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RESUMEN

El correcto funcionamiento de la sinapsis es fundamental para mantener la estabilidad neuronal.
En neuropatologias como la lesién cerebral traumatica (TBI), la sinapsis se altera o destruye.
TBI es una condicion gue posee una alta incidencia a nivel mundial y es una causa importante
de muertes y discapacidad. TBI se caracteriza por cambios de presién intracraneal debido a
fuerzas de aceleracion inducidas por el golpe, lo que genera un dafio primario a nivel de tejido.
El dafio secundario posterior puede durar por semanas 0 meses, incluso afios dependiendo de la
gravedad del trauma. Este dafio secundario es en parte mediado por glutamato al estimular
receptores NMDA extrasinapticos, 1o que desencadena una pérdida de funcién sinéptica y por
consiguiente alteracion de conductas cognitivas y sociales. El dafio mediado por el derrame de
glutamato provoca una redistribucion de receptores N-methyl-D-aspartic acid (NMDA) hacia
sitios extrasinapticos, lo que potenciaria el dafio generado por el glutamato extrasindptico. Uno
de los componentes asociados a trafico, exocitosis y mantencion de los receptores de glutamato
en la sinapsis es el exocisto. El exocisto es un complejo multiproteico constituido por 8 proteinas
encargado de la exocitosis de membrana basolateral y de crecimiento de neuritas, asi como
también del trafico y exocitosis de receptores de glutamato. A su vez, el exocisto ha sido
relacionado a la disponibilidad basal de receptores de glutamato en la sinapsis y por lo tanto
regula el umbral de activacion de estos. A pesar de que se conoce bastante sobre el complejo
exocisto a nivel celular, existe poca informacion que relacione al exocisto con neuropatologias.

Nuestra hipotesis de trabajo es que Exo70 promueve la disponibilidad y sefializacion sinaptica



del receptor NMDA en respuesta a trauma cerebral inducido por golpe, manteniendo asi
procesos cognitivos. Para poner a prueba esta hipétesis se utilizé un modelo de trauma leve
provocado por golpes repetitivos en ratones. Nuestros resultados demuestran que Exo70 es
redistribuido hacia la sinapsis en condicion TBI, donde el ensamblaje del complejo se
incrementa y la interaccion con GIuN2B se ve favorecida. En esta tesis se logro la
sobreexpresion de Exo70 en la region CAL del hipocampo dorsal previo a la induccion de TBI,
lo que nos permitié realizar ensayos conductuales, electrofisiolégicos y bioquimicos que
responden a la evaluacién de la disponibilidad de receptores NMDA en la sinapsis. En estos
experimentos encontramos que la previa sobreexpresion de Exo70 protege contra el deterioro
cognitivo, acompafado de la estabilizacion de la transmision glutamatérgica basal y la
potenciacion a largo plazo en hipocampo. Finalmente, GIUN2B permanece en la sinapsis cuando
Exo070 es sobre expresado, promoviendo asi la sefializacion intracelular asociada a receptores
NMDA sinapticos. Estos hallazgos revelan el papel que cumple Exo70 en la dinamica
intracelular de receptores NMDA en condicion de trauma cerebral y sugieren que Exo70 podria

ser parte de la maquinaria de distribucidn sinaptica de estos receptores en otras neuropatologias.



ABSTRACT

Synaptic proper functioning is essential to maintain neuronal stability. The synapse is disrupted
or destroyed in neuropathologies such as traumatic brain injury (TBI). TBI is a condition that
has a high incidence worldwide and is a major cause of death and disability. TBI is characterized
by changes in intracranial pressure due to acceleration forces induced by the head strike, which
generates primary damage at the tissue level. Subsequent secondary damage can last for weeks
or months, even years, depending on the severity of the trauma. This secondary damage is in
part mediated by glutamate by stimulating extrasynaptic NMDA receptors, which triggers a loss
of synaptic function and consequently alteration of cognitive and social behaviors. The damage
mediated by glutamate spillage causes a redistribution of N-methyl-D-aspartic acid (NMDA)
receptors towards extrasynaptic sites, which would enhance the damage generated by
extrasynaptic glutamate. The exocyst is one of the components associated with trafficking,
exocytosis, and maintenance of glutamate receptors in the synapse. The exocyst is a multiprotein
complex made up of 8 proteins responsible for the exocytosis of the basolateral membrane and
the growth of neurites, as well as the trafficking and exocytosis of glutamate receptors. The
exocyst has been related to the availability of glutamate receptors in the synapse and therefore
regulates their activation threshold. Although much is known about the exocyst complex at the
cellular level, there is little information that relates the exocyst to neuropathologies. Our

hypothesis is that Exo70 promotes the availability and synaptic signaling of the NMDA receptor



in response to TBI, thus maintaining cognitive processes. To test this hypothesis, a model of
mild trauma caused by repetitive strikes in mice was used. Our results show that Exo70 is
redistributed towards the synapse in TBI condition, where the assembly of the complex is
increased and the interaction with GIuN2B is favored. In this thesis, the overexpression of
Exo70 was achieved in the CA1 region of the dorsal hippocampus prior to TBI induction, which
allowed us to perform behavioral, electrophysiological and biochemical tests that respond to the
evaluation of NMDAR synaptic availability. In these experiments, we found that the prior
overexpression of Exo70 protects against cognitive deterioration, alongside the stabilization of
basal glutamatergic transmission and long-term potentiation in hippocampus. Finally, GIuN2B
remains at the synapse when Exo70 is overexpressed, thus promoting intracellular signaling
associated with synaptic NMDA receptors. These findings reveal the key role played by Exo70
in the intracellular dynamics of NMDA receptors in TBI and suggest that Exo70 could be part

of NMDAR distribution machinery in other neuropathologies.






1..- INTRODUCTION

1.1.- Glutamatergic transmission

In the central nervous system (CNS), the synapses are specialized structures connecting neurons
and letting the flux of information between them. The primary excitatory neurotransmitter in
the brain is glutamate (Meldrum, 2000), and glutamatergic synapses comprise a presynaptic
terminal, a specialized postsynaptic structure called dendritic spine (Hering and Sheng, 2001),
and glial cells (Figure 1) in the called tripartite synapse. The presynaptic terminal contains
synaptic vesicles where glutamate is stored, and from here, glutamate is released to the synaptic
cleft upon electrical stimulation (Hackett and Ueda, 2015). The postsynaptic compartment
contains the glutamate receptors, which are transmembrane proteins responsible for transducing

the glutamate signal from the extracellular space.
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Figure 1. Tripartite excitatory synapse structure. Excitatory synapses are the most common in the
central nervous system. It comprises a presynaptic neuron, a postsynaptic neuron, and a glial cell. The
presynaptic compartment contains the cellular machinery for tethering, exocytosis, and endocytosis of
glutamate-containing vesicles; refilling these vesicles is carried out in this compartment as well. In the
postsynaptic compartment, we find glutamate receptors and associated signaling coupled to exocytosis
and recycling machinery. Additionally, there are supporting glial cells that maintain this basic synaptic
structure. The correct functioning of synapses depends on all three cellular components to maintain
physiological activity.

1.1.1.- Glutamate receptors

There are a variety of glutamate receptors, both ionotropic and metabotropic (Blackshaw et al.,
2011), that are widely distributed in the brain and spinal cord in both neurons and glia (Jakowec
etal., 1998, Sillevis Smitt et al., 2000, Testa et al., 1998, Fukaya et al., 2003, Dunah et al., 1998,
Nishi et al., 2001, Habermacher et al., 2019). lonotropic glutamate receptors, i.e., a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, and N-methyl-D-aspartic acid

(NMDA) receptors primarily mediate fast excitatory neurotransmission in the CNS (Carvajal et



al., 2016). AMPA receptors are permeable to calcium, sodium, and potassium, with differential
permeability depending on subunits compositions. Similar heterogeneity applies to NMDARS.
They are mainly calcium-permeable, but like AMPARs, depending on the subunits’
composition, their properties change. AMPARs appear to have four agonist sites. Following the
binding of the agonist to these binding sites, conformational changes occur, the channel opens,
cation enters, and conductance increases, all within milliseconds (Platt, 2007, Traynelis et al.,
2010). Once open, the channel suffers rapid desensitization due to small conformational
rearrangement in the dimer interface, which closes the pore and diminishes the conductance
(Traynelis et al., 2010, Armstrong et al., 2006). NMDARs are more restrictive in gating
processes. NMDARs contain four agonist sites for glutamate and for co-agonist glycine
(Furukawa et al., 2005). If glycine is not present, the NMDAR opening does not occur. In
addition, D-serine has been suggested to be a substitute for glycine in physiological NMDARs
activation, mainly by activating synaptic NMDARs (Papouin et al., 2012). Additionally, the
NMDAR channel is blocked by Mg?* at physiological conditions. NMDAR opening relies on
both agonist binding to their specific site and the release of Mg?* due to AMPAR-mediated
depolarization of the postsynaptic membrane (Kristiansen et al., 2007). In doing so, channels
allow cation influx and evoke intracellular signaling. NMDARs have slow activation and
desensitization compared to AMPARS, leading to the research of these receptors, particularly in

synaptic memory after low and high-frequency synaptic inputs (Blanke and VVanDongen, 2009).

Glutamate receptors are composed of various subunits, such as GluA1-4 for AMPARs and
GIuN1-3 for NMDARs, each of them establishing homo or heterotetramers to form active
receptors (Wenthold et al., 2003). These subunits are interchangeable, and thus, different

subunits combinations grant the receptor diverse channel properties. Due to the receptor’s



ability to change their properties (among others) depending on subunit composition, ionotropic

glutamate receptors are critical in brain development, synaptic plasticity, and neuropathology.

AMPARs and NMDARs intrinsically participate in neuronal circuitry by promoting intra- and
inter-brain region neuronal communication (Ali et al., 2013). The ionotropic glutamate receptors
are part of neuronal activity processes in which long-lasting changes occur in synaptic
transmission efficacy. These changes are known as long-term potentiation (LTP) and long-term
depression (LTD), where synaptic transmission is potentiated or depressed to modulate
electrical signals in the neuronal circuitry (Herring and Nicoll, 2016, Collingridge et al., 2010).
Observation of LTP and LTD events throughout decades has led to the conception that they
represent cellular correlates of learning and memory because deficits in these cognitive
processes commonly are accompanied by impairment of LTP/LTD delivery at a cellular and

circuitry level (Stuchlik, 2014, Takeuchi et al., 2014).

