults (126,3 ms + 9,11) (Figure 3.14 e, f).
These results indicate that the NMDAR-mediated currents in aged synapses have a

larger contribution of the GIUN2B subtype and have slower deactivation kinetics.
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Figure 3.14 - Aged mice exhibit an increase in the relative contribution of GIuN2B-

NMDAR synaptic currents

a) Schematic diagram showing the locations of stimulating and recording electrodes in the hippocampus and
in a CA1 pyramidal neuron for whole cell patch-clamp experiments.

b) Time course of ifenprodil (5uM) effect on pharmacologically isolated NMDAR EPSC amplitude in CA1
pyramidal neurons, measured by whole-cell patch clamp in adult (10 — 16 weeks) and aged (18 — 20 months)
C57BL/6 wild-type mice. Results are expressed as the mean = SEM, n=9-12.

¢) Traces show NMDAR EPSCs recorded before (CTR) and after 30 min of Ifenprodil 5 uM perfusion (Ifen).
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d) GIuN2B contribution was calculated as the percentage of change in NMDAR EPSC amplitude after 30
min of ifenprodil perfusion. Results are expressed as the mean + SEM (n=9-12). Unpaired t-test *p<0.05,
n=9-12.

e) Comparison of representative whole-cell patch-clamp recordings of pharmacologically isolated NMDAR
EPSCs, normalized to the peak amplitude (in %) from adult and aged mice, illustrating differences in
deactivation kinetics.

f) The weighted time constant (tweighted) Was calculated using the relative contribution of both slow/fast
components of NMDAR EPSCs and reflects the overall deactivation kinetics. Results are expressed as the

mean = SEM (Mann-Whitney test, **p<0.01, n=28-33).

Since this increase in GIUN2B-NMDAR currents contribution did not correlate with
alterations in GIuN2B/GIuN2A protein levels, we hypothesize that other properties such
as stabilization by PSD-95 or the phosphorylation status of GIuUN2B might be altered
upon aging.

Considering that NMDAR synaptic stabilization can be modulated by post-translational
modifications of NMDAR subunits (Sanz-Clemente et al., 2013), we assessed whether
the GIuN2B phosphorylation status was altered upon aging as a possible explanation for
the increased GIuN2B-NMDAR contribution measured by electrophysiology. We
determined the levels of phosphorylated GIuUN2B (pGIuN2B) at the tyrosine 1472 residue
(Y1472) since it is known to enhance GIUN2B-PSD95 binding (Nakazawa et al., 2001,
Prybylowski et al., 2005). However, we found no age-related alterations in the
pGIUN2B/GIuN2B ratio (Figure 3.15 a, b). Additionally, by immunoprecipitating PSD-95
and quantifying the levels of co-immunoprecipitated NMDAR subunits, we found that the
interaction of GIUN2B/GIuN2A with PSD-95 was not altered in aged mice (Figure 3.15

c-f). suggesting that other mechanisms might be involved.
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Figure 3.15 - Aged mice do not exhibit alterations in GIuN2B Y1472

phosphorylation or NMDAR interaction with PSD-95

a) Representative western blot of hippocampal lysates subjected to biochemical fractionation to obtain PSD-
enriched fractions from adult (10 — 16 weeks) and aged (18 — 20 months) wild-type C57BL/6 mice.
Membranes were immunoblotted with antibodies for pGIUN2B (p-Y1472) and GIuN2B.

b) The pGIuN2B/GIuN2B ratio was quantified in PSD-enriched fractions as shown in a) and expressed as
the mean + SEM relative to the adult group (Unpaired t-test, n=6)

c) Representative western blot of hippocampal lysates from adult and aged C57BL/6 wild-type mice
immunoprecipitated for PSD-95. Membranes were immunoblotted with antibodies for GIuUN2A, GIuN2B and
PSD-95.

d, e) Results from blots as shown in ¢) from PSD-95 immunoprecipitated (IP) samples show GIuN2B and
GIuN2A normalized with IP PSD-95 and are expressed as the mean + SEM relative to the adult group
(Unpaired t-test, n=4).

f) Results from blots as shown in c) from PSD-95 immunoprecipitated (IP) samples show the GIuN2B /

GIuN2A ratio and are expressed as the mean + SEM relative to the adult group (Unpaired t-test, n=4).

C) APP processing contributes to the increase in GluN2B-NMDAR

relative currents upon aging

The fact that aged mice exhibit an increase in GIUN2B-NMDAR relative currents
suggests that the properties of these receptors might be altered. Since the APP
interaction with GIUN2B is maintained, we hypothesize that other signaling mechanisms,
possibly mediated by APP-derived fragments, might be involved. A previous study by
our group showed that one of these fragments, the AICD, has the ability to increase the
GIuN2B-NMDAR synaptic contribution, following a 2h incubation in adult hippocampal
slices (Pousinha et al., 2017). Therefore, we investigated if APP levels and processing

were altered in aged mice.

We found no alterations in the total and postsynaptic APP levels when comparing adult
and aged mice (Figure 3.16 a-d). However, we detected a 1.4-fold increase in the
absolute levels of CTFs, as well as in relation to APP, in aged mice (Figure 3.16 c, e, f),
indicating that APP processing increases upon aging. Additionally, we found no
statistically significant alterations in the levels of APP intracellular domain (AICD) (Figure
3.16 ¢, h, ).

To elucidate if this increased processing was associated with a specific pathway, we
performed an approximate discrimination of the CTFs derived from a-secretase cleavage
(CTFa (C83), =10KDa) or B-secretase processing (CTFB (C99), =14KDa) based on their

molecular weight. Additionally, we used a transgenic mouse model (3xTg-AD, 6 months)
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as reference, since this model exhibits a predominant accumulation of CTF3 over the
smaller CTFa (Lauritzen et al., 2012) (Figure 3.16 c). Using this strategy, we found no
statistically significant differences in the CTF B/a ratio upon aging (Figure 3.16 c, g).
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Figure 3.16 — APP processing increases upon aging

a) Representative western blot of hippocampal PSD-enriched fractions from adult (10 — 16 weeks) and aged
(18 — 20 months) C57BL/6 wild-type mice. Membranes were immunoblotted with antibodies for APP and
PSD-95.

b) Results from blots as shown in a) show the APP levels normalized to PSD-95 and expressed as the mean
+ SEM relative to the adult group (n=8).

¢) Representative western blot of hippocampal lysates from adult and aged C57BL/6 wild-type mice.
Membranes were immunoblotted with antibodies for B-actin as the loading control and for the APP C-terminal
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(Y188, to detect APP full-length (APP), APP C-terminal fragments (CTFs  and a) and the APP Intracellular
Domain (AICD)). A female triple transgenic mouse (3xTg-AD, 6 months) was used as a positive control for
APP-derived fragments. The Y188 antibody binding site is schematically represented in red (on the left).

d) Results from blots shown in ¢) from mouse hippocampal lysates were normalized with $-actin and are
expressed as the mean + SEM relative to the adult group (Unpaired t-test, n=10-13)

e) Results from blots shown in c) show the ratio between CTFs and APP are expressed as the mean + SEM
relative to the adult group (Mann Whitney test, **p<0.01, n=10-13).

f) Results from blots shown in c) show the levels of CTFs normalized with B-actin and are expressed as the
mean = SEM relative to the adult group (Unpaired t-test, **p<0.01, n=10-13).

g) Results from blots shown in ¢) show the ratio between CTFB and CTFa and are expressed as the mean
+ SEM relative to the adult group (Unpaired t-test, n=8-11).

h) Results from blots shown in c) from mouse hippocampal lysates were normalized with 3-actin and are
expressed as the mean + SEM relative to the adult group (Unpaired t-test, n=8-12)

i) Results from blots shown in ¢) show the ratio between AICD and APP are expressed as the mean + SEM

relative to the adult group (Unpaired t-test, n=8-12).

Our results point towards a model in which signaling mediated by APP derived fragments
might be increased in aged mice, potentially altering the GIUN2B-NMDAR properties and
increasing their relative currents. Thus, we investigated if inhibiting APP processing

could normalize the GIuN2B-NMDAR synaptic contribution.

We blocked the APP amyloidogenic pathway in aged mice by inhibiting the B-site APP-
cleaving enzyme 1 (BACE 1), as illustrated in Figure 3.17 a. This treatment was
performed by oral administration of the BACE1 inhibitor (BI, LY2811376 (100mg/kg)),
12h prior to patch-clamp recordings (Figure 3.17 b).

We determined the GIuN2B-NMDAR contribution by measuring the effect of ifenprodil
(5uM) on total NMDAR EPSCs. The Bl-treated aged mice showed a significant decrease
in GIuN2B-NMDAR contribution when compared to the vehicle-treated group (20,07% +
3,12 vs. 37,95% + 8,44) (Figure 3.17 c-e), reaching similar levels to untreated adult mice
(14,20% + 4,32). These findings suggest that the age-related increase in APP processing

contributes to the excessive GIuN2B-NMDAR contribution observed at this stage.
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Figure 3.17- Inhibiting APP B-secretase processing normalizes the GIuN2B-

NMDAR contribution in aged mice

a) Schematic diagram adapted from (Grimm et al., 2013) showing the experimental approach to interfere
with APP processing. The the B-site APP-cleaving enzyme 1 (BACE 1) inhibitor (BI) LY2811376 interferes
with the APP amyloidogenic processing pathway.

b) Representation of the timeline for treatment of aged mice with vehicle vs. Bl (LY2811376, 100mg/kg) 12h
prior to patch-clamp recordings.

¢) Time course of ifenprodil (5uM) effect on pharmacologically isolated NMDAR EPSC amplitude in CAl
pyramidal neurons, measured by whole-cell patch clamp in aged (18 — 20 months) C57BL/6 wild-type mice
(vehicle vs. BI). Results are expressed as the mean + SEM (n=6-15).

d) Traces show NMDAR EPSCs recorded before (CTR) and after 30 min of Ifenprodil 5 uM perfusion (Ifen).
e) GIuN2B-NMDAR contribution was calculated as the percentage of change in NMDAR EPSCs after
ifenprodil perfusion (for 30 min) in aged mice (vehicle vs. Bl). Results are expressed as the mean + SEM
(Unpaired t-test, *p<0.05, n=6-15). The dashed line corresponds to the GIuUN2B-NMDAR contribution

obtained in untreated adult mice (14,20%).
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D) Interfering with APP intracellular signaling normalizes the GIluN2B-

NMDAR contribution in aged mice

We hypothesize that the increase in the levels of APP C-terminal fragments in aged mice
could contribute for a higher contribution of GIuN2B-NMDAR synaptic currents.
Therefore, we tested the impact of an interfering peptide that is known to bind to the APP
intracellular domain. Accordingly, a previous study by our group has implicated the
682YENPTY®87 sequence of APP in regulating GluN2B-NMDAR contribution (Pousinha et
al., 2017). Considering that the PTB2 domain of Fe65 (an APP-binding partner) is known
to bind a portion of the APP intracellular domain (including the YS82ENPTY®8” sequence)
(Feilen et al., 2017), we used this domain as a putative interfering peptide (136 amino
acids, 15KDa) to block APP intracellular signaling pathways (Figure 3.18 a). We used
as our control a peptide with another domain of Fe65 (PTB1 domain, PTB1-p), which
does not bind to APP (Cao & Sudhof, 2001).

When measuring NMDAR EPSCs in hippocampal slices from aged mice pre-incubated
with PTB2-p for >3h (Figure 3.18 b), we found that the GIuUN2B-NMDAR relative
contribution decreased when compared to the control condition (13,49 + 4,08 vs. 39,72

* 5,13), reaching similar levels to untreated adult mice (14,20% =+ 4,32) (Figure 3.18 c-
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Figure 3.18 - Interfering with APP intracellular signaling normalizes the GIuN2B-

NMDAR contribution in aged mice

a) Schematic representation showing the Fe65 interaction with the APP C-terminal (APP Ct) domain through
the PTB2 domain. The PTB2 peptide (PTB2-p) is proposed to work as an interfering peptide, by binding to
the APP Ct.

b) Representation of the timeline for the incubation of hippocampal slices from aged mice with PTB1-p or
PTB2-p (5nM, >3h before Patch-Clamp recordings).

c) Time course of ifenprodil (5uM) effect on pharmacologically isolated NMDAR EPSC amplitude in CA1
pyramidal neurons, measured by whole-cell patch clamp in aged (18 — 20 months) C57BL/6 wild-type mice
(PTB1-p vs. PTB2-p). Results are expressed as the mean + SEM (n=10).

d) Traces show NMDAR EPSCs recorded before (CTR) and after 30 min of Ifenprodil 5 uM perfusion (Ifen).
e) GIuN2B contribution was calculated as the percentage of change in NMDAR EPSCs after ifenprodil
perfusion (for 30 min) in aged mice (PTB1l-p vs. PTB2-p). Results are expressed as the mean + SEM
(Unpaired t-test, ***p<0.001, n=10). The dashed line corresponds to the GIuN2B-NMDAR contribution

registered in untreated adult mice (14,20%).

Importantly, this effect was observed upon incubation with the PTB2-p for >3h, but not

for shorter time periods (2h), as shown in Figure 3.19.
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Figure 3.19 — The effect of PTB2-p on GIluN2B-NMDARs depends on the incubation
time

a) Time course of ifenprodil (5uM) effect on pharmacologically isolated NMDAR EPSC amplitude in CAl
pyramidal neurons, measured by whole-cell patch clamp in in aged (18 — 20 months) C57BL/6 wild-type
mice (PTB2-p 5nM incubation for 2, 3, 4 or 5h prior to patch-clamp recordings, n=1-2).

b) GIuN2B contribution was calculated as the percentage of change in NMDAR EPSCs after ifenprodil
perfusion (for 30 min) in aged mice (PTB2-p incubation (5nM) for 2, 3, 4 or 5h prior to patch-clamp

recordings, n=1-2).
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Considering that both inhibition of B-APP processing and interference with APP C-
terminal had a similar effect in GIuUN2B-NMDAR contribution in aged mice, we propose
that the accumulation of APP intracellular fragments and the activation of the respective

signaling pathways is the underlying mechanism for this alteration.

E) APP interacts with NMDARs in humans and tends to be more processed

upon aging

To elucidate if APP interaction with NMDARs also occurs in humans, we analyzed
lysates from post-mortem brain tissue (prefrontal cortex) of subjects with different ages
(18 - 89 years old). We confirmed that GIuN2B-NMDARs interact with APP in samples
from adult (22 years) and aged (89 years) human subjects (Figure 3.20 a), indicating
that the putative regulation mechanism described in mice might also occur in humans.
When analyzing total lysates, we found no correlation between age and GIuN2B or PSD-
95 levels (Figure 3.20 b-d). Similarly, no age-related correlation was observed for the
levels of GIuUN2B in PSD-enriched fractions (Figure 3.20 e, f). This data corroborates
our hypothesis that there might be alterations in NMDAR functional properties, whereas

their synaptic levels are maintained upon aging.
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Figure 3.20 — NMDARs interact with APP in humans and show no alterations in

GIuN2B levels upon aging.

a) Representative Western blot of postmortem brain tissue (prefrontal cortex) from human subjects (adult =
22 and aged = 89 years old) immunoprecipitated for APP. Membranes were immunoblotted with antibodies
for GIuN2B and APP.

b) Representative western blot of prefrontal cortex human samples (21 to 89 years old). Membranes were
immunoblotted with antibodies for GIuN2B, PSD-95 and GAPDH.

¢, d) Linear regression graphs calculated from blots as shown in b) show the variation in ¢) GIuUN2B and d)
PSD-95 levels (normalized with GAPDH) depending on the age of human subjects (n=12). Dotted lines
represent the 95% confidence intervals. The values obtained for 20—25-year-old subjects were used as
reference. Statistical analysis was performed using Pearson’s correlation (two-tailed p value). c) p=0.4872,
R?=0.04945; d) p=0.4984, R?=0.04703.

e) Representative western blot of prefrontal cortex human samples (21 to 89 years old) subjected to
biochemical fractionation to obtain PSD-enriched fractions. Membranes were immunoblotted with antibodies
for GIuN2B and PSD-95.