Deficits in ionotropic glutamate receptors function and signaling have been widely described in
neurodevelopmental (Burnashev and Szepetowski, 2015, Soto et al., 2014), neurodegenerative
(Lewerenz and Maher, 2015, Wang and Reddy, 2017), and acute neuropathologies (Carvajal et
al., 2016). By being part of the development/maintenance of the disorder or disease, ionotropic
glutamate receptors are considered therapeutic targets to delay detrimental effects at a cellular

level and clinical symptoms associated with these pathologies.

1.1.2.- lonotropic glutamate receptor trafficking

As a result of the relevance in physiological and pathological events, the traffic of glutamate

receptors toward the synaptic place has been intensively studied. AMPA and NMDA receptor



subunits are synthesized in the endoplasmic reticulum (ER), where dimers are formed, and
subsequent tetramers are ensembled (Buonarati et al., 2019, Meddows et al., 2001, Hansen et
al., 2010). From there, receptors exit ER to be trafficked through Golgi apparatus. Asparagine
residues are glycosylated to further regulate tetramers assembly (Kandel et al., 2018, Skrenkova
et al., 2018, Lichnerova et al., 2015), affecting the function of the channel at the plasma
membrane. ER-Golgi intermediate compartment (ERGIC) has also shown to be a central
structure related to receptor trafficking, particularly in the somatic compartment (Horak et al.,
2014), where receptors are rapidly delivered to the plasma membrane. Additionally,
palmitoylation occurs at the cytosolic face of Golgi membranes to retain receptors from being
surface-expressed (Sohn and Park, 2019). Therefore palmitoylation is part of the internal store
regulation of newly synthesized receptors (Mattison et al., 2012). Finally, post-Golgi transport
of AMPAR and NMDARs occurs in vesicular organelles. It depends on cytoskeletal structures
such as microtubules and actin filaments that run along axons and dendrites. This process is

carried out by motor proteins such as kinesins (Hirokawa et al., 2010).

Protein interactions are also essential determinants in ionotropic glutamate receptor trafficking
(Figure 2A). AMPAR and NMDAR subunits associates with proteins such as synapse-
associated protein 102 (SAP102), stargazing, synapse-associated protein 97 (SAP97), and the
exocyst complex, among others, as they traffic toward the neuronal surface (Sans et al., 2001,
Horak et al., 2014, Bissen et al., 2019). These proteins ride alongside receptors and stabilize
them at the synaptic site, but receptor trafficking per se requires specific proteins to carry on the
transport. On one hand, AMPARs needs glutamate receptor-interacting proteins (GRIPS),
protein interacting with C kinase (PICK1), membrane-associated guanylate kinase family

(MAGUKS), transmembrane AMPAR regulatory proteins (TARPSs), cornichon proteins



(CNIHSs), all of them being the most critical proteins in AMPAR trafficking. On the other hand,
NMDAR are trafficked mainly through interactions with MAGUKS proteins such as SAP97,
SAP102, and PSD95 with the support of mPins and the exocyst (Horak et al., 2014). Thus, the
lack of any of the specific proteins has a strong impact on receptor traffic and delivery, both in

basal and stimulating contexts.

AMPAR and NMDAR have two options of being transported toward the plasma membrane.
One is the canonical secretory pathway at the soma of neurons, and the other is transported
through ER-ERGIC-Golgi structures in dendrites (Figure 2B) (Lira et al., 2020). It has been
suggested that both receptors continue through the secretory pathway, bypassing the somatic
Golgi apparatus, being trafficked to dendritic Golgi outposts alongside adaptor proteins (Lira et
al., 2020) illustrating the complexity of the exocytic route for these receptors. In the synapses,
ionotropic glutamatergic receptors could be either directly exocytosed at the synapse or first
exocytosed into the extrasynaptic membrane, followed by their lateral diffusion at the neuronal

surface and trapping at synaptic sites (Carvajal et al., 2016).
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Figure 2. lonotropic glutamate receptor trafficking. (A) Protein interactions regulate exocytic trafficking
of ionotropic glutamate receptors, such as TARPs, Cornichon proteins, and scaffolding proteins, among
others. (B) (Left) Dendritic secretory pathway, indicating the presence of ER, ERES, ERGIC, and GO in
the dendrites. Moreover, it shows the action of recycling endosomes in the anterograde secretory
pathway for glutamate receptors to the plasma membrane. (Right) Canonical secretory pathway for
glutamatergic receptors in the somatic ER, and trafficking through ERGIC and GA. Neurons use both
pathways in neuronal development and plasticity. ER: endoplasmic reticulum, ERES: endoplasmic
reticulum exits sites, ERGIC: ER-Golgi intermediate compartment, GO: Golgi outpost, GA: Golgi
apparatus, TARP: transmembrane a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
regulatory proteins (Adapted from Lira et al, Cells, 2020).



1.1.3.- lonotropic glutamate receptors in long term potentiation (LTP)

LTP can be induced by a variety of electrical, pharmacological, and behavioral paradigms.
Classical LTP, as initially described (Bliss and Lomo, 1973), can be stable for months.
Presumably, a mechanism such as this underlies our own memories, which in human humans
can span several decades. LTP is typically induced by high-frequency tetanic stimulation, which
leads to Na* influx through AMPARS, depolarization of the postsynaptic compartment, and
activation of NMDAR to allow Ca?" influx; this sets off a cascade of phosphorylation events to

potentiate synaptic transmission (Chater and Goda, 2014).

Glutamate receptor trafficking in and out of synapses is one of the principal mechanisms for
rapid changes in the number of functional receptors in synaptic plasticity processes. During LTP
induction, AMPAR and NMDAR are grossly increased at synapses (Chater and Goda, 2014),
partially by receptor phosphorylation due to an increase in CaMKII, PKA, and PKC activity
(Barriaetal., 1997, Boehm et al., 2006, Luscher and Malenka, 2012), which leads to augmented
synaptic retention of the glutamate receptors. These phosphorylation events enhance channel
conductance and opening probability not only in AMPA receptors but NMDA receptors as well,
further reinforcing LTP induction (Derkach et al., 1999, Banke et al., 2001, Luscher and

Malenka, 2012).

The lack of AMPAR and NMDAR subunits has a strong impact on LTP induction. For example,
downregulation of GIuA1/2 in neurons results in a total impairment in LTP induction
(Terashima et al., 2019, Shimshek et al., 2017), while GIuA3/4 lacking neurons suffer reduced
LTP induction mostly(Renner et al., 2017, Luchkina et al., 2014). On the other hand, NMDAR-

related LTP is abolished when GluN1 or GIuN2 subunits are absent (Tsien et al., 1996, Shipton



and Paulsen, 2014). Thus, ionotropic glutamate receptors are essential to LTP induction and

expression.

1.1.4.- lonotropic glutamate receptors in learning and memory

Learning and memory are essential aspects of animal life, including human life, where incoming
experiences mainly achieve brain development of the individual. Learning and memory have
been intensively studied in human and animal models to gather knowledge at a molecular,
cellular, and, therefore, behavioral level. Memory refers to a capability to encode, store and
retrieve information to guide behavioral outputs, while learning is considered as acquisition or
encoding the information to memory (Stuchlik, 2014).

Initially, learning and memory were associated to forebrain as a whole, where information was
processed in a single brain structure. Since then, the research field of memory has concluded
that multiple memory systems exist. These systems have specific brain resources (from
individual brain zones — to shared capabilities) to fulfill their tasks (Doeller et al., 2008, Lee et
al., 2008, Schwabe, 2013) by a strict interplay action between them and memory-related brain
zones. Thus, it seems clear that the cognitive system of learning and memory is complex. Given
that many interactions and overlaps between those brain resources may occur, it is imperative

to comprehend memory consolidation and retrieval.

There are three major classifications of memory: sensory memory, short-term memory, and
long-term memory. Information from the world around us begins to be stored by sensory
memory, making it possible for this information to be accessible in the future. Short-term
memory refers to the data processed by the individual in a short period of time. Working

memory performs this processing, and long-term memory allows the storage of information for
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long periods (memory consolidation) (Camina and Guell, 2017). But where is memory
processed and retained within the brain? Often is accepted that the hippocampus is responsible
for the formation and retrieval of memories. That is the information that structures directly
related to the hippocampus (entorhinal, parahippocampal, and perirhinal cortices) yield to the
hippocampus, where new memories are generated and can later be retrieved (Brem et al., 2013).
The entorhinal cortex is the main interface between the hippocampus and the neocortex; thus, it
Is associated with the distribution of information to and from the hippocampus. The
hippocampus mainly participates in information processing related to declarative memories
(usually associated with environmental events), episodic memory, and spatial memories
(referenced and working memory) and has been widely used to study spatial memory (Bird and

Burgess, 2008).

Glutamate receptors play a significant role in learning and memory processes, particularly
ionotropic AMPA and NMDA receptors (Peng et al., 2011). Whether aging- or youth-associated
impairment is being discussed, they intrinsically participate in learning and memory processes,
which has been discovered by using two approximations: pharmacological and genetic

approaches.

Pharmacological inhibition of AMPARs and NMDARs using intrahippocampal administration
of antagonists before the cognitive test in murine models evokes memory impairment, while
post-testing administration of the same antagonists prior to retesting dimmed behavioral testing
for a few days after, these being tested in several learning and memory paradigms such as spatial
memory, fear conditioning, odor aversion, among others (Dauvermann et al., 2017). On the

other hand, genetic ablation (Knock-out or conditional knock-out) of ionotropic glutamate
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receptors on several subzones of the hippocampus produces impairment in learning and memory
as well (Morris, 2013), but particularly CA1-specific knock-out severely impair learning and

memory (Riedel et al., 2003).

1.2.- Traumatic brain injury

Stable neuronal circuitry and neuronal survival depend on proper synaptic transmission;
therefore, it is of utmost importance to study alterations in glutamatergic transmission in both
chronic neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease, in
which cumulatively damage occurs over a long period of time, as well as in sporadic

neuropathologies that are generated by a discrete event, such as traumatic brain injury.