124



f) Linear regression graph calculated from blots of PSD-enriched fractions as shown in €) shows the variation
in GIuN2B levels (normalized with PSD-95) depending on the age of human subjects (n=8). Statistical
analysis was performed using Pearson’s correlation (two-tailed p value), p=0.9883, R?=3.916e-005. Dotted
lines represent the 95% confidence intervals. The values obtained for 20—25-year-old subjects were used

as reference.

We then investigated if APP levels/processing are altered upon aging in humans,
possibly interfering with GIuUN2B-NMDAR properties. We found an inverse correlation
between age and APP levels (Figure 3.21 a, b), and a positive correlation in APP
processing into CTFs and AICD (Figure 3.21 a, c, f). Additionally, we observed an
increase in the absolute levels of AICD, whereas no correlation was obtained for total
CTF levels or for the CTF B/a ratio (Figure 3.21 d, e, g).

These findings indicate that the mechanisms observed in mice could also occur in
humans, since APP interacts with NMDARSs in both species. We found no age-related
alterations in GIuN2B synaptic levels in humans and mice, indicating that other properties
might be altered, contributing to the increase in GIuN2B-NMDAR synaptic contribution
observed in mice. Finally, the increase in APP processing occurs in both species and
has shown to contribute to increased GIuN2B-NMDAR relative currents in mice, thus

suggesting that a similar mechanism might potentially occur in humans.
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Figure 3.21 — APP processing tends to increase upon aging in humans

a) Representative Western blot of prefrontal cortex human samples (18 to 81 years old). Membranes were
immunoblotted with antibodies for GAPDH as the loading control and for the APP C-terminal (Y188, to detect
APP, CTFs B and a, and AICD). The Y188 antibody binding site is schematically represented in red (on the
left).

b - g) Linear regression graphs calculated from blots as shown in a). Statistical analysis was performed
using Pearson's correlation (two-tailed p-value), n=20 and dotted lines represent the 95% confidence
intervals. The values obtained for 20-25-year-old subjects were used as reference. b) APP levels
(normalized to GAPDH) depending on the age of human subjects, p = 0.0456, R?= 0.204; c) Ratio between
APP-CTFs and APP depending on the age of human subjects, p = 0.0192, R? = 0.2688; d), CTFs levels
(normalized to GAPDH) depending on the age of human subjects, p = 0.4633, R2=0.03026; ) CTF B/a ratio
depending on the age of human subjects, p=0.1613, R?>= 0.1060; f) Ratio between AICD and APP depending
on the age of human subjects, p = 0.0028, R? = 0.3986; g) AICD levels (normalized to GAPDH) depending
on the age of human subjects, p = 0.0080, R? = 0.3303.
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Altogether, our results point towards a model in which APP increased processing upon
aging in mice and humans favors APP signaling through its intracellular fragments. By
activating putative signaling pathways, these fragments have shown to contribute to an
increase in GIUN2B-NMDAR relative currents in aged mice. Accordingly, we were able
to restore the GIuUN2B-NMDAR contribution to adult-like levels in mice by inhibiting APP

processing or interfering with APP intracellular signaling.
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3.3 Summary

In this work we show that APP regulates NMDARSs in an age-dependent manner, acting

through different mechanisms during postnatal development, adulthood and aging.

During synaptic maturation stages, APP and GIuN2B-NMDARs are highly abundant and
interact at the synapse. The APP C-terminal, which likely acts as the binding site, proved
to be essential to maintain normal NMDAR transmission, possibly by stabilizing the
receptors at the synapse. Accordingly, APP-depleted neurons showed a reduction in the
synaptic content of NMDAR subunits. Considering the role of NMDARSs in synapse
maturation, we can hypothesize that the APP-NMDAR regulation at this stage might be

important to achieve functional and mature synapses during postnatal development.

Although this interaction is maintained in adult and aged synapses, NMDAR-mediated
currents showed to be unaltered at these stages when interfering with the APP C-
terminal during a short period of time (1h). Thus, we concluded that the APP-NMDAR

regulatory mechanisms are different in adult/aged mice when compared to infants.

We hypothesize that alterations in the APP-NMDAR regulation mechanisms could be the
underlying mechanism for age-related alterations in NMDAR properties. Accordingly, we
found that aged mice exhibit an increase in GIUN2B-NMDAR relative currents, which
does not correlate with alterations in subunit levels. We propose that APP intracellular
fragments, whose levels tend to increase in aged mice, activate signaling pathways that
ultimately lead to increased GIUN2B-NMDAR relative currents. Accordingly, we were
able to normalize the GIuN2B-NMDAR contribution in aged mice (to adult-like levels)
using two distinct strategies: inhibiting APP processing or interfering with APP
intracellular signaling. Finally, the fact that APP processing also tends to increase with
human aging suggests that a similar mechanism might occur in mice and humans.
Considering the impact of NMDARs on synaptic plasticity, this increase in GIUN2B-
NMDAR relative currents might potentially contribute to age-related synaptic and

memory impairments.

The main findings of our work are illustrated in Figure 3.22.
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Figure 3.22 — Schematic representation of GluN2B-NMDAR regulation by APP at
different life stages (development, adulthood and aging).
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3.4 Supplementary Results

In this section we present results obtained during the PhD that are not part of the core of
this dissertation, but are useful for the discussion and future perspectives of this work.

A) Prediction of aminoacid disorder in the structure of APP and NMDAR

subunits

We hypothesize that APP interacts with NMDARs through the C-terminal, since a
previous report by other group has shown that the AICD is able to increase GIUN2B-
NMDAR synaptic contribution (Pousinha et al., 2017). We found that the C-terminal
domains in APP and NMDAR subunits do not have a defined 3D structure, explaining
why it was not possible to create a structural model of interaction using docking models.
We obtained a computer prediction using the prDOS algorithm, which is a server that
predicts the disordered regions of a protein from its amino acid sequence. Based on this,
we could identify several unstructured segments in mouse and human APP, GIuN1,
GIuN2A and GIUN2B aminoacid sequences (Supplementary Figure 3.1 a, b). These
disordered segments might potentially work as binding sites for the APP-NMDAR
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Supplementary Figure 3.1 - Computer prediction of aminoacid disorder in the structure
of the a) mouse and b) human APP, GIuN1B, GIuN2A and GIuN2B subunits by the
prDOS algorithm (T. Ishida & Kinoshita, 2007)
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The dashed line represents the threshold for disordered segments. The prediction determined the presence
of unstructured segments in the C-terminal region of the mouse APP protein. In the case of the NMDAR
protein subunits, GIuN1, GIuN2A and GIuN2B are well structured proteins in the N-terminal domain
(corresponding to the extracellular and membrane-spanning segments of the protein), whereas they show a
strong disorder probability in their C-terminal domains.

B) Transcriptional effects of AICD in primary neuronal cultures

AICD is considered a transcription regulator (Cao & Sudhof, 2001), which has shown to
modulate GIuN2B-NMDAR levels and currents upon viral delivery in adult rats (Pousinha
et al., 2017). Thus, we assessed whether AICD ex vivo delivery (for 2h) is able to induce

an increase in GRIN2B mRNA levels in rodent primary neuronal cultures.

To study this hypothesis, we used mouse hippocampal primary neuronal cultures as our
model. At 15 days in vitro (DIV), we incubated the neurons with an AICD peptide coupled
to a cell penetrating domain (TAT) and a nuclear localization sequence (NLS) (TAT-
AICD-NLS). We used a scramble sequence (TAT-SCR-NLS) as the control condition, as
previously described (Pousinha et al., 2017). After incubating the neurons with the
peptides for 2h at a final concentration of 100nM (Supplementary Figure 3.2 a), we

assessed whether the AICD peptide was located in the nucleus.

For that purpose, we analyzed nuclear protein fractions and detected a strong increase
in AICD levels (when compared to the control condition) (Supplementary Figure 3.2 b).
This observation was supported by immunocytochemistry experiments, in which we
detected a strong overlap between AICD and nuclear staining (Supplementary Figure
3.2¢).

We then evaluated the impact of this treatment on the mRNA levels of GRIN2B and other
previously described AICD targets: Glycogen synthase kinase 38 (GSK3pB) (Kim et al.,
2003) and Low-density lipoprotein receptor-related protein 1 (LRP1) (Q. Liu et al., 2007).
However, we found no significant alterations in the expression levels of these targets

(Supplementary Figure 3.2 d-f).

Using this experimental model, dose and timing of incubation, we could not detect
GRIN2B transcriptional alterations, in contrast with the results obtained in adult rats
injected with viral vectors encoding for AICD. Thus, differences in the duration of
treatment (acute vs. chronic increased AICD levels) or in the experimental model

(primary neuronal cultures vs. adult rats) might explain these differences.
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Supplementary Figure 3.2 - Transcriptional effects of AICD in primary neuronal
cultures

a) Schematic representation of the incubation of mouse hippocampal primary neuronal cultures (15 days in
vitro (DIV)) with TAT-AICD-NLS or TAT-SCR-NLS (100nM, 2h).

b) Representative Western Blot of nuclear and cytosolic/membrane protein fractions from primary neurons
incubated with TAT-AICD-NLS (AICD) or TAT-SCR-NLS (SCR). Membranes were immunoblotted with
antibodies for the APP C-terminal (to detect APP (APP) and the APP Intracellular Domain (AICD), for Lamin
(nuclear marker) and a-tubulin.

¢) Immunocytochemistry analysis of neuronal cultures treated with TAT-SCR-NLS or TAT-AICD-NLS
(100nM, for 2h). AICD was detected with an antibody por the APP C-terminal (APP Ct) and is labeled in
green, whereas cell nuclei (Hoechst) are stained in blue. Scale bars represent 20 um.

d, e, f) Relative expression levels of GRIN2B, LRP1 and GSK33 mRNA were determined by quantitative
real-time PCR. Results are expressed as the mean + SEM relative to the control condition (SCR). CypA and
Rpl13A were used as internal controls for normalization. Unpaired t-test, n=3.
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C) Production and validation of a viral vector to knockdown APP in vivo

Our results indicate that APP regulates NMDARSs in an age-dependent manner. Thus,
APP knockdown might be a useful strategy to fully understand the APP physiological
role in synapses at different ages, since it potentially overcomes compensatory
mechanisms by APP family members (observed in knockout models) and might be
induced at different ages. Taking this into account, we have developed a new viral vector
to induce APP knockdown in vivo, by designing and producing an adeno-associated virus
(AAV1/2) encoding for a shRNA against APP (previously validated in (Young-Pearse et
al., 2007)) under the control of a U6 promoter and using mCherry as reporter (AAV-
shAPP). When injecting these viral vectors in the hippocampus of adult (10 — 16 weeks)
C57BL/6 wild-type mice and analyzing mCherry expression 3 weeks post-injection, we
have detected an efficient viral transduction in the hippocampus (Supplementary
Figure 3.3 a). Moreover, we measured the APP knockdown efficiency by comparing the
APP mean fluorescence intensity in mCherry positive (transduced) or negative (non-
transduced) cells, having found an approximately 70% reduction in APP levels in
transduced cells (Supplementary Figure 3.3 b, c). Thus, this new viral vector proved to
efficiently induce APP knockdown in adult mice and might be used in the future to study

APP physiological functions at different ages.
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Supplementary Figure 3.3 - AAV-shAPP injection in adult mice leads to an efficient
APP knockdown

a) Representative images of hippocampal slices from adult (10 — 16 weeks) C57BL/6 wild-type mice,
3 weeks after injecting AAV-shAPP in the hippocampus. mCherry (reporter) is shown in red and APP is
labelled in green.

b) Representative images of hippocampal slices from adult (10 — 16 weeks) C57BL/6 wild-type mice,
3 weeks after injecting AAV-shAPP in the hippocampus. APP is labelled in green and mCherry (reporter) is
shown in red, allowing to differentiate transfected from non- transfected neurons.

c) APP immunoreactivity (%) in transfected neurons (mCherry+) is expressed as the mean + SEM,

using the non-transfected neurons (mCherry -) as reference (Unpaired t test, ****p<0.0001, n=35-53 cells).
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4 Conclusions
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4.1 Discussion

Brain plasticity is what make us able to adapt, learn new skills and form memories, being
essential throughout our life, but acting through different mechanisms depending on our
age (Costandi, 2016). The structural plasticity processes that occur during early
development are essential to form synapses, leading to the establishment of neuronal
networks (Huttenlocher & Dabholkar, 1997). This is followed by the synaptic maturation
stage, in which part of the newly formed synapses are selected for stabilization, leading
to functional networks (Huttenlocher et al., 1982). In contrast, in adult stages, most
synapses are already in the mature state, thus the synaptic plasticity mechanisms mainly
involve the potentiation or depression of preexisting synapses (Citri & Malenka, 2008).

By acting as coincidence detectors of pre and postsynaptic activity, NMDARs act as
important mediators of synaptic maturation during development and synaptic plasticity in
adult stages (Pérez-Otafio & Ehlers, 2004). Importantly, age-related differences in
NMDAR properties might occur due to alterations in the subunit composition. In the
hippocampus, NMDARs contain GIuN1 obligatory subnits and GIUN2A and/or GIuN2B
regulatory subunits (Monyer et al., 1994). NMDARs with GIuN2B subunits are
characterized by higher Ca?* entry, slower kinetics, higher mobility and a lower threshold
to induce potentiation, when compared to GIuN2A-NMDARs (Yashiro & Philpot, 2008).
Therefore, GIUN2B-rich synapses are expected to be more susceptible to potentiation
(even upon modest stimulation) and more dynamic, considering the movement of
receptors in and out of the synapse, being particularly relevant in newly formed synapses
to promote their maturation process. In contrast, GIUN2A-NMDARs are the predominant
subtype in mature synapses, leading to a higher stability and assuring that potentiation

only occurs upon strong stimulation (Williams et al., 1993, Yashiro & Philpot, 2008).

Thus, deciphering the multiple mechanisms that regulate NMDAR properties is essential
to fully understand synaptic maturation and plasticity processes and how they change
throughout life. The amyloid precursor protein has emerged as a potential NMDAR
regulator, given its ability to regulate NMDARs (through the full-length protein and/or its
derived fragments) (Pousinha et al., 2017, Cousins et al., 2009, Hoe et al., 2009) and its
important role in NMDAR-dependent processes, such as the formation of new synapses
and synaptic plasticity (U. C. Mller et al., 2017). However, the relevance and underlying
mechanisms of APP-NMDAR regulation at different life stages have not been explored

so far.
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Since APP is known to be important during development, namely by working as a
synaptogenic and synaptic adhesion molecule (Z. Wang et al., 2009), we started by
investigating the role of APP-NMDAR regulation in immature synapses. One of the
important steps in synaptic maturation is the recruitment of scaffolding proteins such as
PSD-95 that bind and stabilize NMDARs at the synapse (Elias et al., 2008). In contrast,
the mechanisms that anchor NMDARs in newly formed synapses (before maturation)
are still largely unknown. Synaptic adhesion molecules are strong candidates for this
function since they are abundant in new synaptic contact sites and are able recruit pre-
and post-synaptic components (Dalva et al., 2007). In particular, APP has emerged as a
potential stabilizer, since it accumulates at synaptic terminals (Kirazov et al., 2001),
where pre- and post-synaptic APP form trans-dimers contributing to synaptic adhesion
and synaptogenesis (Soba et al., 2005), namely by inducing the clustering of synaptic
components (K. J. Lee et al., 2010). One of these components might be the NMDARSs,
which are known to interact with APP (Cousins et al., 2009, Hoe et al., 2009).

Therefore, we explored the functional relevance of APP-NMDAR interaction in immature
and mature synapses using wild-type infant and adult mice as our models. Importantly,
we found that APP interacts with NMDARs at the synapse, mainly with GIUN2B in
immature synapses and with both GIuUN2A and GIuN2B in mature synapses (Figure 3.1).
Additional co-immunoprecipitation experiments will be important to further characterize
this interaction and confirm if it occurs through the full-length APP protein or/and through
their intracellular fragments. Moreover, future studies using proximity ligation assay
(Lundgren et al., 2020), electron microscopy and array tomography (Kay et al., 2013) in
hippocampal samples will be valuable to confirm that NMDARs and APP are in close

proximity at the synapse.

In this study, we showed that APP interacts with the NMDAR synaptic pool that is
expressed at each life stage. NMDARs are mainly composed of GIUN2B subunits in
infant mice, as evidenced by the peak in the GIuUN2B/GIuN2A ratio (Figure 3.2 and 3.3
d) as well as the high GIuUN2B-NMDAR contribution to NMDAR EPSCs (more than 50%)
(Figure 3.4 d). Importantly, this data is in accordance with the previously described
NMDAR developmental switch (GIuUN2B to GIuN2A) that occurs during postnatal
development (Williams et al., 1993). In contrast, adult mice are characterized by a lower
GIuN2B/A ratio, mainly associated with an increase in GIuUN2A expression. We can
hypothesize that this predominance of GIuN2B-NMDARs during development is
important to facilitate the LTP-like response involved in synaptic maturation (Gray et al.,

2011). In contrast, the shift to GIUN2A in mature synapses might lead to more stable
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synapses, with a lower threshold for potentiation, in adult stages (Yashiro & Philpot,
2008) .

Importantly, we now show that the peak of GIuN2B-NMDAR contribution observed in
infant mice is accompanied by peak in APP post-synaptic levels (Figure 3.5 f). This is
consistent with the putative role of APP in stabilizing and recruiting synaptic components

to newly formed synapses (K. J. Lee et al., 2010).

The APP function as a synaptic adhesion molecule is known to depend on both N- and
C-terminal domains (Z. Wang et al., 2009). The N-terminal of APP is important to form
trans-dimers at the synapse, leading to synaptic adhesion (Hoefgen et al., 2014),
whereas the C-terminal could potentially work as the binding site for synaptic
components (U. C. Mduller et al., 2017), such as NMDARs. Thus, we investigated if
interfering with the APP C-terminal could disrupt NMDAR-mediated currents in infant
mice. Importantly, when we introduced an antibody against the APP C-terminal in the
intracellular space via the patch pipette, we were able to induce a 20% reduction in
NMDAR-mediated currents in infant mice (Figure 3.6 d).

Since the C-terminal domain of APP and NMDARs subunits present no stable 3D
structure, it was not possible to generate a structural model of the APP-NMDAR
interaction using docking methods. Accordingly, the analysis of the protein organization
level revealed that APP and NMDAR subunits present intrinsically disordered segments
at the C-terminal (Supplementary Figure 3.1). These disordered segments are usually
characterized by establishing interactions with diverse partners, since the flexible
segments can adapt themselves by induced folding to different targets (Wright & Dyson,
2015). In particular, the APP YENPTY maotif is a strong candidate for the interaction,
being highly conserved within the APP family members and across species (Shariati &
de Strooper, 2013) and known to interact with several proteins (van der Kant & Goldstein,
2015). It is thus conceivable that it could act as the interacting site for NMDARSs either

directly or indirectly.

Many of the already characterized interactions between intrinsically disordered
segments are transient and fine-tuned by post-translational modifications (Wright &
Dyson, 2015). Thus, we can hypothesize that the APP-NMDAR interaction is dynamic
and regulated by synaptic activity. One possible mechanism to regulate this interaction
would be through the balance between APP dimerization (which promotes
synaptogenesis) and processing (which limits the synaptogenic effect) (Stahl et al.,

2014). We can hypothesize that under basal conditions, APP forms trans-dimers in
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contact sites and stabilizes NMDARSs at the synapse, whereas increased synaptic activity

might trigger APP processing (Stahl et al., 2014, Kamenetz et al., 2003).

To better elucidate if APP acts by regulating the synaptic content of NMDARS, we
silenced APP in primary neuronal cultures, since this model recapitulates the synapse
development process (Grabrucker et al., 2009) and the NMDAR developmental switch
(Corbel et al., 2015), while providing appropriate imaging resolution to study synaptic
proteins (J. S. Ferreira et al., 2017). When we depleted APP using a shRNA, we found
a significant reduction in GIUN2B and GIuN2A synaptic location (20% and 56%
respectively), without interfering with their total levels or clustering (Figures 3.8 and 3.9).
These findings suggest that APP does not affect the subunits expression levels or their

ability to cluster, but it is required for their co-localization with post-synaptic markers.

It is possible that APP directly regulates PSD-95 area and average particle size (Figure
3.10). In that case, the decline in GIuN2B/A co-localization with PSD-95 might occur as
an indirect response. Alternatively, considering the key role of GIluN2B-NMDARs for
synaptic maturation, we can hypothesize that the impaired GIUN2B synaptic location
could disturb this process, causing a reduction in PSD-95 and GIUN2A recruitment to
newly formed synapses (Gray et al., 2011). Accordingly, NMDAR synaptic activity has
been associated with PSD-95 recruitment to new synapses (de Roo et al., 2008) and
this process might become impaired upon APP depletion. Although we cannot state if
PSD-95 and/or GIuN2B-NMDARs are the primary responsible for this effect, our results
are consistent with the recently described findings in APP-depleted human neurons.
Zhou et al. observed a decrease in synapse density (measured by PSD-95 clusters) and
in the amplitude of evoked EPSCs upon APP deletion (Zhou et al., 2022), but the authors
have not explored the relative contribution of NMDARs for this effect. Moreover, our
findings might help to explain why silencing APP during embryonic development causes
the loss of GIuUN2B-NMDAR synaptic contribution in infant mice, as previously shown by

our group (Pousinha et al., 2017).

When compared to APP depletion, the short interference manipulation of the APP C-
terminal using an antibody has the advantages of manipulating single neurons and
avoiding prolonged structural effects on the PSD. Altogether, the results obtained with
both strategies point towards a model in which APP interference/ silencing destabilizes

the permanence of NMDARs at the synapse.
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Our main findings regarding APP-NMDAR regulating in immature synapses are
summarized in Figure 4.1. Moreover, the graphical abstracts in the Appendix show
analogies to illustrate the putative mechanism of NMDAR stabilization by APP (Figure

4.4) and the possible impact in the synaptic maturation process (Figure 4.5).

Immature synapses

Phy5i0|ogica| conditions (J K}APP knockdown/ interfering with APPCt

Figure 4.1 — Hypothetical model of APP-NMDAR regulation in immature synapses.

APP interacts with GIuN2B-NMDARs, stabilizing the receptors at the synapse and maintaining normal
NMDAR transmission. When knocking-down APP or interfering with the APP C-terminal (APPCt), this
stabilizing effect is lost, leading to less GIuN2B-NMDARs at the synapse and a reduction in NMDAR currents.

We propose that the APP-NMDAR regulation is relevant to regulate NMDAR synaptic
content during development, when synapse formation and maturation processes are
highly abundant, and both APP and GIuN2B levels/contribution reach their peak. In
contrast, this mechanism might become less relevant after maturation, when PSD-95 is
recruited to the synapse, and allows for more stable anchoring of the receptors (Elias et
al., 2008).

Accordingly, we observed no alterations in NMDAR EPSCs in adult animals when
interfering with the APP C-terminal domain for 1h (Figure 3.6 d), contrary to what
happens in infants, which may allow for different interpretations. Considering the
technical approach we used, it is possible that the accessibility of the APP C-terminal
epitope at the post-synapse might be precluded in adult stages, considering the

extensive alterations that occur in PSD structure and composition after postnatal
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development (Gonzalez-Lozano et al., 2016) and the high molecular weight of the
antibody (150 KDa). However, we can also hypothesize that the APP regulation of
NMDARSs has indeed a higher impact during development, which is consistent with the
marked decline of postsynaptic APP levels observed in adult stages (5-fold decrease
when compared to infant mice) (Figure 3.5 f). Given the increased association of PSD-
95 with NMDARs in mature synapses (Petralia et al., 2005, Elias et al., 2008), we can
assume that the NMDAR synaptic stabilization becomes less dependent on APP upon
adulthood.

However, the fact that the Camk2a-Cre cTKO mouse model (triple conditional knock-out
for APP family members in excitatory forebrain neurons starting at postnatal weeks 3-4)
exhibits LTP impairments and reduced NMDAR-mediated responses in adult stages,
suggests that some form of NMDAR regulation by APP family members still occurs later
in life (S. H. Lee et al., 2020). Moreover, mouse models in which the APP C-terminal
domain is mutated (Matrone et al., 2012) or depleted (APPdCT15 knock-in mice/ APLP2
KO) (Klevanski et al., 2015) exhibit impairments in synaptic plasticity/ memory in adult
stages, which might be explained by alterations in NMDAR function, although this
hypothesis has not been explored so far. Therefore, we propose that APP is still able to
regulate NMDARSs in mature synapses, possibly through different mechanisms. The fact
that APP interference only occurred for 1h could explain the absence of effectin NMDAR
currents, since the regulatory mechanisms in adults might involve signaling pathways
that take more time to be induced/inhibited. Future studies using APP knockdown
strategies in vivo could help to unravel the impact of APP in NMDARs currents at different
ages (infant, adult, aged mice), while overcoming the potential compensation by APP
family members (which is thought to occur in APP knockout mice) (Dawson et al., 1999).
Taking this into account, we have developed an AAV vector encoding a short-hairpin
RNA against APP (AAV-shAPP), which proved to efficiently silence APP in adult mice
after being injected in the hippocampus (Supplementary Figure 3.3). Thus, this tool
might be useful in the future to better elucidate the role of APP-NMDAR regulation at

different ages.

Considering the previously described alterations in NMDARSs at aged synapses and their
contribution to synaptic impairments at this stage (Kumar, 2015), we hypothesize that
the APP-NMDAR regulation might become dysregulated upon aging. However, we found
no alterations in the APP interaction with GIuN2B and GIuN2A in mice upon aging
(Figure 3.11 a, c), since the GIuN2B/GIuN2A ratio was similar in APP
immunoprecipitated samples from adult and aged mice (Figure 3.11 b). Moreover, no

alterations were found regarding the GIuN2B/GIuN2A ratio in PSD-fractions in aged
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mice, when compared to adults (Figure 3.13 d). This data suggests that APP interacts
with the NMDARs (both GIuN2B and GIuN2A subtypes) that are present at the synapse,
showing no age-related alterations. However, we found that the NMDARs at aged
synapses have different properties than in adulthood, staying open for a longer time and
having a larger GIuUN2B-NMDAR contribution (33% vs 14%) (Figure 3.14). Since the
electrophysiological recordings showed no correlation with the ratio between GIuN2B/A
postsynaptic levels, we hypothesize that this is not caused by an increase in GIuN2B
levels but rather an alteration in GIuUN2B-NMDAR properties (e.g. gating, Ca?
permeability, deactivation kinetics). However, we can also hypothesize that the
increased contribution measured in Patch-Clamp might be specific of this circuit, i.e. CAl
aged pyramidal neurons might have increased levels of GIuN2B, but this is not detected
when performing Western Blot analysis of whole hippocampal lysates. The analysis of
protein lysates from the CAl (obtained from laser capture microdissections (as in
(Barthet et al., 2018)) might be a useful strategy to elucidate this question in the future.

Importantly, previous studies suggest that aging is associated with alterations not only in
synaptic but also in extrasynaptic NMDARs (Potier et al., 2010). However, given the low
frequency stimulation used in the Patch-Clamp experiments in this study (0.1 Hz), the
recorded NMDAR EPSCs are known to mainly derive from synaptic NMDARs (Papouin
et al., 2012). Thus, we hypothesize that the increased GIuUN2B-NMDAR contribution
measured in this study occurs due to alterations in the properties of synaptic, rather than

extrasynaptic NMDARs.

It is possible that this excessive GIuN2B-NMDAR functional contribution relates to
alterations in APP-NMDAR regulation mechanisms. Despite having found no differences
in total/postsynaptic APP levels in aged mice when compared to adults, we found that

APP processing and CTF levels were increased upon aging (Figure 3.16).

To elucidate if APP processing contributes to this excessive GIuN2B-NMDAR
contribution in aged mice, we inhibited one of the APP processing pathways using a
single dose treatment of a BACE1 inhibitor, 12h before Patch-Clamp recordings.
According to previous studies, this same dosage and timing of administration efficiently
reduces APP [3-secretase processing and does not cause significant adverse effects
(Filser et al., 2015, May et al., 2011). The fact that APP endocytosis and BACEL1 activity
tend to increase in aged mice (Fukumoto et al., 2004, Burrinha et al., 2021) reinforces
the relevance of targeting this enzyme and processing pathway. Moreover, the APP
Iceland mutation, which is associated with a reduction in amyloidogenic peptides, has
shown to protect against age-related cognitive decline in healthy human subjects

(Jonsson et al., 2012). This data suggests that inhibiting APP B-processing might be

142



beneficial in aged subjects. We found that this treatment significantly reduced the relative
GIuN2B-NMDAR contribution from approximately 40 to 20%, reaching comparable
values to untreated adult mice (14%) (Figure 3.17). These findings suggest that APP
processing plays a role in the excessive GIUN2B-NMDAR contribution upon aging.
Future studies will be important to elucidate if this response is caused by a reduction in
the levels of APP amyloidogenic fragments and not by alterations in other BACE1
substrates (Munro et al., 2016). To address these questions, we could use an
endosomally targeted sterol-linked BACEL inhibitor, which has shown to block cleavage
of APP but not of other substrates that are processed in an endocytosis-independent
manner (ben Halima et al., 2016). Moreover, it is also possible that the effects observed
in this study upon BACEL inhibition could arise from a compensatory increase in
signaling by APP non-amyloidogenic fragments. If that is the case, we could test different

doses/timings of administration to avoid compensatory responses.

Additionally, it remains to be elucidated if the excessive GIuN2B-NMDAR contribution
upon aging is caused by an overall increase in APP processing or specifically induced
by the increase in amyloidogenic fragments. The fact that we found no significant
differences in the CTFB/ a ratio upon aging suggests that both processing pathways
might increase upon aging (Figure 3.16 g). A more detailed analysis of APP processing
will be important to elucidate this question, by identifying the ratio between soluble APP
a and 3 by Western Blot (as described in (Willem et al., 2015)) and/or by characterizing
the full pattern of APP fragments by mass spectrometry (as described in (Mosser et al.,
2021, Brinkmalm et al., 2013)).

Since we hypothesize that APP intracellular fragments could contribute to the increase
in GIuN2B-NMDAR relative currents, we used an interfering peptide (PTB2-p,15 KDa)
that binds to the APP intracellular domain. A >3h incubation of hippocampal slices from
aged mice with PTB2-p was able to normalize the GIuN2B-NMDAR contribution (Figure
3.18), indicating that signaling by the APP intracellular domain is involved in GIuN2B-
NMDAR increased contribution upon aging. It remains to be elucidated if this effect is
caused by a reduction in signaling mediated by the APP full-length or its derived
intracellular fragments or even by other Fe65 binding partners (Augustin & Kins, 2021).
Additional studies using PTB2-p in combination with APP processing inhibitors, as well
as testing other interfering peptides targeting the APP intracellular domain, would be

extremely valuable to address these questions.

The fact that we detected an effect in GIuN2B-NMDAR relative currents using the
interfering peptide (15 KDa, >3h) (Figure 3.18), but no alterations in total NMDAR
EPSCs when using the APP C-terminal antibody (150 KDa, 1h) (Figure 3.11 d) might
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have different interpretations. It is conceivable that the APP C-terminal signaling
pathways take more than 1h to be activated/inhibited, explaining the lack of effect of the
antibody. Accordingly, the PTB2-p effect was observed upon peptide incubation for 3h,
but not for 2h (Figure 3.19), indicating that the time might be an important factor in these
experiments. Future studies exploring the PTB2-p cellular uptake mechanism and
kinetics will be important to elucidate this issue. Additionally, we can hypothesize that
the ability to interfere with the APP C-terminal is different for the PTB2-p or the antibody,
especially considering their molecular weights (10 times larger in the case of the

antibody).

Altogether, the results obtained in aged mice suggest that the APP intracellular
fragments contribute to the excessive GIUN2B-NMDAR synaptic contribution in aged
mice. However, the specific fragments involved in this response, as well as the

underlying mechanisms remain to be elucidated.