Traumatic brain injury (TBI) is an alteration in brain function and physiology caused by external
forces leading to brain movement inside the skull (Menon et al., 2010). It is a critical health
problem worldwide that contributes to one-third of all injury-related deaths (Roozenbeek et al.,
2013). It has been estimated that by now, in 2021, TBI will become the third leading cause of
permanent disability and mortality (Finfer and Cohen, 2001). Indeed, sixty-nine million
individuals are estimated to experience TBI nowadays worldwide (Dewan et al., 2018). 1.7
million people suffer from it each year in the United States alone, reaching an annual incidence
of 500 in 100,000 (Georges and J, 2021). In Chile, head trauma was the third cause of death
amongst young male and female patients between 2000 and 2010 (MINSAL, 2013).
Additionally, between 55 and 70% of trauma patients admitted to Chilean emergency rooms

comes from traumatic brain injuries caused by car accidents (Ruiz et al., 2013, Franulic et al.,



12

2004) which leads to high medical costs (Dismuke-Greer et al., 2020), which trigger

accumulating interest in research to develop effective treatments.

TBI is considered an acute neuropathology with complex cellular processes that depend on the
head trauma severity. Because of this heterogeneity, TBI has been subdivided into three levels
of severity, namely mild, moderate, and severe TBI. Mild TBI is the most frequent form
accounting for approximately 80% of TBI cases (Blennow et al., 2016, Maas et al., 2008,
McCrory et al., 2013). Head trauma can be considered mild when no visible damage is observed
in patients or when loss of consciousness, confusion, and disorientation is shorter than 30
minutes (Greenwald et al., 2003). Patients that suffer mild TBI usually present memory loss,
headache, dizziness, among others (Blennow et al., 2012). Next, in moderate TBI, we can find
similar symptoms than mild TBI, just more intense and lasting for more time. Loss of
consciousness can last up to 24 hours, and partial amnesia may appear for seven days (Capizzi
et al., 2020). On the other hand, severe TBI is considered the major cause of disability and death
within the pathophysiology. Severe TBI can cause permanent physical and mental disability,
primarily by being part of polytraumas (Blennow et al., 2016). This type of TBI usually shows
abnormal structural brain imaging and loss of consciousness last for at least 24 hours; also,
amnesia can occur for several weeks to months (Harrison-Felix et al., 2015, Harrison-Felix et
al., 2006). With severe TBI, recovery rate is rather low, with high medical costs involved.

At present, there is a growing concern about severe changes in patients' quality of life that suffer
from TBI. The symptoms of TBI are highly variable and can include physical symptoms such
as nausea, dizziness, vomiting, and headache; they may also suffer from poor concentration and

cognitive deficits (Blennow et al., 2016). In addition, there may be social behavior problems
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such as poor emotional integrity, irritability, lack of insight, and judgment in conjunction with
aggressiveness (Blennow et al., 2012). Finally, TBI patients can suffer from anxiety and/or

depression that can lead to suicide (Silverberg and Iverson, 2011).

Most of the tissue damage in TBI can be classified into two types of harm, focal and diffuse
damage. Focal damage results from direct mechanical forces and is usually observed with naked
eyes due to physical tissue disruption (Andriessen et al., 2010). Common causes of focal damage
include head strikes in car accidents or penetrating head injury, in which the skull is perforated
with a severe impact or a gunshot wound (Kazim et al., 2011). On the other hand, diffuse damage
is more complex in terms of visibility. Such complexity lies in microscopic cellular damage
hardly seen by the naked eye (Andriessen et al., 2010). Therefore, diffuse damage is usually
called multifocal damage because head strikes often generate multiple microscopic focal injuries
(Su and Bell, 2016). In turn, Diffuse damage results from acceleration, deceleration, and
rotational forces gathered in mild TBI. However, it is common for both focal and diffuse damage

to occur due to the same event.

1.2.1.- Pathophysiology of TBI

TBI pathophysiology comes in two damage stages. Primary damage is evoked by external
forces, which accelerate and deaccelerate brain tissue resulting in cellular damage due to stretch-
like events (Blennow et al., 2016). Primary damage also comes when a penetrating wound
occurs, and tissue is disrupted as an outcome. On the other hand, secondary damage starts a
couple of minutes after the first damage and can last for weeks to months or even years. In this

stage, excitotoxicity, neuroinflammation, synaptic injury, oxidative damage, and ultimately cell
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death can occur (Figure 3) (Carvajal et al., 2016). In addition, glutamate release/uptake
imbalance occurs, and detrimental signaling triggers cell death due to calcium and reactive
oxygen species (ROS) buffering impairment (Mira and Cerpa, 2021). Importantly, secondary
damage mechanisms are responsible for the persistence of symptoms and increase vulnerability

to new brain trauma or other neurodegenerative disorders (Maas et al., 2008).

AB accumulation

Microhaemorrhages

Axonal injury

Activation of
microglia

Tau aggregation

ROS/NOS
formation

Pathophysiological
conditions following TBls

Figure 3.- Scheme depicting cellular and pathophysiological outcomes after TBI induction.
Cellular effects comprise tau and AP accumulation, axonal injury, neuroinflammation,
excitotoxicity, synaptic damage, and oxidative damage, among others. Pathophysiological
alterations in memory, mood, depression, and general daily activities also occur depending on
the injury severity (Modified from Blennow et al, 2016).

TBI has commonly been associated with memory loss in patients (Blennow et al., 2016,
Blennow et al., 2012). Animal models have replicated these observations with various intensity-

related brain injuries. For example, single and repeated mild TBI (typically provoked by closed
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head impacts) produces detrimental effects in learning and memory on an array of memory-
assessment paradigms (Marschner et al., 2019, Xu et al., 2021, Luo et al., 2017, Mclnnes et al.,
2017). Additionally, severe TBI models resemble long-term memory impairments due to
extreme tissue damage (Xu et al., 2019, Mao et al., 2020b), which is not observed in mild TBI.
Therefore, depending on the severity of the injury, behavioral outcomes may change, but

usually, the damage results in learning and memory impairment.

1.2.2.- Cellular and molecular mechanisms of TBI

Intracellular trafficking of proteins, cargoes, and organelles is of utmost importance for normal
cell functioning. Due to head trauma, the brain is compressed and decompressed inside the skull
due to head trauma, causing shearing to cells, particularly neurons. This neuronal damage
produces microtubule rupture and disconnection that result in hindered intracellular trafficking
both in dendrites and axons (McKee et al., 2016, Kaplan et al., 2018, Hill et al., 2016, Siedler
et al., 2014), where bulbs are formed because of the trafficking impairments, and thus,

hampering the delivery of cargoes to target sites such as synapses.

At the molecular level, proteomics studies have shown that multiple molecular systems in the
brain are altered following TBI, being neurons and glia the most studied cells (Zou et al., 2018,
Sowers et al., 2018, Chen et al., 2018). For example, synaptic protein levels are decreased, such
as brain-derived-neurotrophic factor (BDNF) (Krishna et al., 2019) and the scaffold protein
PSD-95 (Rehman et al., 2018). Conversely, glial fibrillary acidic protein (GFAP) and calcium -
binding adapter molecule 1 (Ibal), among others, have shown to be altered as well (Manek et

al., 2018). Given that protein expression changes with TBI, it is common to observe alterations
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in a wide array of signaling pathways within most brain zones. To name some of them, ER-
stress, oxidative stress, inflammatory, apoptotic, necroptotic, or even glutamate and gamma-
aminobutyric acid (GABA) signaling pathways could be altered depending on TBI severity
(Rana et al., 2019, Carvajal et al., 2016).

At the synaptic level, dendritic spines are one of the main cellular structures that are affected by
TBI induction (Maiti et al., 2015). Dendritic spine degeneration is commonly observed in TBI
patients and murine models, which eventually triggers damped synaptic function and
concomitant loss of spines (Xiong et al., 2019). Synaptic malfunction is observed after TBI as
a decrease in basal excitatory synaptic transmission (Titus et al., 2016, Xu et al., 2019) in the
hippocampus and other zones (Carron et al., 2016), as well as synaptic plasticity in the form of

LTP and LTD (Aungst et al., 2014, Schwarzbach et al., 2006).

1.2.3.- lonotropic glutamate receptors in TBI

lonotropic glutamate receptors have been extensively studied in several TBI models with
proteomics, electrophysiological, and behavioral approaches (Blennow et al., 2016, Blennow et
al., 2012, Carvajal et al., 2016). Basal synaptic transmission and plasticity are decreased upon
TBI induction (Mira et al., 2020, Zhang et al., 2011), which is accompanied by a reduction in
glutamate binding to receptors (Miller et al., 1990) and ultimately their internalization. GIuR2
is internalized, and GIuN2B availability at synapses is reduced after TBI induction (Bell et al.,
2009, Park et al., 2013). Both events trigger downstream signaling that eventually causes a
detrimental impact on neurons, and cell death is induced (Carvajal et al., 2016).

AMPA and NMDA receptors can be found both in synaptic and extrasynaptic membranes, and

the appropriate balance between their specific localization is responsible for the correct
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functioning of the synapse. If we focus on NMDA receptors, glutamate binds this receptor after
being released from the presynaptic terminal and triggers downstream signaling. Synaptic
NMDARs activate Akt (Papadia et al., 2008) and ERK (Chandler et al., 2001, Papadia et al.,
2005), which in turn phosphorylates and activates the transcription factor CREB (Hardingham
etal., 2001), thus contributing to neuronal survival. On the other hand, extrasynaptic NMDARs
activation elicits ERK dephosphorylation and inactivation (lvanov et al., 2006) with afterward
CREB inactivation (Hardingham et al., 2002), which triggers detrimental effects to neurons.
TBI-evoked NMDAR movement outside of synapses produces a disbalance between synaptic
and extrasynaptic associated downstream signaling, inducing the effects already presented

(Figure 4).
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Figure 4.- Dysregulation of NMDARs performance in TBI. Under physiological conditions,
synaptic NMDARs are activated as well as antiapoptotic cell pathways preventing excitotoxicity
by targeting CREB. After acute damage, including TBI, there is a decrease in CREB activation,
increased activation of extrasynaptic NMDARs, and ROS/NOS generation (Adapted from
Carvajal et al., Neural Plast., 2016).
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1.3.- The exocyst complex

Exocytosis is the process by which eukaryotic cells can release substances into the extracellular
space and deliver proteins or lipids to the plasma membrane through the fusion of cargo vesicles.
During this process, vesicles (e.g., Golgi-derived vesicles, recycling endosomes, and lysosomes)
are transported through microtubules and actin tracks toward specific and polarized areas of the
plasma membrane, where vesicles are tethered before fusion to the plasma membrane. Target
membrane recognition constitutes an essential mechanism for the specificity of membrane
fusion processes in exocytosis. Golgi-derived vesicles are docked and tethered by the exocyst
complex (Pfeffer, 1999, Whyte and Munro, 2002, Guo et al., 2000). The exocyst is an
evolutionarily conserved complex composed of eight subunits (Sec3, Sec5, Sec6, Sec8, Secl0,
Secl15, Exo70, and Exo84) (Figure 5) (TerBush et al., 1996, Guo et al., 1999, Hsu et al., 1996)
first identified in yeast and then characterized in multicellular organisms. Many cellular
functions have been associated with this complex; these functions include cellular growth,
division, migration, signaling, cell-cell contact, Exo/endocytosis of membranes and proteins,
morphogenesis of tissues, and cell invasion of fungi, plant, yeast, and mammal organisms

(Martin-Urdiroz et al., 2016).
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Figure 5.- The exocyst complex. The exocyst acts by tethering secretory vesicles to the plasma
membrane in specific sites where the cargo is needed. The model shows a rod-like molecular
structure of the subunits. In this model, Sec3 and Exo70 target the exocyst to the plasma
membrane. An opposite positioning of Sec10 and Sec15 is observed compared to Sec3 and
Exo70; this positioning is vital to the contact of the exocyst with the vesicles where Secl5
interacts with several Rabs to be its effector protein (Adapted from Lira et al., Cells, 2020).