Considering that the increase in GIuN2B-NMDAR functional contribution is not
accompanied by an increase in GIuN2B levels, we hypothesize that posttranslational
mechanisms such as phosphorylation might be involved. Depending on the site,
phosphorylation events might affect gating, permeability to different ions, deactivation
kinetics, trafficking, endocytosis, etc. (Figure 1.18), (Sanz-Clemente et al., 2013). We
have shown that the Y1472 phosphorylation site is not altered upon aging (Figure 3.15
b), indicating that other posttranslational mechanisms might be involved. In particular,
the phosphorylation of GIUN2B on Ser1166 by Protein Kinase A (PKA) has emerged as
a good candidate, since it causes an increase in Ca?* influx and current amplitude in
GIluN2B-containing receptors, without affecting their trafficking and surface expression
(Aman et al., 2014, Skeberdis et al., 2006, Murphy et al., 2014). Interestingly, PKA also
regulates GIuUN2A-NMDARs Ca?* permeability, but does not alter their current amplitude,
contrary to what happens in the GIuN2B subtype (Skeberdis et al., 2006, Murphy et al.,
2014). Therefore, an overactivation of PKA is expected to cause an increased

contribution of GIuN2B-NMDAR relative currents, similarly to our findings in aged mice.

Interestingly, a previous study by Deyts et al. has described an association between the
APP intracellular domain and the heterotrimeric G-protein subunit Gas. This interaction
is thought to stimulate adenylate cyclase (AC), leading to an increase in cyclic adenosine
monophosphate (CAMP) levels and ultimately resulting in PKA activation and enhanced
phosphorylation of the respective substrates. Importantly, the activation of this signaling
pathway increases upon accumulation of CTFs or of a membrane-tethered form of AICD
(Deyts et al., 2012). Thus, we can hypothesize that the increased processing of APP

upon aging can trigger PKA-phosphorylation of GIuN2B, consequently increasing
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GIuN2B-NMDAR relative currents (Figure 4.2). If that is the case, the APP-NMDAR
interaction might help to maintain GIluN2B-NMDARs as part of a complex, so that it is
coupled to kinases/phosphatases that regulate their properties, such as PKA (Sanderson
& Dell’Acqua, 2011). Interestingly, previous studies showed that the full-length APP
interacts with Ga,, whereas the CTFs interact with Gas, leading to the hypothesis that
APP processing could induce a switching in G protein signaling (Copenhaver & Kdgel,
2017).

APP B/a - secretase
B cleavage

N

CTFs

GluN2B-
NMDAR
currents

Figure 4.2 — Putative regulation mechanism, in which APP C-terminal fragments might
contribute to increased PKA activation, inducing GIuN2B phosphorylation. Figure
adapted from (Deyts et al., 2012, Copenhaver & Kdgel, 2017). AC - adenylate cyclase,
PKA — Protein kinase A.

Another potential mechanism by which APP fragments could lead to excessive GIUN2B-
NMDAR functional contribution involves AICD transcriptional actions. Our group has
previously shown that the viral-induced overexpression or exogenous delivery of this
peptide (2h incubation in hippocampal slices) increases GIUN2B-NMDAR synaptic
contribution in adult synapses (Pousinha et al., 2017). In case there is an increase in
AICD signaling upon aging, the strategies used in this work — interfering with the APP C-
terminal and inhibiting BACE1 — would have an inhibitory effect on AICD signaling. In
fact, the PTB2 domain of Fe65 is known to bind to AICD (Radzimanowski et al., 2008)
and is essential for its transcriptional roles (Cao & Sudhof, 2001). Moreover, the
biologically active form of AICD mainly derives from the amyloidogenic pathway, thus it
is likely that the BACEL inhibitor treatment would have an inhibitory effect on AICD
signaling (Edbauer et al., 2002, Goodger et al., 2009). Since AICD has a transcriptional
role (Cao & Sudhof, 2001), it is possible that this peptide might up/down regulate
kinases/phosphatases (e.g. PKA) or other proteins that influence GIuUN2B-NMDAR
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properties, without affecting the subunit levels. Our results using a TAT-AICD peptide
incubation in primary neuronal cultures are in accordance with this hypothesis since we
were not able to detect alterations in GRIN2B mRNA levels upon treatment
(Supplementary Figure 3.2). Nevertheless, a previous study by our group has shown
that AICD viral delivery in adult rats induces GIuN2B upregulation (Pousinha et al., 2017),
suggesting that short/prolonged AICD incubation/overexpression might cause different

responses.

Thus, we can hypothesize that the PTB2-p incubation in hippocampal slices leads to the
down/upregulation of AICD transcriptional targets that regulate GIuN2B-NMDAR
properties. However, considering the short time of PTB2-p incubation (3h), this
hypothesis would only be conceivable if the target genes encode for proteins with a very
fast turnover (from synthesis to degradation). Moreover, the fact that we observed a
reduction in GIuN2B-NMDAR contribution specifically in the case of PTB2-p, but not for
PTB1-p also requires further clarification. In fact, the AICD-transcriptional action is
thought to require the formation of AICD-Fe65-Tip60 complexes, in which the PTB2
domain is essential for Fe65-AICD binding and the PTB1 domain mediates the Fe65-
Tip60 interaction (Feilen et al., 2017), as illustrated in Figure 4.3. Thus, both PTB2-p
and PTB1-p were expected to interfere with AICD transcriptional action. Future studies
focused on inhibiting AICD nuclear activity (as in (Branca et al., 2014)) might be

important to address this question.

Taking all of this into account, our findings suggest that signaling by the APP intracellular
domain contributes to increased GIuN2B-NMDAR synaptic contribution in aged mice.
Further studies will be important to dissect the roles of APP, CTFs and AICD and their
impact in NMDARSs upon aging.
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Figure 4.3 — Schematic representation of the transcriptional effects of AICD-Fe65-
Tip60 complexes. Upon B and y- secretase cleavage of APP, AICD forms complexes
with Fe65 (interaction through the PTB2 domain), which translocate to the nucleus,
interacting with Tip60 (interaction through the PTB1 domain). The AICD-Fe65-Tip60
complex has transcriptional effects, potentially up/down regulating kinases/phosphatase
that alter GIuUN2B-NMDAR relative currents. Figure adapted from (Feilen et al., 2017).

Importantly, our results suggest that the mechanisms observed in mice can also occur
in humans. Accordingly, we proved that the APP-NMDAR interaction occurs in brain
samples from adult and aged human subjects (Figure 3.20 a). Similarly to mice, we
observed no age-related alterations in GIUN2B synaptic levels upon aging (Figure 3.20
¢). Future studies, such as performing electrophysiological recordings in aged human
brains (using nonpathological temporal cortical tissue resected during neurosurgical
procedures, as in (Pegasiou et al., 2020)) will be essential to elucidate if the GIUN2B
relative contribution is altered in humans, similarly to what we observed in mice.
Interestingly, we found an age-related decrease in human APP levels in prefrontal cortex,
which was not observed in hippocampal samples from aged mice. Additional studies will
be important to understand if this alteration is dependent on the species (mouse vs

human) or on the brain region (hippocampus vs prefrontal cortex).

The tendency for more APP being processed (Figure 3.21) was observed both in
humans and mice upon aging. Overall, this could disrupt the balance between signaling
pathways mediated by the APP full-length and by the APP-intracellular fragments,

potentially contributing to GIUN2B-NMDAR excessive currents.
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The age-related increase in GIuUN2B-NMDAR contribution, accompanied by slower
NMDAR deactivation kinetics, can have great consequences at the synapse, such as
favoring Ca?* overload and potentially causing alterations in synaptic plasticity
mechanisms (Yashiro & Philpot, 2008, Temido-Ferreira et al., 2020, Pinho et al., 2017).
Thus, we can speculate that this alteration in NMDAR properties could contribute to
synaptic dysregulation and memory impairments observed upon aging. To test this
model, additional studies will be important to distinguish age-impaired from non-impaired
mice, based on their behavioral performance in memory tests (as in (Temido-Ferreira et

al., 2020)), and determine if there is a correlation with GIuN2B-NMDAR relative currents.

Importantly, our results could help to clarify an apparent paradox in the field: although
total NMDAR levels tend to decline in physiological aging, as reported in this study
(Figure 3.12 c¢) and others (Magnusson et al., 2002, Zhao et al., 2009), NMDAR
antagonists such as memantine have shown beneficial effects in aged-impaired rodents
(Pieté Dias et al., 2007, Beracochea et al., 2008). We can speculate that the increased
GIuN2B-NMDAR contribution might start as a compensatory mechanism in response to
GIuN2B downregulation (Pinho et al., 2017), but might become pathological after a
certain time. The fact that memantine has shown beneficial effects in age-impaired
rodents and human AD patients (Reisberg et al., 2003) also support a common
pathological mechanism associated with GIuN2B-NMDAR excessive currents.
Considering that Alzheimer's Disease is characterized by the accumulation of APP
amyloidogenic fragments (Hardy & Higgins, 1992, Ghosal et al., 2009, Ferrer-Raventés
et al., 2023), we can speculate that this mechanism might become exacerbated in the

disease context.
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4.2 Future perspectives

This work shows that APP regulates NMDARSs in an age-dependent manner, opening
the way to new questions: Is the APP-NMDAR regulation important for synapse
maturation? Can we avoid age-associated synaptic/memory impairments by interfering
with the APP-NMDAR regulation?

To address these questions, firstly we would have to validate different methods to disrupt
the APP-NMDAR regulation mechanisms. One possibility would be to explore in further
detail the potential of PTB2-p as an interfering peptide. Besides confirming its ability to
disrupt the APP intracellular signaling and the APP-NMDAR interaction, we should also
study the impact on non-specific targets and identify potential adverse effects.
Additionally, the most appropriate in vivo/in vitro treatment protocol should be
established, based on other studies using cell penetrating peptides (Plattner et al., 2014,
Stanic et al., 2015). Alternatively, other interfering peptides could be selected based on
peptide microarray microchips, as described previously (X. Gao et al., 2004, Plattner et
al., 2014). Another possibility would be to use the YG/YG mouse model, since these
mice exhibit a point mutation in the putative APP binding site (32YENPTY®%8” motif), thus
we could test whether the NMDAR-APP interaction and APP intracellular signaling are

impaired in this model (Barbagallo et al., 2010).

Assuming these models proved to be suitable, we could use them to explore the impact
of APP-NMDAR regulation in the synaptic maturation process. The results obtained in
immature synapses suggest that APP could stabilize NMDARs in newly formed
synapses, potentially contributing for the maturation process. Using primary neuronal
cultures, we could follow this process (from 7 to 21DIV), by identifying APP, GIuN2B,
GIuN2A and PSD-positive spines using super-resolution imaging (Hruska et al., 2022).
If our hypothesis is correct, nascent synapses will be APP and GIuN2B-positive, whereas
GIuN2A/PSD-95 would be recruited only upon maturation. This process would become
impaired in conditions in which the APP-NMDAR interaction is perturbed, such as upon
PTB2-p treatment or in neuronal cultures from YG/YG mice (Barbagallo et al., 2010). To
investigate if this occurs due to a decrease in NMDAR anchoring at the synapse, we
could follow the trajectory of these receptors using quantum-dot tracking, as described
in (Groc et al., 2006). If our hypothesis is correct, inhibiting the APP-NMDAR interaction
would reduce NMDAR synaptic stabilization, leading to lower retention times at the

synapse.

To investigate the impact of APP-NMDAR regulation in synaptic maturation in vivo, we

could use a commonly used method to study GIuUN2B to GIuN2A switch in response to
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activity. This mechanism has been very well characterized in the visual cortex, being
prevented by rearing animals in the dark (Carmignoto & Vicini, 1992) and rapidly induced
when exposing animals to light (Philpot et al., 2001). We could use this experimental
paradigm to test if APP-NMDAR interaction is essential for synaptic maturation and the
GIuN2B-GIluN2A shift in the visual cortex. By treating infant mice with PTB2-p or using
infant YG/YG mice, we could compare the extent of synaptic maturation by calculating
the GIUN2B/A synaptic ratio before and after light exposure. At the same time, we could
correlate these alterations with spine maturation by two-photon microscopy imaging (as
in (Isshiki et al., 2014)).

Considering the results obtained in aged mice, it would be interesting to elucidate if the
increased GIuUN2B relative currents correlate with an increase in phosphorylation
(namely by PKA at the Ser1166) (Murphy et al., 2014). We could start by measuring the
levels of phosphorylated GIUN2B on residue Ser1166 in aged mice and aged primary
neuronal cultures (as in (Burrinha et al., 2021)). If we detect an increase in
phosphorylation, we could test the impact of PKA inhibitors validated in previous studies
(Murphy et al., 2014), in an attempt to normalize GIuN2B phosphorylation levels.
Additionally, other phosphorylation sites might be explored using phosphoenrichment-
coupled mass spectrometry analysis, as described previously (Gomez de Salazar et al.,
2018).

Moreover, it would be important to assess whether APP processing regulates GIuN2B-
NMDAR phosphorylation state and mediated currents. Using aged primary neuronal
cultures (as in (Burrinha et al., 2021)), we could manipulate APP processing and
evaluate the impact on GIuN2B phosphorylation and relative contribution to NMDAR
EPSCs. Different conditions could be tested, such as expressing cleavage deficient
forms of APP (as described in (Stahl et al., 2014)) and inhibiting B/a- secretase. To better
elucidate the role of B-secretase cleavage, we could also measure the same parameters
in neuronal cultures when expressing APP with mutations that favor the B-secretase
cleavage (e.g. Swedish mutation, described in cases of familiar AD, (Mullan et al.,
1992)). In contrast, the protective Icelandic mutation, which leads to a reduction in B-
secretase APP processing (Jonsson et al., 2012), is expected to cause the opposite

effect.

Finally, it would be important to investigate whether the increased GIuN2B-NMDAR
relative currents are associated with synaptic plasticity deficits (such as the LTD to LTP
shift) and memory impairments in aged mice, which have been previously studied in our

group (Temido-Ferreira et al., 2020). This would be essential to understand if GIUN2B-
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NMDAR excessive currents have a positive or negative impact during physiological
aging.

In case they show a positive correlation with age-related synaptic and memory
impairments, we could explore in further detail potential strategies for the normalization
of GIUN2B-NMDAR contribution. Since BACEL inhibition is associated with adverse
effects (Wessels et al., 2020), inhibiting the excessive GIuUN2B-NMDAR currents using
memantine would be a preferential strategy. Another possibility would be to block the
APP intracellular signaling using an interfering peptide such as the PTB2-p. Thus, it
would be interesting to investigate the impact of treating aged mice with PTB2-p in vivo,
both in terms of GIUN2B-NMDAR relative currents, synaptic plasticity mechanisms and

memory performance.

Finally, we could investigate if this age-related alteration in GIuN2B-NMDAR relative
currents also occurs in humans. For that purpose, we could measure NMDAR EPSCs
by Patch-Clamp electrophysiology (as in (Pegasiou et al., 2020)) using human brain
slices from subjects with different ages. Additionally, our group is currently generating
induced human neurons (iNs) by direct conversion of fibroblasts. This might be a suitable
model to measure NMDAR EPSCs in future studies, specially considering that iNs retain

important aging-related signatures (Mertens et al., 2015).
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4.3 Graphical Abstracts

In the context of this work, | have prepared two graphical abstracts with analogies to
illustrate the putative mechanism of NMDAR stabilization by APP (Figure 4.4) and the

possible impact in the synaptic maturation process (Figure 4.5).

Receptors on their way to the synapse

Dysfunctional synapse = Receptors lose their anchor

P

NMDA receptors Interactor Synaptic
(APP) anchoring

Figure 4.4 — Hypothetical model of NMDAR synaptic anchoring by APP

NMDA receptors (here represented as boats) are mobile, moving in and out of the synapses. Thus, the
retention of NMDARs at the synapse depends on their interaction with other proteins. The amyloid precursor
protein (APP) (here represented as a dock) is able to interact with NMDARS, potentially anchoring them at
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the synapse. Thus, in conditions of APP silencing or when the APP-NMDAR interaction is disturbed, the

receptors might lose their anchor, causing a decrease in NMDAR synaptic levels.
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Figure 4.5 - Hypothetical model of APP-GIuN2B NMDAR regulation in immature

synapses and its potential impact in the synaptic maturation process

The formation and maturation of glutamatergic synapses occurs as a gradual construction process, in which
synaptic adhesion molecules (SAMs), such as APP, but also NMDA receptors (NMDARS) play key roles.
When there is an initial contact between an axon and a dendrite, SAMs interact with each other and stabilize
the new synaptic site. Then, they act as ‘constructors’, by recruiting pre and postsynaptic components. One
of the early events at the post-synapse is the insertion of ‘immature’ glutamate receptors: NMDARs with
GIuN2B subunits, which are considered to be the ‘first building blocks’. By interacting with SAMs, GIuN2B-
NMDARSs are stabilized at the synapse. Therefore, when there is an increase in glutamate release, GIuN2B-
NMDARs are activated, transmitting a signal to 'conclude construction'. Consequently, ‘mature’ glutamate
receptors (GIuUN2A-NMDARs and AMPA receptors) are recruited to the post-synapse and act as the ‘final

building blocks’ necessary for functional synaptic transmission.
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Abstract

N-methyl-D-aspartate receptors (NMDARs) are critical for the maturation and
plasticity of glutamatergic synapses. In the hippocampus, NMDARs mainly contain
GIuN2A and/or GIuN2B regulatory subunits. The amyloid precursor protein (APP) has
emerged as a putative regulator of NMDARSs, but the impact of this interaction to
their function is largely unknown. By combining patch-clamp electrophysiology and
molecular approaches, we unravel a dual mechanism by which APP controls GIuN2B-
NMDARs, depending on the life stage. We show that APP is highly abundant specifi-
cally at the postnatal postsynapse. It interacts with GluN2B-NMDARs, controlling its
synaptic content and mediated currents, both in infant mice and primary neuronal
cultures. Upon aging, the APP amyloidogenic-derived C-terminal fragments, rather
than APP full-length, contribute to aberrant GluN2B-NMDAR currents. Accordingly,
we found that the APP processing is increased upon aging, both in mice and human
brain. Interfering with stability or production of the APP intracellular domain normal-
ized the GIuUN2B-NMDARs currents. While the first mechanism might be essential for
synaptic maturation during development, the latter could contribute to age-related

synaptic impairments.

WILEY

Abbreviations: 3xTg-AD, triple transgenic mouse model of Alzheimer's disease; AD, Alzheimer's disease; AICD, APP intracellular domain; APLP1, amyloid precursor-like protein 1;
APLP2, amyloid precursor-like protein 2; APP, Amyloid precursor protein; APPswe, amyloid precursor protein with Swedish mutation; Aslow, amplitude of the slow component;

AB, amyloid beta; BACE1, p-secretase 1; Bl, p-secretase 1 inhibitor; Ca2+, Calcium; CTFs, APP C-terminal fragments; CTFa, APP C-terminal fragment o; CTFB, APP C-terminal fragment
f; cTKO, triple conditional knockout; DIV, days in vitro; EPSCs, excitatory postsynaptic currents; fEPSPs, field excitatory postsynaptic potentials; Ifen, ifenprodil; IPTG, Isopropyl
B-D-1-thiogalactopyranoside; LTD, long-term depression; LTP, long-term potentiation; MAPT, microtubule-associated protein tau; NMDAR, N-methyl-D-aspartate receptors;

NS1, nonsilencing sequence; pGIuN2B, phosphorylated GIuN2B; PSD, postsynaptic density; PSD-95, Postsynaptic density protein 95; PSEN1, presenilin-1; PTB1-p, PTB1 peptide;
PTB2-p, PTB2 peptide; PVDF, polyvinylidene fluoride; ROI, region of interest; RT, room temperature; sAPPq, secreted APP «; SAPP, secreted APP B; SEM, standard error of the mean;
shAPP, short-hairpin RNA against APP; shCTR, control short-hairpin RNA; shRNA, short-hairpin RNA; tweighted, weighted component.
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1 | INTRODUCTION

The activation of N-methyl-D-aspartate receptors (NMDARs) at glu-
tamatergic synapses results in calcium influx into neurons, activat-
ing downstream signaling pathways (Hardingham et al., 1999). Due
to their voltage-dependent block by magnesium, NMDARs act as
coincidence detectors for pre- and postsynaptic activity since re-
ceptor activation requires glutamate release and strong membrane
depolarization (Nowak et al., 1984). This process is critical for the
formation, maturation, maintenance, and plasticity of glutamatergic
synapses, thereby contributing to development, learning, and mem-
ory processes (Gambrill & Barria, 2011; Morris et al., 1986). At the
same time, NMDAR dysfunction is associated with several patholog-
ical conditions, including neurodevelopmental disorders (Burnashev
& Szepetowski, 2015) and aged-related neurodegenerative diseases
such as Alzheimer's disease (AD; Zhou & Sheng, 2013).

One of the main factors that determine NMDAR properties is
their subunit composition. N-methyl-D-aspartate receptors are
heterotetramers composed of two obligatory GluN1 subunits and
two GIuN2 (A-D) or GIuN3 (A and B) subunits (Paoletti et al., 2013).
In the hippocampus and cortex, NMDARs mainly contain GIuN2A
and/or GIuN2B regulatory subunits (Monyer et al., 1994). GIuN2B-
NMDARs differ from the GIuN2A subtype due to their slower deac-
tivation kinetics, higher Ca** charge per unit of current, and specific
intracellular interactors (Paoletti et al., 2013). Therefore, the synap-
tic GIuUN2B/GIuN2A ratio determines the consequences of NMDAR
activation, including total calcium influx and downstream signaling.
This ratio is not static, changing not only in response to neuronal
activity and sensory experience during postnatal development, but
also in adult synapses (Paoletti et al., 2013).

During development, glutamatergic synaptic transmission in na-
scent synapses is mainly mediated by GIuN2B-NMDARs (Bellone
& Nicoll, 2007). When there is strong or synchronous neuro-
nal activity, resulting in enough calcium entry through GIuN2B-
NMDARs (Adesnik et al., 2008), synapses undergo maturation,
leading to alterations in the composition of postsynaptic receptors,
namely a shift from a predominance of GIuN2B to GluN2A-NMDARs
(Williams et al., 1993; Bar-Shira et al., 2015). Upon adulthood,
both NMDAR subtypes contribute for normal calcium signaling
(Sobczyk et al., 2005), synaptic plasticity (Massey et al., 2004),
and memory formation (von Engelhardt et al., 2008; Bannerman
et al,, 2008). However, these NMDAR-dependent processes be-
come dysregulated upon aging, resulting in elevated postsynap-
tic calcium levels (Thibault et al.,, 2001), alterations in long-term

potentiation/depression (LTP/LTD; Burke & Barnes, 2006; Temido-
Ferreira et al., 2020) and memory deficits (Tombaugh et al., 2002).
Based on this, NMDAR gain of function has emerged as a possible
explanation for age-related synaptic impairments (Kumar, 2015).
Accordingly, GIuN2B present higher retention at aged synapses (al
Abed et al., 2020; Zamzow et al., 2013) and an inverse correlation
with memory performance (Zhao et al., 2009). Moreover, GIuN2B-
NMDAR overactivation and consequent excessive calcium influx are
known to contribute to age-associated neurodegenerative disorders
(Ferreira et al., 2017; Hanson et al., 2015). This hypothesis is coun-
terintuitive, as the GIuN2B subunit is thought to be the most af-
fected by aging (Magnusson, 2012), showing a decline in expression
levels (Magnusson, 2012; Zhao et al., 2009). Further knowledge by
electrophysiological examination of functional changes in GIuUN2B-
NMDARs during the aging process may be the key to understand
aging cognitive disabilities.

The amyloid precursor protein (APP) has emerged as a putative
NMDAR regulator, since it interacts with NMDARs in rodent brain
lysates and in primary neuronal cultures (Cousins et al., 2009; Hoe
et al., 2009). Also, we previously showed that in utero silencing of
APP causes the loss of GIUN2B synaptic contribution in infant mice
(Pousinha et al., 2017). Studying the role of APP is not only chal-
lenging considering the functional redundancy with members of the
same protein family, but also given the multiple APP fragments, gen-
erated by secretase cleavage, with specific cellular functions (Muller
et al., 2017). The APP family is composed of three highly conserved
transmembrane glycoproteins, the APP and amyloid precursor-like
proteins 1 and 2 (APLP1 and APLP2), with overlapping functions
(Mller & Zheng, 2012). Amyloid precursor protein undergoes extra-
cellular cleavage mainly by a- or p-secretase (nonamyloidogenic or
amyloidogenic pathway, respectively), resulting in the formation of
large N-terminal extracellular fragments of secreted APP (sAPPa or
sAPPB, respectively) and smaller membrane-bound C-terminal frag-
ments (Miller et al., 2017). Subsequently, the C-terminal fragments
are subjected to an intramembranous scission by the y-secretase
complex (Wolfe et al., 1999) to generate the APP intracellular domain
(AICD), which can be stabilized through its interaction to the PTB2
domain of Fe6é5 (Borg et al., 1996; Kimberly et al., 2001). The same
cleavage step simultaneously releases p3 (after a-secretase cleavage)
or the AD-related amyloid-p peptide (A, after f-secretase cleavage).
Therefore, APP has been mostly studied in the context of AD, while
far less is known about its physiological role throughout life. Amyloid
precursor protein levels reach their peak during brain development
(Kirazov et al., 2001), when it has been suggested to participate in
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synaptogenesis and clustering of synaptic proteins, as revealed by in
vitro overexpression/knockdown studies (Baumkotter et al., 2012).
Later in life, a role for APP in synaptic plasticity has been proposed,
considering the impairments in LTP and cognitive behavioral perfor-
mance observed in aged APP-knockout animals (>10 months), but
not in earlier stages (2-4 months; Dawson et al., 1999).

We now explored the mechanism by which APP regulates
NMDAR synaptic transmission at different life stages. Combining
electrophysiological outputs and molecular approaches, we found
a dual mechanism by which APP controls GIuN2B-NMDARs. We
identified the APP full-length protein as a new regulator of gluta-
matergic transmission in immature synapses, by controlling GIuN2B
synaptic content and mediated currents during development. In
addition, we gathered strong evidence showing that AICD gener-
ated by the amyloidogenic pathway modifies NMDAR transmission,
favoring the GIuUN2B synaptic contribution at later life stages. Our
work highlights the importance of keeping APP processing under
tight control, to ensure the normal functioning of glutamatergic syn-
apses, being particularly relevant to understand age-related synaptic

impairments and AD.

2 | RESULTS

2.1 | GIuN2B-NMDAR synaptic contribution is
increased in infant and aged mice

We recorded pharmacologically isolated NMDAR excitatory post-
synaptic currents (EPSCs) in CA1 pyramidal cells in the hippocampus,
evoked by electrical stimulation of Schaffer collaterals (Figure 1a)
in C57BL/6 mice at different ages: infant (7-10days), adult (10-
16 weeks), and aged (18-20months). To investigate whether age-
mediated alterations of NMDAR currents were due to modifications
of NMDAR subunit composition, we measured the time constant for
the weighted component (rweighted) of NMDAR EPSC deactivation
kinetics. We found that NMDAR EPSC deactivation kinetics are age-
dependent, since the Tyeighted WaSs higher in infant (156.2 ms +4.20)
and aged mice (177.0 ms+12.66), compared with the reference
group of adults (126.3 ms+9.11; Figure 1b,c). We also found an in-

crease in the relative amplitude of the slow component (A_ ) for

slow
infant and aged mice (Figure S1a).

Since GIuN1/GIuN2B heterodimers display slower deactivation
kinetics than GIuN1/GIuN2A heteromers (Paoletti et al., 2013), this
suggests that the GIuN2B contribution to NMDAR EPSCs is higher
at infant and aged life stages, when compared to adults. To test this
hypothesis, we evaluated the effect of the selective GIuN2B inhibi-
tor, ifenprodil (5 pM), on NMDAR EPSCs. We found that the contri-
bution of GIuN2B to NMDAR EPSCs is of 50.88% +5.58 in infants,
decreased to 14.20% +4.32 in adults, and increased to 33.11% + 6.72
in aged mice, as depicted in Figure 1d-f.

We then correlated these effects with the GIuUN2B/GIuN2A
ratio measured in the postsynaptic density (PSD-enriched fractions;
Figure 1g). The synaptic ratio of GluN2B/GIuN2A was approximately

Aging B -wiLey->2

four times higher in infant mice, than in adult and aged mice

(Figure 1k), correlating with the increase in GIuN2B synaptic con-
tribution. A similar pattern was observed both in whole lysates
(Figure 1f-i) and in PSD-95 immunoprecipitates (Figure 1j-m). The
increase in GIUN2B/A ratio in infants possibly reflects the lower ex-
pression levels of GIUN2A at this age, while GIuUN2B synaptic levels
reach their peak at this stage (Figure 1h-j; Figure S1b,c,f-m).

We also found that the levels of GIuUN2B phosphorylation
(pGIuN2B) at the Y1472 residue, known to enhance GIuN2B-PSD95
binding (Rong et al., 2001), are reduced in infant mice and more
stable in adult/aged stages (Figure 1d,e). When analyzing human
postmortem tissue at different ages (21-89years old), we found a
tendency for an inverse correlation of total GIuN2B levels with aging
(Figure 1n,0).

These data demonstrate that NMDARs contribute to synaptic
transmission in an age-dependent manner, whereby GIuN2B contri-
bution is higher in both infant and aged synapses.

2.2 | APP interacts and regulates GIluN2B-
NMDARs at immature synapses

There are several mechanisms and protein interactors able to regu-
late NMDAR synaptic transmission and GIuN2B/A contribution. The
APP has emerged as a potential candidate, following reports by our
group and others that APP interacts, and regulates NMDAR surface
levels and currents (Cousins et al., 2009; Hoe et al., 2009; Pousinha
etal., 2017).

We detected APP in PSD-enriched fractions at all ages and
observed a fivefold increase in infants compared with adults,
whereas the APP postsynaptic levels remain low in aged synapses
(Figure 2a,b; Figure S2a).

In addition, NMDARSs co-immunoprecipitated with APP in whole
lysates (Figure S2b), and isolated synaptosomes (Figure 2c) from
infant, adult, and aged mice. This interaction is established with
GIuN2B over GIuN2A during postnatal development, and occurs
with both GIuN2A and GIuN2B in adult and aged animals (Figure 2c;
Figure S2b-f). More importantly, this interaction was detected in
human postmortem brain tissue (Figure 2d).