In neurons, the exocyst has been identified in neurite growth cones (Vega and Hsu, 2001) and
multiple domains throughout the axon in equidistant patches (Hazuka et al., 1999). Remarkably,
the exocyst participates in synapse formation/stabilization from a postsynaptic perspective (Lira
etal., 2019, Gerges et al., 2006), while a role in neurotransmitter release has not been discovered
yet (Murthy et al., 2003, Andrews et al., 2002). An impairment of neuronal cell polarity and
neurite outgrowth is achieved in the absence of native exocyst subunits (Vega and Hsu, 2001,

Murthy et al., 2003, Peng et al., 2015).
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Exo70 is one of the most studied exocyst subunits. Exo70 is localized at the plasma membrane
and can directly interact with regions containing phosphoinositol-4,5-bisphosphate (P1(4,5)P>)
through a phospholipid-binding motif located in its C-terminus (Liu et al., 2007, Moore et al.,
2007). In doing so, it mediates the exocyst targeting to the plasma membrane (Hamburger et al.,
2006). Exo70 has been shown to participate in neurite development and synapse
formation/stabilization (Dupraz et al., 2009, Lira et al., 2019). Its intracellular localization is
important to carry on its tethering and exocytosis functions (Inoue et al., 2003, Vega and Hsu,
2001, Pommereit and Wouters, 2007) and particularly its plasma membrane localization
promotes the activity of the complex (Inoue et al., 2006, Zhang et al., 2016, Fujimoto et al.,
2019). Thus, Exo70 is considered to be a limiting factor in the exocyst complex activity (Ren

and Guo, 2012, Zhang et al., 2016).

1.3.1.- Exocyst in ionotropic glutamate receptor trafficking and delivery

When it comes to the exocyst—a complex related to traffic, recycling, and exocytosis—several
reports have intended to elucidate how it may function in delivering and recycling AMPA and
NMDA receptors. First, it is essential to note that interactions between the exocyst and
AMPA/NMDA receptors have been detected both in vivo and in a heterologous cell system.
Positive interactions in brain and synaptosome preparation were detected between Sec8, Sec6,
and GIuN2B (Sans et al., 2003). In addition, Sec8 and Exo70 interact with GluR1-3 and GIuN1
(Gerges et al., 2006). This interaction occurs early in the ER, where the exocyst recruits newly
synthesized receptors to be ridden through actin cables (Sans et al., 2003), and this interaction
is essential to the delivery of the receptors to the plasma membrane. Blocking this interaction

through the Sec8-PDZ domain deletion results in cell surface delivery impairment. GIuN1 and
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GIuN2B trafficking toward the cell surface are carried out in a trimeric complex, which includes
SAP102, Sec8, and the receptors in heterologous cells and neurons (Sans et al., 2003, Mellone
and Gardoni, 2013). Reaching the plasma membrane, Sec8 controls the directional movement
of AMPA receptors to the synapse through PDZ domains, and Exo70 mediates the insertion of
the receptor to the plasma membrane. An interference of Exo70 function with Exo70 dominant-
negative (DN) lacking a C terminal domain results in the accumulation of AMPA receptors
within the spine, forming an associated complex that has not been fused to the plasma membrane
(Gerges et al., 2006). This DN impairs the delivery of GIuR1 to the dendritic spines surface in
cultured hippocampal neurons, suggesting a synaptic transmission malfunction. Indeed, Exo70
DN reduced the AMPAR excitatory postsynaptic currents, while Sec8 DN affected both

AMPAR and NMDAR currents (Gerges et al., 2006).

GIuR2 trafficking into distal dendrites is effected when Sec8 DN is expressed but not with
Exo70 DN expression, indicating that AMPARs transport along dendrites does not require a
fully functional Exo70 subunit (Gerges et al., 2006). In addition, expression of Sec8 DN is
related to a reduction in AMPAR EPSC, supporting its involvement in trafficking (Gerges et

al., 2006).

NMDAR trafficking toward cell surface employs a large protein complex containing GIuN1,
GIuN2B, SAP102, mPins, and Sec8 (Sans et al., 2003, Sans et al., 2005, Petralia et al., 2009).
NMDAR travels through dendrites bound to SAP102, which in turn binds to Sec8. Both
NMDAR and Sec8 bind SAP102 in the same region containing PDZ domains (Sans et al., 2003).
Expression of Sec8 DN that lacks the PDZ-binding domain impair Sec8-SAP102 binding, thus

preventing the delivery of NMDARSs to the cell surface. This provides evidence that NMDAR
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surface delivery needs both Sec8 and SAP102. This transport complex also binds Sec6 and
Exo70, suggesting that some or the entirety of the complex travel with ensembled NMDARs
toward the cell surface and synapse (Sans et al., 2003). A schematic summary is shown in Figure

6.
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Figure 6. Exocyst in glutamatergic receptors trafficking. (Left) In basal conditions, AMPARs are trafficked
along with the GRIP1 scaffold protein and the Sec8 subunit of the exocyst complex. NMDARs, on the
other hand, are trafficked in vesicles along with SAP102 scaffold protein and subunits of the exocyst
complex such as Sec8, Sec6, and Exo70 (Adapted from Lira et al., Cells, 2020).
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1.3.2.- The exocyst complex in brain pathologies.

The knowledge of exocyst’s involvement in brain pathologies is very limited. First of all, the
exocyst participates in neuronal development and migration within the brain, being part of the
machinery that drives polarized cell migration (Das et al., 2014, Letinic et al., 2009). Three case
reports point that Secl5 downregulation and the genetic anomaly are involved in
neurodevelopmental abnormalities affecting ultimately intellectual ability, language delay, and
speech capacity (Fruhmesser et al., 2013, Wen et al., 2013, Borsani et al., 2008). Pathogenic
variants of Sec5 affect brain development, produce seizures with minor epileptic episodes,
evokes large white matter loss, and presents severe hypoplastic hippocampi (Van Bergen et al.,
2020). SECS8 is a candidate gene involved in Meckel-Gruber syndrome, which is a multiple
congenital malformation syndrome characterized by an occipital encephalocele (among others
phenotypes) evoked by neural tube closure impairment (Shaheen et al., 2013). Biallelic
mutations in the SEC6 gene cause downregulation of Sec6 protein and evokes brain
development impairment, primarily in the cerebellum (Shalata et al., 2019). Finally, Sec6 has
been associated with brain glucose metabolism abnormalities presented in Alzheimer’s disease

patients, presumably by affecting intracellular transport (Miller et al., 2018).
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2.- Hypothesis and objectives

2.1.- Hypothesis

NMDARs can be found in both postsynaptic and extrasynaptic compartment, granting a balance
by which NMDAR-mediated synaptic signaling and function is regulated. In TBI, GIuN2B
leaves the postsynaptic density and is redirected into the extrasynaptic compartment, evoking a
signaling imbalance, detrimental effects on synaptic transmission and cognition. This suggests
that a trafficking impairment occurs to NMDAR when a head trauma occurs. One of the
components of NMDAR trafficking towards the synapse is the exocyst complex. The exocyst,
especially Exo70 and Sec8 subunits, are of utmost importance to allow NMDAR trafficking and
delivery into the synapse at the basal level. Additionally, Exo70 is considered as a limiting factor
in the exocyst’s function in intracellular trafficking. Therefore, we pose the following

hypothesis:

“The synaptic localization of NMDA receptors mediated by Exo70 counteracts cognitive

damage in a model of mild traumatic brain injury.”
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2.2.- General objective
To determine whether Exo70 acts as a compensatory mechanism to promote the synaptic

localization of NMDA receptors and counteract cognitive damage produced by brain trauma.

2.3.- Specific objective
e 1.- To determine if mTBI changes Exo70 expression.
la.- To evaluate Exo70 presence in the forebrain, cortex, and hippocampus in mice.

2a.- To determine whether Exo70 protein level is altered upon mTBI induction.

e 2.- To evaluate Exo70 subcellular localization after mTBI.
2a.- To evaluate subcellular localization in forebrain, cortex, and hippocampus of
mTBI mice.
2b.- To evaluate Exo70’s proximity to the plasma membrane after mTBI induction.

2c.- To determine if exocyst’s assembly is altered upon mTBI induction.

e 3.- To determine if Exo70 gain of function rescues learning/memory and NMDAR
synaptic availability after mTBI induction.
3a.- To determine whether Exo70 overexpression rescues learning and memory upon
mTBI induction.
3b.- To determine if Exo70 gain of function restores the synaptic function of mice
subjected to mTBI.
3c.- To evaluate whether Exo70 overexpression normalizes the intracellular signaling

associated with synaptic NMDA receptors.