We previously reported that the loss of GIuUN2B synaptic con-
tribution following in utero silencing of APP could be reverted by
delivering the AICD peptide to the neurons (Pousinha et al., 2017),
thus suggesting that APP—NMDR interaction occurs through AICD.
We therefore interfered with APP—NMDAR interaction while re-
cording NMDAR EPSCs, by introducing an APP C-terminal antibody
(clone Y188, 2.5 nM) in the recording pipette (Figure 2e). We ob-
served a reduction of 21.11+4.47% in NMDAR EPSCs in infant mice,
compared with the control condition (boiled Y188 antibody; as illus-
trated in Figure 2e-g), not amplified by increasing the Y188 antibody
concentration to 5 nM (Figure S2g). This effect was not modified by
preventing the APP processing through the oral administration of a
B-secretase 1 (BACE 1; BI) inhibitor 12 h prior to patch-clamp record-
ings (LY2811376; 100 mg/kg; Figure 2g; Figure S2h).
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FIGURE 1 GIuN2B-N-methyl-D-aspartate receptor (NMDAR) synaptic contribution is increased in infant and aged mice. (a) Schematic
diagram showing the locations of stimulating and recording electrodes in the hippocampus and in a CA1 pyramidal neuron for whole-cell
patch-clamp experiments. (b) Comparison of representative whole-cell patch-clamp recordings of pharmacologically isolated NMDAR EPSCs,
normalized to the peak amplitude (in %), from infant (7-10days), adult (10-16 weeks), and aged (18-20 months) C57BL/6 wild-type mice,
illustrating differences in deactivation kinetics. (c) The weighted time constant (tweighted) was calculated using the relative contribution

of both slow/fast components of NMDAR EPSCs and reflects the overall deactivation kinetics. Results are expressed as the mean+SEM
(Kruskal-Wallis, p = 0.004, Kruskal-Wallis statistic = 11.02, followed by uncorrected Dunn's multiple comparisons test, **p <0.01, n = 28-44).
(d) Time course of ifenprodil (5 pM) effect on pharmacologically isolated NMDAR EPSC amplitude in CA1 pyramidal neurons, measured by
whole-cell patch clamp in infant, adult, and aged C57BL/6 wild-type mice. Results are expressed as the mean+SEM (n = 9-12). (e) Traces
show NMDAR EPSCs recorded before (CTR) and after 30 min of Ifenprodil 5 pM perfusion (Ifen). (f) GIJuN2B contribution was calculated as
the percentage of change in NMDAR EPSC amplitude after 30 min of ifenprodil perfusion. Results are expressed as the mean +SEM (One-
way ANOVA, p = 0.0002, F(2, 28) = 11.37, followed by uncorrected Fisher's LSD's multiple comparisons test, *p <0.05, ****p <0.0001,

n = 9-12). (g) Schematic representation and immunoblotting analysis of postsynaptic density (PSD)-enriched fractions from the hippocampal
tissue of adult C57BL/6 wild-type mice. Membranes were immunoblotted with antibodies for GIuN2B, PSD-95, and synaptophysin. PSD
fractions are enriched in PSD-95, whereas non-PSD fractions contain high levels of synaptophysin. (h) Representative Western blot of
hippocampal lysates subjected to biochemical fractionation to obtain PSD-enriched fractions from infant, adult, and aged C57BL/6 mice.
Membranes were immunoblotted with antibodies for GIuUN2A, GIuN2B, and PSD-95. (i, j) Results from PSD-enriched fractions blots as
shown in h) were normalized with PSD-95 and are expressed as the mean + SEM relative to the adult group. (i) One-way ANOVA, p = 0.5735,
F(2,12) = 0.5825, n = 5). (j) One-way ANOVA (p = 0.014, F(2, 12) = 6.224), followed by Uncorrected Fisher's LSD's multiple comparisons
test, *p <0.05, **p <0.01, n = 5). (k) Results show the GIuN2B/GIuN2A in PSD-enriched fractions blots as shown in h) and are expressed

as the mean + SEM relative to the adult group (Kruskal-Wallis, p = 0.0024, Kruskal-Wallis statistic = 9.42, followed by Uncorrected Dunn's
multiple comparisons test, *p <0.05, **p <0.01, n = 5). The full statistical analysis and Western Blot membranes are provided in the

Supporting Information.

To test whether this response is mediated by GIuN2B-NMDARs,
we perfused hippocampal slices with a GIuN2B selective antagonist,
ifenprodil (5 pM), for 30 min at the end of the experiment (60-90 min;
Figure 2h). As shown, the effect of ifenprodil was reduced in neu-
rons previously incubated with the Y188 antibody, when comparing
to the control condition (19.76 + 3.29 vs. 46.82 + 5.16%; Figure 2h-j).
BY contrast, we found no alterations in NMDAR-mediated currents
in adult and aged mice by blocking APP (Figure 2g).

In conclusion, these results show that APP interacts with
GIuN2B at immature synapses, thus regulating their contribution
to NMDAR EPSCs.

2.3 | APP modulates the GluN2B-NMDAR synaptic
content in immature synapses

The reported impact of APP on NMDAR transmission suggested a
role for APP in regulating NMDARs during postnatal development.
To assess the outcomes of APP depletion in immature neurons, we
transfected primary neuronal cultures (7 days in vitro (DIV)) with a
plasmid encoding a short-hairpin RNA (shRNA) sequence against
APP (shAPP) or the respective control (shRNA with no silencing
effect, shCTR). The APP knockdown was efficient, leading to a re-
duction of approximately 80% in APP immunoreactivity, when com-
paring to the control condition, evaluated 7 days post-transfection
(14 DIV; Figure 3a,b).

Amyloid precursor protein-depleted neurons showed a sig-
nificant reduction in the percentage of GIuN2B clusters that co-
localize with PSD-95 (postsynaptic marker; approximately 20%;
Figure 3c,d). The GIuN2B relative dendritic area, average particle
size, and fluorescent density were not altered by APP depletion,

indicating that GIUN2B total levels/area and clustering remained
constant (Figure 3c,e; Figure S3a,b).

Considering the impact of GIuUN2B on synaptic maturation, in
which PSD-95 recruitment is a crucial step (Elias et al., 2008), we
also evaluated whether this process is impaired in APP-depleted
neurons. We found a reduction in PSD-95 dendritic area and aver-
age particle size (Figure 3c,f; Figure S3c), whereas the fluorescence
density was not altered (Figure S3d).

These findings show that APP regulates GIuN2B synaptic

content and PSD-95 clustering in immature neurons.

24 | Age-related increase in p APP processing
contributes to higher GIuN2B synaptic contribution

Since the increase in GIuN2B contribution to NMDAR EPSCs in aged
mice is not correlated with APP postsynaptic levels or APP-NMDAR
interaction, we hypothesized that APP in its full-length form is not
responsible for these alterations. In fact, we had previously reported
that an APP-derived fragment, the AICD, has the ability to regulate
synaptic GIuN2B in CA1 pyramidal neurons (Pousinha et al., 2017).

We thus characterized APP processing throughout time in the
hippocampus of wild-type C57BL/6 mice by detecting APP full-
length (APP), APP C-terminal fragments (CTFs), and AICD. When
compared to adults, aged mice displayed no alterations in the APP
levels (Figure 4a,b), but instead, they exhibited an increase in APP
processing products. Accordingly, the total CTFs levels in relation to
APP, as well as the CTFs absolute values, exhibit an approximately
1.4-fold increase in aged mice (Figure 4a,c; Figure S4a). We found
that the levels of AICD increased with aging, either in relation to APP
or in absolute values (Figure 4a,d; Figure S4b).
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We performed an approximate discrimination of the CTFs derived

from a-secretase cleavage (CTFa, C83, and =9KDa) or f-secretase
processing (CTFB, C99, and =11KDa) based on their molecular
weight and using a triple transgenic mouse (3xTg-AD) as reference,
since this model exhibits a predominant accumulation of CTFf over
the smaller CTFa (Lauritzen et al., 2012; Figure 4a). We found that

the CTF p/aratio increases upon aging (Figure 4a; Figure S4c). A sim-
ilar tendency was observed for CTFp (C99) detected with a specific
antibody, although not reaching statistical significance (Figure 4e,f;
Figure S4d).

To elucidate whether this age-related pattern of APP process-
ing is also observed in the human brain, we prepared lysates from
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FIGURE 2 Amyloid precursor protein (APP) interacts and regulates GIluN2B-N-methyl-D-aspartate receptors (NMDARs) at immature
synapses. (a) Representative Western blot of hippocampal postsynaptic density (PSD)-enriched fractions from infant (7-10days), adult
(10-16 weeks), and aged (18-20 months) wild-type C57BL/6 mice. Membranes were immunoblotted with antibodies for APP and PSD-95.
(b) Results from PSD-enriched fractions blots as shown in a) show APP levels normalized with PSD-95 and are expressed as the mean+SEM
relative to the adult group (Kruskal-Wallis, p = 0.0005, Kruskal-Wallis statistic = 15.37, followed by uncorrected Dunn's test, ***p <0.001,
n = 8). (c) Representative Western blot of synaptosome fractions from the hippocampi of infant, adult, and aged wild-type C57BL/6 mice
immunoprecipitated for APP. Membranes were immunoblotted with antibodies for GIuN2A, GIuN2B, and APP. (d) Representative Western
blot of postmortem brain tissue (prefrontal cortex) from human subjects (adult = 22 and aged = 89 years old) immunoprecipitated for APP.
Membranes were immunoblotted with antibodies for GIuN2B and APP. (e) Time course of NMDAR EPSC amplitude measured by whole-

cell patch clamp in CA1 pyramidal neurons of infant C57BL/6 wild-type mice during 60 min of incubation with an antibody against the APP
C-terminal (Y188). In the control condition, the antibody was heat-inactivated (boiled Y188). Results are expressed as the mean+SEM

(n = 6-10). The schematic diagram shows the strategy used to mask the APP C-terminal domain—the antibody was added to the intracellular
solution in the patch pipette to diffuse into the intracellular space. (f) Traces show NMDAR EPSCs recorded at 20 min (baseline) and 60 min.
The Y188 antibody was inside the patch pipette during the whole course of the experiment (60 min). (g) The percentage of Y188-sensitive
NMDAR EPSCs was determined for infant mice with or without treatment with a BACE1 inhibitor (LY2811376, administration 12h prior to
patch-clamp recordings), adult, and aged C57BL/6 wild-type mice. The effect was calculated comparing the baseline amplitude (20 min) with
the final amplitude (60 min) and normalized with the control condition (boiled Y188) for each age. Results are expressed as the mean+SEM
(One-way ANOVA, p <0.0001, F(3, 40) = 12.65, followed by uncorrected Fisher's LSD's multiple comparisons test, **p <0.01, ***p <0.001,
n = 8-15). (h) Time course of NMDAR EPSC amplitude measured by whole-cell patch clamp in CA1 pyramidal neurons of infant C57BL/6

wild-type mice during 90 min of incubation with the Y188 antibody and perfusion with ifenprodil (5 uM) at 60-20min. In the control
condition, the antibody was heat-inactivated (boiled Y188; n = 1). The schematic diagram shows the strategy used to block APP (Y188
antibody in the patch pipette) and to inhibit GluN2B-NMDAR (ifenprodil perfusion). (i) Traces show NMDAR EPSCs recorded at 20 min
(baseline), 60 min, and 90 min. The Y188 antibody was inside the patch pipette during the whole course of the experiment (90 min), whereas
Ifenprodil perfusion occurred from 60 to 90min. (j) The percentage of ifenprodil-sensitive NMDAR EPSCs in infant mice was calculated
comparing the amplitude at 60 min with the final amplitude (90min). The effect of ifenprodil on NMDAR EPSCs was calculated in neurons
without antibody incubation (No antibody, used as reference), incubated with the Y188 antibody (Y188) or the heat-inactivated antibody
(boiled Y188) for 90 min. Results are expressed as the mean +SEM (one-way ANOVA, p = 0.0019, F(2, 13) = 10.59, followed by uncorrected
Fisher's LSD multiple comparisons test, ***p <0.001, **p <0.01, n = 4-6). The full statistical analysis and Western Blot membranes are

provided in the Supporting Information.

human postmortem brain tissue (prefrontal cortex) of subjects with
different ages (18-81years old; Figure 4g). We found an inverse cor-
relation between age and APP levels (Figure 4g,h), and a positive cor-
relation in the production of CTFs and AICD from APP (Figure 4g,i,).
This is linked to an increase in the absolute levels of AICD, but not
of CTFs (Figure S4e,f) or in the CTF B/« ratio (Figure S4g). We de-
tected a similar pattern of APP levels/processing in samples from
AD patients (n = 4, 65-81years old) compared with aged controls
(65-89 years old; Figure S4h-k), albeit more variable.

To test the hypothesis that APP amyloidogenic-derived frag-
ments are involved in the changes of NMDA function, we treated
aged mice with the BACE 1 (BI) inhibitor (LY2811376; 100mg/kg)
to inhibit APP B-processing (Figure 5a,b). The treated aged mice
displayed a significant decrease in GIuUN2B synaptic contribution
(Figure 5i-k) to a magnitude similar to that of untreated adult mice.
We confirmed that the treatment was effective in reducing the lev-
els of SAPPB in the hippocampus (Figure 5c,f). This was accompanied
by an increase in the sAPPa levels (Figure 5d,g), while the levels of
APP full-length remained unaltered (Figure 5e,h).

We had previously implicated the Y(®2ENPTY®®” sequence
of AICD on the GluN2B-mediated effects in adult mice (Pousinha
et al. 2017). The PTB2 domain of Feé5 (PTB2-p) is known to bind
to the Y®82ENPTY®®” sequence (Feilen et al., 2017), thus interfer-
ing with AICD-Feé5 signaling. In hippocampal slices pre-incubated
with PTB2-p for >3 h (Figure 5a,l), the aged GIuN2B-NMDAR-
mediated currents were rescued to adult-like levels (Figure 5m-o;

Figure S5a,b), whereas the control PTB1 domain [PTB1-p; which
does not bind either APP or AICD (Cao & Sudhof, 2001)] was devoid
of effects, ruling out any nonspecific buffering effects of the PTBs
domain.

We concluded that increased APP processing upon aging might
lead to exacerbated AICD signaling, thus contributing to the aber-
rant NMDAR synaptic currents observed in aged cells.

3 | DISCUSSION

We show that synaptic GIuN2B-NMDARs are regulated by APP
in an age-dependent manner. During postnatal development, APP
interacts with GIuN2B at the synapse and modulates its synaptic
content and evoked currents, possibly having an impact on synaptic
maturation. On the contrary, APP-derived amyloidogenic fragments,
namely AICD, contribute to increased GIuN2B synaptic contribution
upon aging, potentially underlying age-related synaptic impairments.

We found that the APP interaction regulates the GIuN2B-
NMDARs function during development, a life stage when the
GIuN2B subtype predominates, accounting for more than 50% of
NMDAR EPSCs in the CA1 hippocampal region. The electrophys-
iological output reflected the synaptic NMDAR subunit compo-
sition, since infant mice exhibited a high GIuN2B/GIuN2A ratio in
protein levels, according to the previously described NMDAR devel-
opmental switch (GIuN2B to GIuN2A) that occurs during postnatal
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FIGURE 3 Amyloid precursor protein (APP) modulates the GIluN2B-N-methyl-D-aspartate receptor (NMDAR) synaptic content in
immature neurons. (a) Representative immunocytochemistry analysis of APP immunofluorescence in rat primary neuronal cultures (14 days
in vitro (DIV)) transfected with shAPP or the respective control (shCTR) at DIV7, as indicated in the timeline. mCherry (reporter plasmid) is
shown in red, APP is labeled in green and cell nuclei are stained with Hoechst in blue. Transfected neurons are indicated by arrows. Scale
bars represent 20 um. (b) APP immunoreactivity (%) in transfected neurons is expressed as the mean + SEM, using the control condition

as reference (Mann-Whitney test, ****p <0.0001, n = 20-21 cells, three independent cultures). (c) Representative immunocytochemistry
analysis of rat primary neuronal cultures (DIV14) transfected with shAPP or the respective control (shCTR) at DIV7. mCherry (reporter
plasmid), labeled in red, was used to identify dendrites of transfected neurons. GIuN2B is shown in magenta and postsynaptic density
(PSD)-95 is labeled in green. Higher magnification images are shown at the bottom, with arrows indicating GluUN2B/PSD95 co-localization.
Scale bars represent 5 pm. (d and e) Results show GIuN2B synaptic content and GIuN2B total area in dendrites of transfected neurons. The
synaptic content was calculated as the area of GIuN2B-PSD co-localization normalized with the total area of GIuN2B. Results are expressed
as the mean +SEM, using the control condition as reference (%; Mann-Whitney test, *p <0.05, n = 39, three independent cultures).

(f) Results show PSD-95 total area in dendrites of transfected neurons. Results are expressed as the mean +SEM, using the control condition
as reference (%; Unpaired t test, *p <0.05, n = 39, 3 independent cultures). The full statistical analysis is provided in the Supporting

Information.

development (Williams et al., 1993). These data indicate a crucial
role for APP at the postsynapse, in contrast with most of the studies
so far, which focused on APP function at the presynapse (Marquez-
Sterling et al., 1997, Lyckman et al., 1998), given the low APP lev-
els detected in PSD-enriched fractions from the adult brain (Kim
etal., 1995).