26

3.- MATERIALS AND METHODS

3.1.- Animals

One and two months old C57BL/6 J male mice were used in this study. Animals were housed
up to 4 mice per cage with a 12:12 h light/dark cycle (light on at 8:00 am) and provided food
and water ad libitum. Animals were obtained from CEBIM-UC (Center for Innovation in
Biomedical Experimental Models from the Pontificia Universidad Catélica de Chile). Animals
were handled according to the National Institutes of Health guidelines (NIH Publications No.
8023). The Bioethical and Biosafety Committee of the Faculty of Biological Sciences of the

Pontificia Universidad Catolica de Chile approved all experimental procedures (N° 180814017)

3.2.- Traumatic brain injury procedure

To induce mTBI, we used a modified Maryland’s weight drop model used for rats (Kilbourne
et al., 2009). For this purpose, we adapted the impact device to fit mice anatomy (Mira et al.,
2020, Carvajal and Cerpa, 2021). The impact energy was obtained from a 180 grams steel ball
accelerated by gravity along a 1 m rail disposed at a 60° angle from the horizontal. The rail
curved at the bottom end to redirect the ball onto a chamber where it struck a coupling arm. The
arm then accelerated to impact the malar processes bilaterally with 2 pistons. The energy of
impact delivered was calculated as follows: Eimpact=Etotal - Erotationat, (Figure 7), resulting in 1.1

Joule.
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Figure 7.- Frontal impact device is shown. Impact energy is calculated as shown in the equation.

Animals were randomly assigned to receive either sham or mTBI. Mice were anesthetized with
isoflurane using the open-drop method (Risling et al., 2012). Animals were then gently
restrained in position onto the impact device using an elastic belt placed across the dorsal thorax
leaving the head free. Mice were subjected to 5 sessions of 3 blasts, each with a 2-day interval
in a frontal weight impact device. After each session, mice were carefully monitored until the
anesthesia effect was finalized and returned to their home cage. Then, animals were kept in their
home cage for 7 days before analysis (Figure 8). Orally administered Tramadol (30 mg/kg every
24 hours) was used as analgesic. Sham animals were subjected to all procedures except injury

induction.
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Figure 8.- Protocol for repeated mTBI induction is shown. The scheme depicts the interval of
the strikes session and the analysis time after the protocol is initiated.

3.3.- Biochemical analyses

3.3.1.- Immunoblot

Protein concentration was determined using a BCA protein assay kit (Pierce, ThermoFisher
Scientific, USA). Samples were resolved by SDS-PAGE and transferred to PVDF membranes.
Protein quantity and polyacrylamide gel percentage are indicated in each figure legend.
Membranes were blocked with BSA 5% in PBS-tween 0.1% for 1 hour and incubated overnight
with primary antibodies at 4 °C (Table 1). Then, membranes were washed 3 times with PBS-
tween 0.1% and incubated with the appropriate secondary antibody for 1 hour. Blots were
developed using a chemiluminescence detection kit. Images were obtained with a G:BOX
Chemi XT4 Gel imaging system (Syngene). Membranes were stripped for 30 min at room
temperature using a stripping buffer (6 M GnHCI, 0.2% NP-40, 100 mM B-mercaptoethanol,
20 mM Tris—HCI, pH 7.5) and washed thoroughly 4 times with PBS containing 0.1% Tween-
20. After stripping, membranes were tested again with chemiluminescence to confirm that
membranes were properly stripped, and no signal was detected. Up to four stripping was carried
out to each membrane, carefully managing that secondary antibody host was intercalated

between mouse and rabbit.



Table 1.- Antibody List

Antibody Company Dilution
Exo70 Proteintech WB 1:2000; IHC 1:300
GAPDH Santa Cruz Biotechology WB 1:1000
Tubulin Santa Cruz Biotechnology WB 1:1000
PSD-95 Santa Cruz Biotechnology WB 1:1000
Synaptophysin Santa Cruz Biotechnology WB 1:1000
PDI Santa Cruz Biotechnology WB 1:1000
B-Actin Sigma WB 1:2000
PMCAl Santa Cruz Biotechnology WB 1:1000
GluR1 NeuroMabs WB 1:1000
GluR2 Santa Cruz Biotechnology WB 1:1000
GIuN2A NeuroMabs WB 1:1000
GluN2B ThermoFisher Scientific WB 1:1000
GIuN2B p1472 Cell Signaling WB 1:1000
GIuN2B p1336 Invitrogen WB 1:1000
Sec6 Santa Cruz Biotechnology WB 1:500
Secl0 Santa Cruz Biotechnology WB 1:500
GFP NovusBiologicals WB 1:2000; IHC 1:200
HA Cell Signaling WB 1:1000
pCREB NovusBiologicals WB 1:1000
pERK1/2 ThermoFisher Scientific WB 1:1000
ERK1/2 ThermoFisher Scientific WB 1:1000
Fyn Santa Cruz Biotechnology WB 1:500

29
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3.3.2.- Subcellular fractionation

For subcellular fractionation, the sucrose gradient was performed. Tissues were rapidly
dissected on cold PBS. Samples were homogenized in buffer A containing 5 mM Hepes, pH
7.4; 320 mM sucrose supplemented with a protease and phosphatase inhibitor mixture (Protease:
Amresco, VWR Life Science; Phosphatase: 25 mM NaF, 100 mM NasVOs and 30 uM
NasP-O7). Homogenization was done using a potter S by delivering 10 up and down strokes.
Cell debris were removed by centrifugation for 10 min at 1,000 g (P1) and the supernatant (S1)
was centrifuged for 20 min at 20,000 g obtaining S2 (cytosol and microsomes) and P2 fractions.
In order to isolate microsomes, the S2 fraction was centrifuged for 2 h at 100,000xg. P2 fraction
was loaded on top of a 0.32/0.85/1.0/1.2 M sucrose gradient and centrifuged for 2 h at
100,000xg and synaptosomes were obtained from 1.0/1.2 M interface. Synaptosomes were then
resuspended in Triton buffer (20 mM HEPES, 100 mM NacCl, 0.5% Triton X-100, pH 7.2) and
rotated for 20 min before centrifugation at 20,000xg for 20 min to obtain PSD and nonPSD
fractions. PSD pellet was resuspended with PBS unless otherwise mentioned. A scheme of the
conducted fractionation is shown in Figure 9. All manipulations were carried out on the ice or
at 4 °C. Samples were stored at -80 °C until use. Proteins (30 ug per well) were resolved in 10%

SDS-PAGE and analyzed by Western blot.
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Figure 9.- Schematic representation of the steps followed in the subcellular fractionation.

3.3.3.- Co-immunoprecipitation

Co-immunoprecipitation experiments were carried out as follows. Both hippocampi from each

mouse were dissected and PSD and nonPSD fractions were prepared as described above with

minor modifications. PSD fractions were resuspended in RIPA buffer (25 mM Tris—Cl, pH 7.6,

150 mM NaCl, 1% NP-40, and 0,1% SDS) and rotated for 20 min for immunoprecipitation.

Samples were quantified using the BCA Protein assay kit (Pierce, ThermoFisher Scientific,

USA). 50 pg of PSD and 300 ug of nonPSD protein samples were incubated with 1 pg of Exo70

antibody overnight at 4 °C followed by incubation with Protein A/G agarose beads (30 pl; Santa

Cruz Biotechnology, USA) for 1 h at 4 °C. Normal rabbit IgG was used as a control for
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immunoprecipitation. Then, beads were recovered by brief centrifugation and washed three
times with PBS. Proteins were eluted with a 2X protein loading buffer, resolved in a 6% SDS-
PAGE, and transferred to PVDF membranes. Membranes were cut to allow the proper probing
of receptors and exocyst’s subunits in the same membrane. Membranes were stripped up to four

times. The absence of signal was determined after each stripping (appendix A, right panel).

3.3.4.- Cell surface biotinylation

Hippocampal slices were prepared as follows. Brains were quickly removed, and transverse
slices (300 pum) were cut under cold artificial cerebrospinal fluid (ACSF, in mM: 124 NaCl, 2.6
NaHCOg, 10 D-glucose, 2.69 KCI, 1.25 KH2PO4, 2.5 CaClz, 1.3 MgSOs, and 2.60 NaHPO4)
using a vibratome (BSK microslicer DTK-1500E, Ted Pella, Redding, CA, USA) and incubated
in a resting chamber for 1 h with a 95% O2/5% CO> saturation. Brain slices were transferred to
an incubation chamber at 4 °C supplemented with Oz and CO». Then, slices were incubated with
EZ-Link Sulfo-NHS-Biotin (1 mg/ml in ACSF, ThermoScientific) for 45 min at 4 °C to
biotinylate surface proteins. Excess biotin was removed by washing the slices three times
(5 min) with a quenching solution (Glycine 100 mM) and then washing three times with cold
ACSF. Hippocampal slices were dissected under a binocular microscope (Amscope, Irvine, CA,
USA). Slices were homogenized in modified RIPA buffer (150 mM NaCl, 20 mM HEPES, 1%
Triton X-100, 0.5% SDS, and 2 mM EDTA, pH 7.4) supplemented with a mixture of protease
and phosphatase inhibitors. Sample homogenates (total fraction) were collected, and cell debris
was removed by centrifugation for 10 min at 12,000 g. Next, supernatant proteins were
quantified using a BCA protein assay kit (Pierce, ThermoFisher Scientific, USA). 500 pg of

protein were incubated overnight at 4 °C with Neutravidin Agarose beads (50 pl; Pierce,
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ThermoFisher Scientific, USA). Beads were recovered by brief centrifugation and washed three
times with ice-cold PBS. Proteins were eluted with a 2X protein loading buffer and resolved in

a 10% SDS-PAGE.

3.4.- Immunohistochemistry

Mice were perfused intracardially with saline solution and PFA 4%. Brains were removed and
post fixated for 6 hours in PFA 4%. 30 um thick brain slices were cut in a cryostat and stored -
20 °C with OLMOS solution. Slices were permeabilized with 0.2% (v/v) Triton X-100 in PBS
(PBS-T) for 30 min. Then, a 30 min incubation was carried out with 0.15 M Glycine and
10 mg/ml  NaBHs (for immunofluorescence) and H20, 3% (for chromogenic
immunohistochemistry). Slices were washed with PBS-T three times and blocked with 3% BSA
for 1 h at room temperature. Slices were incubated overnight at 4 °C with primary antibodies
diluted in PBS-T containing 3% BSA. After three PBS-T washes, slices were incubated with
respective secondary antibody in PBS-T containing 3% BSA for 2 h at room temperature. Slices
were then washed three times with PBS and distilled water. Chromogenic staining was
developed using DAB kit (ThermoFisher Scientific, USA). Finally, slices were mounted on
gelatin-coated slides using the appropriate mounting media and images were captured in an
Olympus BX51 microscope equipped with a Micro-publisher 3.3 RTV camera (QImaging,

Surrey, BC, Canada) using Q-imaging software.
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3.5.- Intrahippocampal lentiviral injection

Third-generation lentiviral particles were packaged and acquired in Applied Biological
Materials (ABM, Canada) based on the bicistronic lentiviral construct FUG-1D/2A-W (Figure
10). 1 pl of high titter (1x10° 1U/ml) lentiviral particles were injected bilaterally into the CA1
stratum radiatum region of the dorsal hippocampus from 4 weeks old C57BL/6 J mice using a
stereotaxic device. Coordinates from bregma were 1.8 mm caudal, 1.5 mm lateral and 1.5 mm
ventral. The injection rate was 0.5 pl/min. After surgery, mice were carefully observed in their
recovery process in a thermal pad at 37 °C. Lentiviral expression was carried out for 4 weeks

prior to mTBI induction.
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Figure 10.- Map of the bicistronic lentiviral construct. The construct have the self-cleavage
signal 1D/2A from the foot and mouth disease virus that allows the synthesis of two soluble
individual proteins (Lira et al., 2019).

3.6.- Behavioral analysis

3.6.1.- Spatial memory

The Morris water maze (MWM) task was used as a spatial memory behavioral test. Mice were
trained in a 1.1 m diameter circular pool (opaque water, 50 cm deep) filled with 19-21 °C water.
A submerged 9-cm platform (1 cm below the surface, invisible to the animal) was used for
training, with a maximum trial duration of 60 s and 10 s on the platform at the end of the trials.
Mice were placed into the water facing the side walls, being transported there by hand from a

holding cage. Each animal was trained to locate the platform. The test was performed with three
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trials per day for 5 days, and a probe test was carried out on day 6 where the platform was
removed. Swimming was monitored using an automatic tracking system (ANY-maze video
tracking software, Stoelting Co, Wood Dale, IL, USA). This system was used to measure the
latency time (in seconds) required for the animal to reach the platform and the time spent in
each quadrant (in seconds). After testing, the mouse was gently removed from the maze and

returned to its cage.

3.6.2.- Memory flexibility

The week after MWM was performed, memory flexibility was tested using a modified MWM
paradigm. Each animal was trained for one pseudo-random location of the platform per day for
4 days, with a new platform location each day. Up to 15 training trials were performed per day
until the criterion of 3 successive trials with an escape latency of <20 s was met (intertrial delay
time = 20 min). Upon testing completion, mice were gently removed from the maze and returned
to its cage. The animals were tested for the next location on the following day. Data were
collected using a water maze video tracking system (ANY-maze video tracking software,

Stoelting Co, Wood Dale, IL, USA).

3.7.- Electrophysiology

Transverse slices (400 um) from the dorsal hippocampus were cut under cold ACSF using a
Vibratome (BSK microslicer DTK-1500E, Ted Pella, Redding, CA, USA) and incubated in
ACSF for 1 hour at room temperature. In all experiments, 10 uM PTX was added to suppress
inhibitory GABAA transmission. Slices were transferred to an experimental chamber (2 ml),
superfused (3 ml/min, at room temperature) with gassed ACSF (using 95% 02/5% CO-) and

visualized by trans-illumination with a binocular microscope (Amscope, Irvine, CA, USA). To
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evoke field excitatory post synaptic potentials (fEPSPs), Schaffer collaterals were stimulated
with bipolar concentric electrodes (Tungsten, 125 um OD diameter, Microprobes) connected to
an isolation unit (Isoflex, AMPI, Jerusalem, Israel). The stimulation was performed in the
stratum radiatum within 100200 um from the recording site. Recordings were filtered at 2.0—
3.0 kHz, sampled at 4.0 kHz using an A/D converter (National Instrument, Austin, TX, USA),
and stored with the WinLTP program. The basal excitatory synaptic transmission was measured
using an input/output curve protocol with 10 s of interval between stimuli. To generate LTP, we
used high-frequency stimulation (HFS) protocol, which consisted of 3 trains at 100 Hz of stimuli
with an inter-train interval of 10s. In order to isolate NMDAR fEPSP, slices were incubated
with 20 pM NBQX 30 min before testing started and the antagonist were kept throughout the
recording. Data were collected and analyzed offline with pClamp 10 software (Molecular

Devices, San Jose, CA, USA).

3.8.- Dorsal hippocampus isolation

Characterization of lentiviral expression were carried out in dorsal hippocampal samples. Brains
were cut with a vibratome (BSK microslicer DTK-1500E, Ted Pella, Redding, CA, USA) and
the dorsal hippocampus were isolated. Two 300 um thick dorsal hippocampal slices per brain

hemisphere were homogenized in RIPA buffer and analyzed by immunoblot.

Western blot analysis of Sham and mTBI mice injected with lentiviral particles was carried out
using dorsal hippocampal slices employed in the electrophysiological analyses. Hence, after
synaptic transmission analyses were finished, the slices were stored at -80 °C until required.

Samples were homogenized and resolved in a 10% SDS-PAGE.
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3.9.- Statistical analysis

Data were analyzed using unpaired t-test where 2 experimental groups was presented. For
multiple-grouped experiments, statistical analysis was calculated using one-way ANOVA or
two-way ANOVA with Bonferroni correction for multiple comparisons. All data is shown as
mean £ SEM. A p <0.05 value was considered significant. GraphPad Prism 8 was used to carry

statistical analysis.
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4.- RESULTS

4.1.- Objective 1: To determine if mTBI changes Exo70 expression

4.1.1.- Evaluation of Exo70 expression

Exo70 expression has been reported in rat and mouse forebrain (Chernyshova et al., 2011, Lira
etal., 2019). Nevertheless, a more profound description in structures like cortex or hippocampus
is yet to be described. Cortical and hippocampal slices of 2 months old C57BL/6J mice were
analyzed for Exo70 expression and localization. By immunohistochemistry, Exo70 is observed
in mostly all cortical layers. Most of the signal comes from Il to Ill layers and the
immunoreactivity is reduced in inner layers V and VI (Figure 11A). Hippocampus also shows
Exo70 expression throughout all hippocampal zones (Figure 11B). Exo70 immunoreactivity is
predominantly observed in CAl and CAS3 stratum pyramidale, although some Exo70-positive
cells in stratum oriens and stratum radiatum are found (Figure 11C and D, lower panels).
Finally, dentate gyrus Exo70 expression is predominantly observed in the granule cell layer
(Figure 11E) and immunoreactivity is detected in hilus-located cells (Figure 11C, lower panels).
Next, protein extracts were obtained from the forebrain, cortex, and hippocampus from 2-
month-old mice, and samples were analyzed by immunoblot. The analysis shows that Exo70 is
expressed on the forebrain, cortex, and hippocampus (Figure 11F), supporting

immunohistochemistry results.
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Figure 11.- Evaluation of Exo70 expression in the brain, cortex, and hippocampus. Two-month-
old male mice were perfused and 30 um thick brain slices were prepared. (A and B)
Representative images of slices were obtained between 1.8 and 2 mm caudal from bregma.
Slices were stained with an Exo70 specific polyclonal antibody and Hoechst to label the nucleus.
Cortical layers and hippocampal zones are depicted in the images. Scale bars: cortex 300 um,
hippocampus 400 um. (C, D, E) Hippocampal zones CA1, CA3, and DG are shown. so: Stratum
oriens; sp: Stratum pyramidale; sr: Stratum radiatum. Scale bars: 100 um. f Western blot
analysis of brain, cortex, and hippocampus protein extracts. Samples were resolved in 10%
SDS-PAGE. 30 pg of protein samples were loaded in each well. n =3 mice per group.
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4.1.2.- Evaluation of Exo70 expression after mTBI

To date, no study has been conducted to evaluate the contribution of exocyst complex in
neurodegenerative diseases or particularly in acute neuropathologies like mTBI. To induce
mTBI, we used a modified Maryland’s weight drop model used for rats (Kilbourne et al., 2009)
to fit mouse anatomy. This model uses a repeated scheme (see methods) in which brain damage
is achieved. Our model induces diffuse damage in the cortex that eventually reaches the
hippocampus provoking impaired synaptic transmission (Mira et al., 2020) and cognitive
decline (Carvajal and Cerpa, 2021). Initially, it was asked whether mTBI alters Exo70
expression in the forebrain, cortex, and hippocampus. Protein samples were obtained and
analyzed by Western blot. The analysis showed that Exo70 protein level was not altered when

mice were subjected to mTBI in all anatomical regions (Figure 12).
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Figure 12.- Exo70 protein levels are not altered after mTBI induction. Two-month-old male mice were
subjected to mTBI, and protein extracts were prepared from the forebrain, cortex, and hippocampus.
Protein samples were resolved in 10% SDS-PAGE and transferred to PVDF membrane. Western blot
analysis was carried out using Exo70 and Tubulin antibodies. The graph shows the Exo70 densitometric
analysis normalized with the Tubulin signal. Values represent means + SEM, n = 3 mice per experimental
group. Statistical differences were determined by an unpaired t-test comparing Sham and mTBI. Brain
p=0.18, Cortex p=0.29, Hippocampus p = 0.37.
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4.2.- Objective 2: To evaluate Exo70 subcellular localization after mTBI.

4.2.1.- Exo70 compartmentalization following mTBI

Exo70, as part of the exocyst complex, has shown to have several functions. Most of them
related to membrane trafficking and exocytosis (Martin-Urdiroz et al., 2016), particularly
localized near the plasma membrane (Inoue et al., 2006, Zhang et al., 2016). Indeed, the correct
function of Exo70 strictly depends on its subcellular localization (Inoue et al., 2003, Dupraz et
al., 2009, Zhang et al., 2016, Fujita et al., 2013). To study this, a classic biochemical approach
was used to assess if mTBI changes the subcellular patterning in tissue. Forebrain subcellular
fractionation was carried out using a well-established protocol (see figure 9 in methods section)
(Lira et al., 2019, Smalla et al., 2013) to obtain cytosol, microsome, and P2 crude membrane
fraction. P2 is then further fractionated to obtain synaptosomes. Samples were processed and
analyzed by immunoblot (Figure 13A). As expected, the major postsynaptic scaffolding protein
PSD95 was mainly distributed in synaptosomes (Figure 13B). Synaptophysin, a synaptic vesicle
protein, was highly distributed in microsomes and synaptosomes (Figure 13B). Protein
disulfide-isomerase (PDI) is an endoplasmic reticulum-resident protein and therefore is
distributed in microsome fractions. GAPDH, a cytosolic protein, was distributed in cytosolic
fractions (Figure 13B). Hence, the distribution of those proteins validates the biochemical
preparations. Exo70 was present in cytosol, microsome, and synaptosome fractions from the
forebrain and was highly distributed in microsomal fraction (Figure 13B). Then, mice were
subjected to mTBI, and forebrains were fractionated to obtain microsomal and synaptosomal