We now found that APP subcellular localization is age-dependent,
since we could observe abundant APP at the postsynapse in infant
mice, whereas the levels decline in adulthood and aging, thus sug-
gesting that the role of APP at the synapse shifts with age. Indeed,
we proved that the presence of a monoclonal antibody against the
APP C-terminal affects NMDAR-evoked currents during postnatal
development. Importantly, this experimental strategy allows eluci-
dating the role of APP at the postsynapse without interfering with
the pre-synaptic compartment. The fact that preventing the APP §-
processing did not modify this effect further reinforces the direct
interaction between APP and NMDAR. It is likely that the kinetics of
the action of the antibody is related to an alteration in the synaptic
residency of NMDARs, a dynamic process that occurs within minute
range (Groc et al., 2006), rather than to the turnover of the NMDAR
subunits (half-life of 2-34h; Huh & Wenthold, 1999).

The NMDAR-APP interaction was further investigated in rat hip-
pocampal primary neuronal cultures at immature state (DIV 7-14),
since this model recapitulates the synapse development process
(Grabrucker et al., 2009) and the NMDAR developmental switch
(Corbel et al., 2015), while providing appropriate imaging resolu-
tion to study synaptic proteins. Amyloid precursor protein-depleted
neurons exhibited a decreased GIUN2B synaptic content, thereby
confirming that APP is crucial for NMDAR synaptic levels/activity
in immature synapses. Considering the key role of GIuN2B currents
for synaptic maturation (Gray et al.,, 2011), we hypothesize that
APP-NMDAR regulation is essential to achieve functional mature
synapses. N-methyl-D-aspartate receptor activity has been associ-
ated with PSD-95 recruitment to new synapses (de Roo et al., 2008).
This is consistent with our observations in APP-depleted neurons,
in which the decreased GIUN2B synaptic content is accompanied
by a reduction in PSD-95 dendritic area and cluster size. However,
we cannot discard the possibility that APP could directly regulate

PSD-95 area and average particle size. In that case, the decline in
GIuN2B synaptic content might occur as an indirect response. The
results obtained upon APP C-terminal disruption in infant mice show
that it is possible to rapidly interfere with APP-NMDAR regulation,
favoring the hypothesis of NMDAR synaptic stabilization rather than
a structural role in PSD-95.

These data might seem contradictory with the observation that
the APP KO model only presents synaptic deficits after 10 months of
age (Dawson et al., 1999). This may result from the functional redun-
dancy of APP and APP-like proteins (APLP1 and ALPL2). In accor-
dance, constitutive triple knockout mice (TKO) die after birth (Heber
et al., 2000), whereas Nex-Cre cTKO (conditional triple KO in ex-
citatory forebrain neurons starting during embryonic development)
present gross brain morphology alterations (Steubler et al., 2021),
showing a crucial role for APP family members during development.
Our combination of in vitro silencing and acute interference of the
APP C-terminal domain ex vivo overcome a possible compensation
by APP family members, while allowing to study APP specifically
during postnatal developmental stages.

Considering that the antibody against the APP C-terminal had a
significant effect on NMDAR-mediated currents in infant mice, this
seems to be the domain responsible for interacting and regulating
NMDARSs at this stage. In particular, the YENPTY motif is highly con-
served in APP family members and different species (Shariati & de
Strooper, 2013) and known to interact with several proteins, such
as Fe65 (van der Kant & Goldstein, 2015), possibly acting, directly
or indirectly, as the interacting site for NMDARs. We had previ-
ously shown that neurons expressing a mutated form of AICD in the
YENPTY motif lose their ability to modulate NMDA currents in the
adult rat (Pousinha et al., 2017). Accordingly, mouse models in which
the APP C-terminal domain is mutated (Matrone et al., 2012) or de-
pleted (APPdCT15 knockin mice/APLP2 KO; Klevanski et al., 2015)
show high postnatal lethality, impairments in synaptic plasticity, and
memory in adult stages, which might be explained by NMDAR dys-
regulation, although this hypothesis has not been explored so far.

We could not affect NMDAR EPSCs in adult/aged animals
when interfering with the APP C-terminal domain in a 60min
time window. Considering the technical approach we used, it is
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possible that the accessibility of the APP C-terminal epitope at

the postsynapse might be precluded in adult stages, due to the
extensive alterations that occur in PSD structure and composi-
tion after postnatal development (Gonzalez-Lozano et al., 2016).
However, we can also postulate that the APP regulation of
NMDARs has indeed a higher impact during development, which
is consistent with the marked decline of postsynaptic APP lev-
els observed in adult stages. Moreover, it is possible that the
APP-NMDAR regulation mainly occurs through GIuN2B, whose
synaptic contribution declines after development. Our observa-
tion of a reduced effect of ifenprodil on the neurons from in-
fant mice exposed to the APP C-terminal antibody indicates that

()

@ Infant Adult Aged 3xTg

GluN2B-NMDARs are highly affected by disruption of APP C-
terminal. Since APP interacts with both GIuN2B and GIuN2A in
adult stages, it is extremely difficult to determine whether there
is a subunit preferential binding, especially considering that tri-
heteromeric complexes (GIuN1/GIuN2A/GIuN2B) also exist in
the hippocampus (Rauner & Koéhr, 2011). Given the increased
association of PSD-95 with NMDARs in mature synapses (Elias
et al., 2008), we can postulate that the NMDAR synaptic clus-
tering becomes APP-independent upon adulthood. However, the
fact that the Camk2a-Cre cTKO mouse model (triple conditional
knockout for APP family members in excitatory forebrain neu-
rons starting at postnatal weeks 3-4) exhibits LTP impairments
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FIGURE 4 Ageis associated with an increase in amyloid precursor protein (APP) processing in mice and humans. (a) Representative
Western blot of hippocampal lysates from infant (7-10days), adult (10-16 weeks), and aged (18-20 months) C57BL/6 wild-type mice.
Membranes were immunoblotted with antibodies for APP C-terminal (to detect APP full-length (APP), APP C-terminal fragments (CTFs f and
a), and the APP intracellular domain (AICD)) and p-actin. A female triple transgenic mouse (3xTg, 6 months) was used as a positive control for
APP-derived fragments. (b) Results from blots shown in a) from mouse hippocampal lysates were normalized with B-actin and are expressed
as the mean + SEM relative to the adult group (one-way ANOVA, p = 0.8263, F(2, 28) = 0.1921, n = 8-13). (c) Results from blots shown in a)
from mouse hippocampal lysates show the ratio between CTFs and APP are expressed as the mean + SEM relative to the adult group
(Kruskal-Wallis test, p = 0.0008, Kruskal-Wallis statistic = 14.21, followed by uncorrected Dunn's test, **p <0.01, ***p <0.001, n = 8-13).
The different CTFs detected with the Y188 antibody (CTFp (C99) and CTFa (C83)) are schematically represented, with the antibody binding
site illustrated in red. (d) Results from blots shown in a) from mouse hippocampal lysates show the ratio between AICD and APP and are
expressed as the mean+SEM relative to the adult group (One-way ANOVA, p = 0.0143, F(2, 25) = 5.057, followed by uncorrected Fisher's
LSD's multiple comparisons test, *p <0.05, n = 8-13). (e) Representative Western blot of hippocampal lysates from infant, adult, and aged
C57BL/6 wild-type mice. Membranes were immunoblotted with the M3.2 antibody to detect APP and CTFp (C99) and probed for $-actin

as the loading control. The binding site for the M3.2 antibody is represented in red, showing that it specifically detects CTFp (C99). (f)
Results from blots shown in (e) from mouse hippocampal lysates show the ratio between C99 and APP and are expressed as the mean+SEM
relative to the adult group (one-way ANOVA, p = 0.0802, F(2, 15) = 3.000, n = 8-13). (g) Representative Western blot of prefrontal cortex
human samples (18 to 81 years old). Membranes were immunoblotted with antibodies for APP C-terminal (to detect APP, CTFs f and «, and
AICD) and GAPDH as the loading control. (h) Linear regression graph calculated from blots as shown in (g) shows the variation in APP levels
(normalized to GAPDH) depending on the age of human subjects. Statistical analysis was performed using Pearson's correlation (two-tailed
p-value), p = 0.0456, R2 = 0.204, n = 20. Dotted lines represent the 95% confidence intervals. The values obtained for 20-25-year-old
subjects were used as reference. (i) Linear regression graph calculated from blots as shown in (g) shows the variation in the ratio between
APP-CTFs and APP depending on the age of human subjects. Statistical analysis was performed using Pearson's correlation (two-tailed
p-value), p = 0.0192, R2 = 0.2688, n = 20. Dotted lines represent the 95% confidence intervals. The values obtained for 20-25-year-old
subjects were used as reference. (j) Linear regression graph calculated from blots as shown in (g) shows the variation in the ratio between
AICD and APP depending on the age of human subjects. Statistical analysis was performed using Pearson's correlation (two-tailed p-value),
p =0.0028, R? =0.3986, n = 20. Dotted lines represent the 95% confidence intervals. The values obtained for 20-25-year-old subjects were

used as reference. The full statistical analysis and Western Blot membranes are provided in the Supporting Information.

and reduced NMDAR-mediated responses in adult stages sug-
gests that some form of NMDAR regulation by APP family mem-
bers still occurs later in life (Lee et al., 2020).

We found that NMDAR deactivation kinetics become slower
upon aging, possibly explaining the increased duration of NMDAR
field excitatory postsynaptic potentials (FEPSPs) described previ-
ously in aged rodents (Jouvenceau et al., 1998). These data correlate
with the augmented GIuN2B contribution in aged mice, possibly re-
flecting the higher GIuN2B synaptic retention reported in previous
studies (al Abed et al., 2020; Zamzow et al., 2013). We postulate
that APP contributes to these alterations, controlling NMDAR func-
tion in aged synapses. This hypothesis is supported by the synaptic
plasticity and learning/memory deficits observed in APP KO-aged
mice, but not at earlier stages (10 months vs. 4 months; Dawson
etal., 1999).

Our findings suggest that the APP-NMDAR regulation in aged
synapses occurs through APP-derived fragments rather than
through the full-length protein. We detected a significant en-
hancement of APP processing into CTFs and AICD upon aging.
Importantly, we observed the same profile in human brain samples,
in which we established a positive correlation between APP pro-
cessing and aging. Considering the previously described accumu-
lation of CTFs (Burrinha et al., 2021) and increased BACE1 activity
(Fukumoto et al., 2004) in aged mice, we postulate that this accu-
mulation of APP-derived amyloidogenic fragments will eventually
lead to alterations in NMDAR function. To test this hypothesis, we
used a B-secretase 1 (BACE 1) inhibitor in aged animals to block
the APP amyloidogenic processing, which resulted in a decrease in

GIuN2B synaptic contribution of about 20%, a magnitude closer to
that obtained in adult mice.

Although we did not single out the APP amyloidogenic fragment
responsible for this effect, the AICD has emerged as a potential
target. This APP-derived fragment is affected by BACE1 inhibition,
since the biologically active AICD form mainly derives from the am-
yloidogenic pathway (Goodger et al., 2009). We have previously
shown that the overexpression of AICD in adult synapses leads to a
NMDAR-GIuN2B electrophysiological profile similar to the one we
now report in aging (Pousinha et al., 2017). Concomitantly, we detect
an increase in AICD levels upon aging. The fact that interfering with
AICD-Feé5 interaction rescued the GIuN2B contribution, further
strengthens a role for AICD in the observed effects. Accordingly,
the disruption of the AICD-Feé5 interaction normalized the GIuN2B
contribution to adult-like levels. The mechanism by which PTB2-p
affects GIuUN2B-NMDAR-mediated currents may depend on direct
binding of PTB2 to AICD after uptake in an endocytosis-dependent
manner, as described for different cytosolic proteins, such as tau and
alpha-synuclein (Peng et al., 2020) or by direct transmission over
the membrane, as postulated for monomeric alpha-synuclein (Lee
et al., 2008) or proteins carrying specific transmission sequences
that resemble positively charged nuclear localization sequences
(Suzuki, 2012). The AICD-Feé5 complex induces multiple signaling
pathways (Augustin & Kins, 2021), as well as transcriptional activ-
ity in several target genes, including the one encoding for GIuN2B
(Grimm et al., 2013; Pousinha et al., 2017). The fact that we did not
detect alterations in the synaptic levels of GIuN2B by aging suggests
that other transcriptional targets may be involved in the observed
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FIGURE 5 Age-related increase in BAPP processing contributes to enhanced GIuN2B synaptic contribution. (a) Schematic diagram
adapted from (Grimm et al., 2013; Midiller et al., 2008) showing the experimental approaches to interfere with amyloid precursor protein
(APP) processing or AICD signaling. The B-secretase inhibitor LY2811376 interferes with the APP amyloidogenic processing pathway, but not
with the nonamyloidogenic pathway (a-secretase). The PTB2 peptide (PTB2-p) interferes with AICD interaction with Feé5 and respective
signaling pathways. (b) Representation of the timeline for the p-secretase inhibitor (LY2811376) treatment in aged mice. (c) Representative
Western blot of soluble fractions from hippocampal mouse tissue of aged wild-type C57BL/6 mice (18-20 months, vehicle vs. LY2811376,
12h after the treatment). Membranes were immunoblotted with antibodies for sAPPB and p-actin as the loading control. (d) Representative
Western blot of soluble fractions from hippocampal mouse tissue of aged mice (vehicle vs. LY2811376, 12 h after the treatment). Membranes
were immunoblotted with antibodies for sAPPa and f-actin as the loading control. (e) Representative Western blot of membrane/cytosolic
fractions from hippocampal mouse tissue of aged mice (vehicle vs. LY2811376, 12 h after the treatment). Membranes were immunoblotted
with antibodies for APP and -actin as the loading control. (f) Results from blots of soluble fractions as shown in (c) show sAPPg levels
normalized with B-actin and are expressed as the mean + SEM relative to the control condition (vehicle) unpaired t test, ***p <0.001, n = 5.
(g) Results from blots of soluble fractions as shown in (d) show sAPP« levels normalized with p-actin and are expressed as the mean + SEM
relative to the control condition (vehicle) unpaired t test, *p <0.05, n = 5. (h) Results from blots of membrane/cytosolic fractions as shown in
(e) show APP levels normalized with f-actin and are expressed as the mean +SEM relative to the control condition (vehicle), unpaired

t test, n = 5. (i) Time course of ifenprodil (5 pM) effect on pharmacologically isolated NMDAR EPSC amplitude in CA1 pyramidal neurons,
measured by whole-cell patch clamp in aged C57BL/6 wild-type mice (vehicle vs. LY2811376, administration 12 h prior to patch-clamp
recordings). Results are expressed as the mean+SEM (n = 6-15). (j) Traces show NMDAR EPSCs recorded before (CTR) and after 30 min

of Ifenprodil 5 puM perfusion (Ifen). (k) GIuN2B contribution was calculated as the percentage of change in NMDAR EPSCs after ifenprodil
perfusion (for 30min) in aged C57BL/6 wild-type mice (vehicle vs. LY2811376). Results are expressed as the mean +SEM (Unpaired t test,

*p <0.05, n = 6-15). () Representation of the timeline for the incubation of hippocampal slices from aged mice with PTB1-p or PTB2-p (5 nM,
>3 h before patch-clamp recordings). (m) Time course of ifenprodil (5 pM) effect on pharmacologically isolated NMDAR EPSC amplitude in
CA1 pyramidal neurons, measured by whole-cell patch clamp in aged C57BL/6 wild-type mice (PTB1-p vs. PTB2-p, incubation for >3 h prior
to patch-clamp recordings). Results are expressed as the mean + SEM (n = 10). (n) Traces show NMDAR EPSCs recorded before (CTR) and
after 30min of Ifenprodil 5 uM perfusion (Ifen). (0) GIUN2B contribution was calculated as the percentage of change in NMDAR EPSCs after
ifenprodil perfusion (for 30min) in aged C57BL/6 wild-type mice (PTB1-p vs. PTB2-p). Results are expressed as the mean +SEM (Unpaired

t test, ***p <0.001, n = 10). The full statistical analysis and Western blot membranes are provided in the Supporting Information.

effects, namely kinases/phosphatases that are known to regulate
GIuN2B phosphorylation status, Ca** permeability, or trafficking
(Murphy et al., 2014).

Therefore, our findings could help to clarify an apparent paradox
in the field: Although total NMDAR levels are known to decline in
physiological aging and AD (Jacob et al., 2007; Magnusson, 2012),
NMDAR antagonists such as memantine are effective in counteract-
ing cognitive decline and approved for clinical use in AD (Reisberg
et al., 2003). We show that the NMDARs that remain at aged syn-
apses have altered properties from adulthood, staying open for lon-
ger times and being more dependent on the GIuN2B subtype. An
imbalance in subunit contribution toward GIuN2B is expected to
decrease the threshold for LTP (Yashiro & Philpot, 2008), possibly
contributing to the LTD-LTP shift reported by our group in aged rats
(Temido-Ferreira et al., 2020). Therefore, the increased contribu-
tion of GIuN2B may lead to synaptic dysregulation in physiological
aging, while increasing the susceptibility to neurodegeneration, in
which GIuN2B-NMDARs become overactivated (Li et al., 2011). This
mechanism might be particularly relevant in AD, since the patholog-
ical accumulation of APP amyloidogenic fragments is expected to
further enhance GIuN2B contribution. More importantly, the now
unraveled mechanism may explain the protective effect of the APP
A6737 Icelandic variant in age-related cognitive decline and AD.
This mutation decreases the affinity of APP for BACE1, reducing its
cleavage activity by 40% (Jonsson et al., 2012), and possibly reduc-
ing the herein described GIuN2B aberrant synaptic contribution.

In conclusion, we describe two alternative mechanisms by which
APP controls GIuN2B-NMDARs, depending on the age. We have

discovered a new physiological role for APP at the postsynapse, being
essential to maintain GIuUN2B synaptic content/currents in immature
synapses. Moreover, we show that the age-related increase in APP pro-
cessing contributes to a higher GIUN2B synaptic contribution. While
the first mechanism might play a crucial role in synaptic maturation, the

latter could be involved in age-associated synaptic dysfunction.

4 | METHODS
4.1 | Humansamples

The use of human samples was conducted in accordance with the
Helsinki Declaration and National Ethical Guidelines. Protocols were
approved by the Local Ethics Committee and the National Data
Protection Committee. Samples of postmortem brain tissue from the
prefrontal cortex were obtained from the National Institute of Legal
Medicine and Forensic Sciences, Coimbra, Portugal, the Neuro-CEB
Biological Resource Center (BRC), France, and the Newcastle Brain
Tissue Resource, United Kingdom. Samples from human AD patients
correspond to Braak Stage VI. The information about the gender and
post-mortem delay is indicated in the Supporting Information.

4.2 | Animals

Male and female wild-type C57BL/6 mice at different ages
were used: infant (7-10days), adult (10-16weeks), and aged
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(18-20months). A C7BL/6-129SvJ female mouse bearing three mu-
tations (3xTg-AD) associated with familial AD (amyloid precursor

protein [APPswe], presenilin-1 [PSEN1], and microtubule-associated
protein tau [MAPT]; Mutant Mouse Research and Resource Center
at The Jackson Laboratory) was used as control. The detailed pro-
cedures are described in the Supporting Information.

4.3 | BACE1 inhibitor

LY2811376 was obtained from Medchem Express (Sweden) and
prepared in 10% DMSO, 40% PEG300, 5% Tween-80, and 45%
saline. C57BL/6 infant (7-10days) or aged mice (18-20 months)
received LY2811376 at 100mg/kg body weight by sucking reflex
or oral gavage, respectively, as described in Filser et al. (2015).
Animals treated with LY2811376 (infant: n = 6; aged: n = 5) or
vehicle (infant: n = 3; aged: n = 5) were sacrificed =12h after
treatment.

4.4 | Expression and purification of His-tagged
fusion proteins (PTB1-p and PTB2-p) in Escherichia coli

The recombinant fusion proteins were expressed in Escherichia coli
BL21 (DE3) RIL cells transformed with the plasmid pET21d Fe65-
PTB2 6xHis (Radzimanowski, Beyreuther et al., 2008) or pET24d
Fe65-PTB1 6xHis (Radzimanowski, Ravaud etal.,2008). Transformed
bacteria were cultivated at 37°C in 2xYT media containing 100 mg/L
ampicillin (for Fe65-PTB2 6xHis) or 30mg/L kanamycin (for Fe65-
PTB1 6xHis). Twenty hours after inducing the protein expression
via 1mM IPTG (Isopropyl -D-1-thiogalactopyranoside), the bacteria
were sonicated five times with 10 pulses (Sonoplus HD 2200 soni-
cator, Bandelin) in lysis buffer (50mM Tris/300mM NaCl/10mM
Imidazole/pH 8), with EDTA-free protease inhibitor and 1mM DTT.
The lysate was centrifuged for 45min at 11,300 g at 4°C. The pro-
teins were purified using an Akta Purifier 10 system (Cytiva) with
a His-Trap HP column (GE Healthcare). After intense washing, the
bound proteins were eluted in 50mM Tris/300mM NaCl/300mM
imidazole/pH 8. Using a PD-10 desalting column (Cytiva), the elu-
tion buffer was exchanged to HEPES buffer (20mM HEPES/150mM
NaCl/pH 7.2).

4.5 | Patch-clamp electrophysiology

The whole-cell patch-clamp electrophysiology recordings to meas-
ure pharmacologically isolated evoked-NMDAR EPSCs were per-
formed as described previously by our group (Pousinha et al. 2017).
The detailed protocol is described in the Supporting Information.
For the analysis of NMDAR EPSCs deactivation kinetics, decay
time was fitted with a double exponential function, using Clampfit
software, to calculate both slow and fast decay time constants, .,

and Tt respectively. The weighted time constant (rweighted) was

slow’

calculated using the relative contribution from each of these com-
ponents, applying the formula: z,, =[(a. 7)+(a,. z)I/(a; + a ), where
a; and a, are the relative amplitudes of the two exponential compo-
nents, and 7; and z, are the corresponding time constants.

To calculate GluN2B-NMDAR contribution, NMDAR EPSCs were
measured immediately before (5 min) and 25-20min after ifenprodil
(5 uM) perfusion to selectively block GluN2B-NMDARs.

To interfere with the APP-NMDAR interaction, the APP C-terminal
antibody Y188 (ab32136, Abcam) was added to the intracellular solu-
tion to a final concentration of 0.4 pg/ml (2.57 nM). In the control con-
dition, the same antibody was heat-inactivated by incubation at 98°C
for 10 min. The percentage of reduction in NMDAR EPSCs due to the
APP C-terminal antibody incubation was calculated comparing the
baseline amplitude (15-20min) with the final amplitude (55-60min)
and normalized with the control condition for each age.

To interfere with the AICD-Feé65, hippocampal slices from aged
mice were preincubated prior to recording as indicated in each figure
with either the PTB2-p or the respective control (PTB1-p) at a final

concentration of 5 nM.

4.6 | Protein analysis
4.6.1 | Fractionation into PSD-enriched fractions

The fractionation protocol was adapted from Frandemiche
et al. (2014). The integrity of non-PSD was verified by immunoblot-
ting for synaptophysin, which was enriched in the non-PSD fraction,
and the integrity of the PSD fraction was confirmed by the immu-
noblotting of PSD-95 enriched in this compartment. The detailed

protocol is described in the Supporting Information.

4.6.2 | Synaptosomes preparation

The protocol for synaptosome preparation was adapted from Lopes
et al. (1999). The detailed protocol is described in the Supporting
Information.

4.6.3 | Extraction of soluble and membrane/
cytosolic proteins

Soluble proteins were extracted from mouse hippocampal tissue
with DEA buffer, whereas membrane/cytosolic proteins were ex-
tracted with RIPA buffer, as described in Willem et al. (2015). The
detailed protocol is described in the Supporting Information.

4.6.4 | Co-immunoprecipitation

Mouse hippocampal or human postmortem cortical tissue was re-
suspended in immunoprecipitation buffer (50mM Tris HCI pH 7.5;
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150mM NaCl; 2mM EDTA; 1% Triton with protease and phos-
phatase inhibitors). The immunoprecipitation protocol was adapted
from Tomé et al. (2021) using Dynabeads Protein A (10001D,
Invitrogen), and the detailed protocol is described in the Supporting
Information. At the end of the experiment, the immunoprecipitated
samples were gently resuspended in 60l of preheated 2x sample
buffer (140mM Tris HCI pH 6.8, 4% SDS, 13.6% glycerol, 272mM
DTT, 0.004% Blue bromophenol) in RIPA (50mM Tris, 1mM EDTA,
150mM NacCl, 0.1% SDS, 1% Tergitol-type NP-40, pH 8.0, and incu-
bated for 10 min at 95°C). The supernatant was collected and used
for Western blot analysis.

4.6.5 | Western blotting

Mouse and human frozen tissue samples were resuspended in A-
EDTA buffer (10mM HEPES-KOH pH 7.9, 10mM KCI, 1.5mM MgCl,,
0.1mM EDTA, and 0.3% NP-40 with protease and phosphatase in-
hibitors), as described in Pousinha et al. (2017).

For APP, APP-CTFs, and AICD analysis, optimal conditions for
low molecular mass protein separation were used, as described in
Willem et al. (2015). Proteins were separated using precast gradi-
ent Tricine Protein Gels (10-20%, 1 mm, Novex) in Tris-tricine buffer
(1 M Tris, 1 M Tricine, 1% SDS). Samples were electrotransferred
at 400mA for 1 h to 0.2 pm nitrocellulose membranes using a Tris-
glycine buffer (25mM Tris, 190mM glycine) with 20% ethanol.
Proteins transferred to nitrocellulose membranes were additionally
denatured by boiling the membrane in PBS for 5 min, acting as an
antigen retrieval step to detect AICD, as described in Pimplikar &
Suryanarayana (2011).

For the remaining proteins, electrophoresis was performed in
Tris-glycine buffer with 10% SDS using 10-12% and 4% acrylamide
resolving and stacking gels, respectively. Proteins were electrotrans-
ferred to 0.45 pm polyvinylidene fluoride (PVDF) membranes in Tris-
glycine buffer with 20% methanol at 350 mA for 90 min.

After transfer, membranes were blocked with 3% BSA in TBS-T
(20mM Tris, 150mM NaCl, 0.1% Tween-20) at room temperature
(RT) for 1 h and incubated with primary antibodies (diluted in 3%
BSA TBS-T) overnight at 4°C. After three washing steps with TBS-T,
membranes were incubated with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibodies for 1 h at RT. After
three washing steps with TBS-T, chemiluminescent detection was
performed with enhanced chemiluminescence (ECL) Western blot-
ting detection reagent (GE Healthcare). For AICD detection, longer
exposure times were applied.

For the analysis of soluble APP fragments (sAPPB and «), DEA
fractions were loaded in the gel, followed by electrophoresis in
Tris-glycine buffer with 10% SDS. Following transfer, membranes
were blocked in I-Block solution (1 g Topix I-Block, Thermo Fischer
Scientific, in 500ml PBS, 0.2% Tween 20) for 1 h at RT and incu-
bated with primary antibodies diluted in I-Block solution overnight
at 4°C. The washing steps were performed with PBS-Tween buffer
and the secondary antibodies were diluted in I-Block solution and
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incubated for 1 h at RT. For ECL detection, membranes were incu-

bated for 1 min at RT with peroxidase substrate (Western lightning
ultra, PerkinElmer) and signals were captured with phospho-Fusion
imager, Vilber Lourmat.

Optical density was determined with ImageJ, according to the
software instructions (Ferreira & Rasband, 2012). The detailed pro-
tocols, as well as the full-length blots with the molecular weight
standards (NZYColour Protein Marker I, NZYTech), are provided in

the Supporting information.

4.6.6 | Primary neuronal cultures

Hippocampal neurons were cultured from 18-day Sprague-Dawley
rat embryos, adapting the protocol from (Faria-Pereira et al., 2022).
Cells were plated on poly-D-lysine-coated glass coverslips in
24-multiwell plates at a final density of 70,000 cells/coverslip, in
neuronal plating media ((Minimum Essential Medium) supplemented
with 10% horse serum, 0.6% glucose, and 100 U/ml Pen-Strep) and
maintained at 37°C in a 5% CO,-humidified incubator. After 4 hours,
the plating medium was replaced for neuronal culture medium:
Neurobasal medium (Gibco-Life Technologies) supplemented with
B-27 supplement, 25pM Glutamic acid, 0.5mM Glutamine, and
20U/ml penicillin/streptomycin. Cultures were maintained in the
humidified incubator for 2weeks, feeding the cells once per week
with neuronal culture medium by replacing half of the medium per
well. This protocol is associated with an enrichment in neuronal
cells (NeuN-positive cells =80%) and a low number of glial cells
(GFAP-positive cells =6%) at DIVs 11-14 (Faria-Pereira et al. 2022).
The detailed protocol is described in the Supporting Information.

4.6.7 | Neuronal transfection

Primary neuronal cultures were transiently transfected at DIV 7-8
using the calcium phosphate transfection protocol adapted from
Silva et al. (2019); Jiang et al. (2004). The detailed protocol is de-

scribed in the Supporting Information.

4.6.8 | Plasmid generation

Primary neuronal cultures were transfected with AAV-shRNA-
mCherry plasmids, with a shRNA against APP or a shRNA control
sequence.

The control plasmid was kindly provided by Dirk Grimm
(University of Heidelberg) and corresponds to AAV-U6-NS1-CMV-
mCherry plasmid, where NS1 is a nonsilencing sequence: GTAAC
GACGCGACGACGTAA, with no identified targets in the rat genome,
confirmed by NCBI Basic Local Alignment Search Tool (BLAST).

For the generation of the shRNA-APP construct, we used the
following sequence: GCACTAACTTGCACGACTATG (Young-Pearse
et al., 2007), which is complementary to the mRNA NCBI reference
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sequence for rat APP (Rattus norvegicus amyloid beta precursor
protein (App), NM_019288.2). This construct, which was provided
by Tracy Young-Pearse (Harvard Medical School) in the pENTR-U6
vector, was then subcloned into an adeno-associated virus backbone
(AAV-U6-shRNA empty-CMV-mCherry plasmid), kindly provided by
Dirk Grimm, as described in the Supporting Information. Both plasmids

were purified using the EndoFree Plasmid Maxi Kit (Qiagen) and veri-
fied by DNA sequencing (Primer 5'-GGGCCTATTTCCCATGATTCC-3').

4.69 | Immunocytochemistry

The immunostaining protocol was adapted from Ferreiraetal. (2017),

as described in the Supporting Information.

4.6.10 | Microscopy imaging and analysis

All images were acquired in a Zeiss LSM 880 laser scanning con-
focal microscope using a Plan-Apochromat 63x/1.4 oil immersion
objective.

For the analysis of APP immunofluorescence in transfected neu-
rons, the APP (Alexa Fluor 488) relative fluorescence intensity was
manually quantified using ImageJ, after maximum intensity projec-
tion. For each condition, seven transfected neurons were analyzed
by defining regions of interest (ROI), which corresponded to the cell
bodies using the mCherry channel. The average intensity of Alexa
Fluor 488 was then determined for each ROI. All values were nor-
malized to the average intensity in transfected neurons from the
control condition (%).

For the analysis of GIuUN2B/PSD95 in dendrites of transfected
neurons, the analysis of GIuN2B/PSD95 in transfected neurons was

performed using an in-house-developed macro for ImageJ.

4.7 | Statistical analysis

All statistical analyses were performed with GraphPad Prism software.
Results are referred in the text as mean+standard error of the mean
(SEM), which is also represented in the graphs, together with dot blots
with individual values. Statistical analyses were performed after evalu-
ating normality using the Shapiro-Wilk test. When the distribution was
normal in all groups, the statistical comparison included unpaired t test
or one-way ANOVA followed by uncorrected Fisher's LSD's multiple
comparisons test. When the distribution was not normal, the statistical
comparison was performed by Mann-Whitney test or Kruskal-Wallis
followed by uncorrected Dunn's multiple comparisons test. When the
graphs represent relative levels, the values are expressed in relation
to the reference group. Correlations between parameters were deter-
mined according to Pearson's correlation coefficient. Significance was
determined according to the following criteria: p >0.05 = not signifi-
cant, *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001. The com-
plete statistical analysis is provided in Supporting information.
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