fractions (Figure 13C). In these fractions, Exo70 localization was increased on mTBI mice
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compared to Sham mice (Figure 13D), suggesting that Exo70 may increase its functionality

upon mTBI induction.
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Figure 13.- Exo70 localization is increased in forebrain synapses upon mTBI induction. (A)
Forebrains from two-month-old male mice were obtained and subcellular fractionation was
carried out. Homogenized (H), cytosol (CYT), microsome (MIC), and synaptosome (SYN)
fractions were obtained. 20 pug of protein samples were resolved in a 10% SDS-PAGE and
transferred to PVDF membranes. Membranes were incubated with the respective antibodies
shown in the figure. Membranes were stripped and tested again with the indicated antibodies.
(B) Protein distribution was analyzed with densitometric analysis by comparing signal intensity
from each fraction with homogenized. Mean values + SEM are shown. (C) Two-month-old male
mice were subjected to mTBI and microsome and synaptosome fractions were obtained. 30 ug
of protein samples were analyzed. PDI/Tubulin was used as loading controls. (D) The graph
shows the Exo70 densitometric analysis normalized with loading controls. Values represent
means + SEM, n =3 mice per experimental group. Statistical differences were determined by an
unpaired t-test comparing Sham and mTBI. **p <0.01.
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Because the damage induced by mTBI can reach the hippocampus passing through the cortex,
it was intended to determine if Exo70 subcellular distribution would behave similarly between
both cortex and hippocampus. To test this, subcellular fractionation was carried out using the
same protocol for the forebrain and analyzed it again by immunoblot. An example of
hippocampi subcellular fractions is shown in Figure 14A. In these experiments, synaptosome
fraction was treated with Triton X-100 and further fractionated to obtain PSD and nonPSD
fractions (Figure 14A). PSD95 showed that it is highly distributed in PSD and excluded from
nonPSD fraction (Figure 14B). Contrary to this, Synaptophysin was highly distributed in
nonPSD and excluded from PSD fraction (Figure 14B), indicating that synaptosome
fractionation worked as expected. Exo70 was again highly distributed in microsomes (Figure
14B). However, it was present in PSD and nonPSD fractions, although most of the synaptosomal
Exo70 was present in nonPSD. Next, subcellular fractionation was performed of cortex and
hippocampus obtained from Sham and mTBI mice. Exo70 distribution was analyzed in
microsome, PSD, and nonPSD fractions by immunoblot (Figure 15). No Exo70 distribution
changes were observed on the cortex (Figure 15A), while Exo70 distribution in the hippocampus
was altered upon mTBI induction. Specifically, Exo70 localization was reduced on microsome
and increased in PSD fraction (Figure 15B), suggesting that Exo70 is redistributed from

microsome to PSD following mTBI.



A

kDa

70—
70—
95 —
35—

55—
55—

Hippocampal fractions
H CYT MIC PSD nPSD

R ——
e -
P -—
= -—
- e

s @D - ’

Exo70

Exo70
Overexposed

PSD95
SYP
PDI

Tubulin

Protein distribution

44

<1

S 2.5 B Exo70
= = PSD95
o 2.01 B SYP
o

S

o

N

§e]

(0]

=

©

[0}

x

Qo

Figure 14.- Hippocampal subcellular fractionation. Hippocampus from two-month-old male
mice was fractionated and microsome, PSD, and nonPSD fractions were obtained. 20 ug of
protein samples were resolved in a 10% SDS-PAGE and transferred to PVDF membranes (A).
Membranes were incubated with the respective antibodies shown in the figure. Membranes were
stripped and tested again with the indicated antibodies. (B) Proteins distributions were analyzed
with densitometric analysis by comparing signal intensity from each fraction with homogenized.
Mean values = SEM are shown. N = 3 mice.
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Figure 15.- Exo70 is redistributed into PSD in the hippocampus of mTBI mice. (A) Cortex and
Hippocampus (F) from Sham and mTBI mice were fractionated and analyzed by western blot
using Exo70, PDI, Actin, and Tubulin antibodies. PDI/Actin/Tubulin was used as loading
controls. 30 ug of protein samples were resolved in a 10% SDS-PAGE and transferred to PVDF
membranes. The graph shows the Exo70 densitometric analysis normalized with loading
controls. Values represent means+SEM, n=3 mice per experimental group. Statistical

differences were determined by an unpaired t-test comparing Sham and mTBI. *p<0.05,
**
p<0.01.
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4.2.2.- Exo70 membrane proximity following mTBI

Exo70 is mainly found in the microsomal fraction, as shown above. Microsome fraction contains
endoplasmic reticulum, Golgi apparatus, synaptic vesicles, and plasma membrane (Sandoval et
al., 2013). As Exo70 is predominantly located at the plasma membrane (Liu et al., 2007, Moore
et al., 2007, Zhang et al., 2016), it was asked if Exo70 membrane localization is altered
following mTBI. To test this, an ex vivo approach was used by which plasma membrane proteins
are isolated using biotin. Brain from Sham and mTBI mice were cut to obtain slices, and
biotinylation was carried out (see methods). After biotinylation, hippocampal slices were
dissected and homogenized, and biotinylated proteins were captured using NeutrAvidin. Using
this approach, it was able to isolate most of the membrane fraction as shown by the plasma
membrane calcium ATPase PMCAL, a typical plasma membrane marker, while cytosolic
GAPDH showed absence in this fraction (Figure 16A), indicating that the protocol worked as
expected. Membrane-proximal Exo70 showed to be nearly 30% of total Exo70 (Figure 16B).
Interestingly, after mTBI induction, Exo70 surface proximity was reduced by 36% (Figure 16C
and D), suggesting that Exo70 redistribution towards PSD observed in fractionation experiments

comes from the plasma membrane.
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Figure 16.- Exo70 proximity to the plasma membrane decreases after mTBI induction. (A)
Brains from two-month-old mice were cut in 300 um thick slices. Biotinylation was carried out
and the hippocampus was dissected. Hippocampal slices were homogenized in a modified RIPA
buffer (see methods). 500 ug of protein samples were incubated with NeutrAvidin overnight at
4 °C and beads were obtained by brief centrifugation. 200 pug (40%) of total protein samples
were loaded alongside cytosolic (unbound) and eluted samples from NeutrAvidin precipitation
assays. Samples were resolved in 10% SDS-PAGE and transferred to PVDF membranes.
Membranes were incubated with the antibodies indicated in the figure. Membranes were
stripped and tested again with the indicated antibodies. (B) Exo70 proximity to the plasma
membrane was described as follows: Combined cytosolic and surface Exo70 band intensities
were considered as 100%. Then Exo70 proximity was calculated using the band intensity
combination. The graph shows that nearly 30% of the Exo70 total pool is proximal to the plasma
membrane. Mean + SEM is shown, n =3 hippocampi from different mice. (C) Two-month-old
male mice were subjected to mTBI, and hippocampal slices were prepared and biotinylated.
500 ug of protein samples were incubated with NeutrAvidin overnight at 4 °C, and beads were
obtained by brief centrifugation. Lysates were analyzed using 30 pg of proteins. (D) Exo70
densitometric analysis. Protein lysates were used to normalize band intensities. 4 Hippocampal
slices from each mouse were used. Values represent means + SEM, n =3 mice per experimental
group. Statistical differences were determined by an unpaired t-test comparing Sham and mTBI.
* <0.05.
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4.2.3.- Exocyst assembly following mTBI

Exo70 has been proposed as the nucleating factor of the exocyst complex establishing the site
where the complex should be directed (Lira et al., 2019, Picco et al., 2017, Ahmed et al., 2018,
Lipschutz and Mostov, 2002). Also, the level of assembly of the complex through Exo70
denotes its activity on exocytosis (Ren and Guo, 2012, Mao et al., 2020a, Lu et al., 2016).
Therefore, it was asked if the assembly of the exocyst complex is altered on mTBI mice. In
order to do that, hippocampal PSD and nonPSD fractions from Sham and mTBI mice were
prepared as above, and Exo70 was immunoprecipitated using a specific polyclonal antibody.
Experiments were analyzed using Sec6 and Secl0 antibodies (Figure 17A and C). In PSD,
Exo70 interaction with Sec6 and Sec10 was increased, indicating that the complex’s assembly
is increased following mTBI (Figure 17B). On the other hand, Exo70 interaction with Sec6 and
Sec10 was reduced in the nonPSD fraction (Figure 17D). These results suggest that the complex
assembly occurs in hippocampal PSD after mTBI induction. Crude data is observed in appendix

A, left panel.
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Figure 17.- mTBI increases exocyst complex assembly in the PSD fraction. (A and C) Two-
month-old male mice were subjected to mTBI and hippocampal PSD/nonPSD fractions were
obtained. 50 and 300 pug of PSD and nonPSD protein samples, respectively, were
immunoprecipitated using a specific Exo70 polyclonal antibody. Beads were recovered by brief
centrifugation. Samples were resolved in 6% SDS-PAGE and transferred to PVDF membranes.
Both hippocampi of each mouse were used. Membranes were stripped and tested again with the
indicated antibodies. (B and D) Sec6 and Sec10 densitometric analysis from PSD and nonPSD
immunoprecipitations. Signal intensity was normalized with Exo70 band intensity. The analysis
shows the assembly level of the exocyst complex is increased after mTBI. Values represent
means = SEM, n = 3 mice per experimental group. Statistical differences were determined by an
unpaired t-test comparing Sham and mTBI. *p <0.05.

The exocyst has been related to AMPA and NMDA receptors trafficking and delivery into the
synapse (Gerges et al., 2006, Sans et al., 2003) by being in the same protein complex, thus
modulating the availability of these receptors on PSD. In this case, it was asked if mTBI could
change the level of interaction between Exo70 and both types of ionotropic glutamate receptors

in hippocampal PSD and nonPSD fractions. To address this, hippocampal PSD and nonPSD
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fractions were prepared, and Exo70 was again immunoprecipitated. In these experiments,
GIuR1/GIuR2 from the AMPA receptors and GIuUN2A/GIuN2B from the NMDA receptors were
assessed by immunoblot (Figure 18A). The analysis showed that Exo70 didn’t change its
interaction with both GIuR1 and GluR2 AMPAR subunits in PSD when mTBI was induced
(Figure 18B). When it comes to the NMDA receptors, Exo70 interaction is increased only with
the GIUN2B subunit and not with GIuN2A (Figure 18B). Null interaction was detected between
Exo70 and AMPA/NMDA subunits in nonPSD fraction (not shown). This prompts the idea that
the assembly of the exocyst complex favors the interaction with GIuUN2B in the hippocampus
upon mTBI induction. It is then suggested that Exo70 redistribution into PSD to increase its
interaction with GIUN2B is probably a compensatory mechanism by which GIUN2B gets

stabilized in PSD to diminish mTBI detrimental neuronal effects.
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Figure 18.- mTBI increases Exo70-GIuN2B interaction in the PSD fraction. GIuUN2A, GIuN2B,
GluR1, GluR2 densitometric analysis from PSD and nonPSD immunoprecipitations. Samples
were resolved in a 10% SDS-PAGE and transferred to PVDF membranes. Signal intensity was
normalized with Exo70 band intensity. Exo70-GIuN2B increased interaction after mTBI.
Values represent means + SEM, n =3 mice per experimental group. Statistical differences were
determined by an unpaired t-test comparing Sham and mTBI. *p <0.05.
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4.3.- Objective 3: To determine if Exo70 gain of function rescues learning/memory and

NMDAR synaptic availability after mTBI induction.

From this point, the experimental strategy adopted to evaluate this objective is a lentiviral
infection of CA1 neurons with lentiviral particles that overexpress Exo70. The lentivirus used
in this thesis is based on the human immunodeficiency virus genome with a third-generation
system, which grants a high biosafety level due to the lack of viral replication capacity (Dull et
al., 1998, Lois et al., 2002). This system allows long-term stable expression of the protein of
interest and does not considerably affect neuronal network activity (Minerbi et al., 2009). Mice
injected with lentiviral systems have demonstrated stable lentiviral expression for months,
showing even cognitive changes (Jeon et al., 2018, Kanninen et al., 2009, Barbash et al., 2013)

and is a reliable tool to use in the research of TBI physiology (Farook et al., 2013).
4.3.1.- Intrahippocampal lentiviral injection

Mice were bilaterally injected on postanal day 30 with 1 pl of lentiviral suspension
(approximately 1x10° lentiviral particles), and the expression was analyzed 30 days after. The
lentiviral construct expresses a single transcript (GFP + Exo70), which is then translated and
processed with the self-cleavage sequence 1D/2A located between GFP and Exo70 ORF; thus,
generating both proteins separately with an HA tag fused to Exo70 in the N-terminal end (Figure
19). Lentiviral expression was first evaluated in HEK293 cells by immunoblot. The analysis
showed that GFP is only expressed in transduced cells, while no GFP signal was detected in
non-transduced cells (Figure 20A). Soluble GFP bands showed two molecular weights, one at
25 kDa corresponding to control LV-GFP lentivirus, and the other at ~27 kDa. The former being

expressed by a control lentivirus that doesn’t express the HA tag (Figure 20A, arrowhead), and
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the latter being expressed by HA-tagged Exo70 lentiviral virus Figure 20A, asterisk). The self-
cleavage site likely adds residues to the GFP protein and therefore slight increase in molecular
weight is observed. Additionally, a GFP-positive, ~96 kDa band, was detected only in samples
transduced with LV-Exo70, in agreement with what has been reported (Torres et al., 2010, Lira
et al., 2019) that approximately 5% of the one-pieced translated protein stays as a single protein
without being self-cleaved (Figure 20A, arrow). After 72h, Exo70 overexpression was achieved
only in LV-Ex070 transduced cells (Figure 20B). Next, in vivo Exo70 overexpression was
assessed using dorsal hippocampal samples from injected mice. Similar to HEK293 cells, the
analysis showed that GFP is expressed in mice injected with control lentivirus (LV-GFP) and
the overexpression lentivirus (LV-Exo70) but was absent in non-injected animals (Figure 20C);
both 25 and 27 kDa bands were observed in these samples as well. The HA tag was only detected
in samples from LV-Exo070 mice, indicating that Exo70 is being overexpressed; indeed, 1 month
of expression was sufficient to increase the Exo70 protein level in the dorsal hippocampus of
LV-Exo70, but not LV-GFP injected mice (Figure 20D). By immunohistochemistry, GFP+ cells
were found in both LV-GFP and LV-Exo70 injected mice in a wide area of the CA1 region from

the dorsal hippocampus (Figure 20C).
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Figure 19.- (A) Schematic representation of protein expressed by the lentiviral system. (B)
Peptides expressed and their expected molecular weights.
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Figure 20.- Characterization of the lentiviral system expressing Exo70. One month old mice
were injected intrahippocampally with 1 pL of LV-GFP, LV-Ex070 lentiviral suspension or
PBS (NT: non transduced). LV-GFP construct expresses only GFP, while LV-Exo70 expresses
GFP and Exo70. Expression was carried out for 30 days. Immunoblot analysis of (A) transduced
HEK?293 cells and (C) dorsal hippocampal samples from injected mice. 30 g of protein samples
were resolved in 10% SDS-PAGE and transferred to PVDF membranes. Membranes were
stripped and tested again with the indicated antibodies. (B and D) Densitometric analysis of
Exo70. Signal intensity was normalized with Tubulin band intensity. The analyses show Exo70
overexpression only in LV-Exo70 transduced samples. Values represent means + SEM. n=3
independent experiments with HEK293 cells, n=4 mice per experimental group. Statistical
differences were determined by an unpaired t-test comparing LV-GFP and LV-Exo70 samples.
*p<0.05. (E) Classical IHC was carried out using a GFP antibody. Representative images of
CA1 hippocampal region showing GFP signal. Scale bar: 100 pm.

4.3.2.- Learning and memory

TBI has been shown to diminish spatial learning and memory (Marschner et al., 2019, Xu et al.,

2021). The hippocampal function was tested using the Morris Water Maze (MWM) spatial
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memory test. For this task, mice are required to learn the location of a hidden platform based on
external cues. The swimming speed of experimental groups was measured in order to detect
possible motor problems. However, no significant differences were observed between the
groups (Figure 21A). Sham-GFP mice showed a normal learning curve as expected for non-
injured animals, and mTBI was able to increase escape latency on day 3 and day 4 during the
test, while Exo70 overexpression returned escape latency to normal (Figure 21B). Exo70
overexpression in Sham mice did not have any effect on escape latency. Interestingly,
cumulative latency showed that Exo70 overexpression was able to reduce the escape time of
both LV-Exo70 Sham/mTBI mice as compared to control Sham-GFP mice (Figure 21C),
suggesting that Exo70 overexpression might enhance learning processes in the MWM test.
Specifically, on day 4, the results show that Exo70 overexpression rescues the escape latency as
shown in Figure 21D, where representative swimming paths are shown as well. Figure 21E
shows the relationship between spatial acuity and the average escape latency of animals from
the different experimental groups. The graph shows that mTBI-GFP mice are located in a region
of the graph that corresponds to high-escape latency values and low-spatial acuity scores. In
contrast, Sham-GFP and Sham-Exo70 mice show low-escape latency values and high spatial
acuity scores. Exo70 overexpression was able to rescue spatial acuity (Figure 21E). On day 6
of the memory task, the platform was removed in a probe test that measures the time mice spend
swimming in the former area, near the initial platform location (a circular area with twice the
platform radius). Sham-GFP and Sham-Exo70 mice spend more time in the platform area than
TBI-GFP mice, while Exo70 overexpression was able to rescue the memory deficit,
demonstrating the inability of mTBI mice to remember the platform location and the

improvement that suffered TBI-Exo70 mice (Figure 21F).
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Figure 21.- Learning and memory impairment is prevented by Exo70 overexpression in mTBI-
induced mice. Behavioral performance was tested using the MWM test. (A) Average swimming
speed. (B) Escape latency (time to reach the hidden platform) of Sham and mTBI mice
expressing GFP or Exo70. (C) Cumulative latency throughout the 6 days of the test. (D)
Representative swimming trajectories and escape latency for all experimental groups on day 4.
(E) Spatial acuity for Sham and mTBI mice with or without Exo70 overexpression after 6 days
of training. (F) Representative heat map and analysis of the time mice spent swimming in the
area near the platform when it was removed on day 6. Values represent means = SEM, n=5
mice per experimental group. Statistical differences were calculated by ANOVA, followed by
post hoc Bonferroni's test. Curves were analyzed by Repeated Measures ANOVA. *p <0.05,

**p<0.01.
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Additionally, animals' cognitive performance was evaluated using a modified spatial memory
paradigm associated with episodic memory (memory flexibility) that has been shown to be more
sensitive in detecting hippocampal dysfunction (Carvajal et al., 2018). The analysis of
behavioral performance indicates that, in almost every day, mTBI-GFP mice required more
trials to achieve the learning criterion (see Methodology) than control Sham-GFP mice, while

Exo70 overexpression was able to rescue the learning and memory impairment (Figure 22).

- Sham-GFP Day 3, trial 4

%+ mTBI-GFP

* %* *
A Sham-Exo70 Sham mTBI

-+ mTBI-Exo70
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0 - Exo70 g E%
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Figure 22.- Memory flexibility test. Behavioral performance was tested using a modification of
the MWM test, the memory flexibility test (see methods). Memory flexibility was performed
the week after MWM test was carried out. Representative swimming trajectories for trial 4 on
day 3 of the test are shown. Values represent means + SEM, n =5 mice per experimental group.
Statistical differences were calculated by repeated measures ANOVA, followed by post hoc
Bonferroni's test. Shan-GFP/TBI-GFP comparison: *p<0.05. TBI-GFP/TBI-Ex070

comparison: ¢ p<0.05.

4.3.3.- Synaptic transmission

One of the TBI cellular hallmarks is that synaptic transmission is altered upon injury induction,
both in basal and stimulated transmission. To study this, total synaptic strength was evaluated
using input/output curves by stimulating schaffer collaterals with crescent stimuli. A significant

decrease in total response to different stimulus intensities was found in mTBI-GFP compared to
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Sham-GFP mice (Figure 23A), which was partially rescued by Exo70 intrahippocampal
overexpression. Complementary studies were made to evaluate presynaptic function using the
paired-pulse facilitation assay and no differences were found between any of the experimental

groups (Figure 23B).

Figure 23.- Basal synaptic transmission in hippocampus from mTBI mice expressing GFP or
Exo70. (A) fEPSP slope induced by the input-output protocol to record total responses of CA3-
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CAL synapses. Responses were recorded by crescent stimuli. (B) Paired pulse facilitation (PPF)
of fEPSP shows no alterations in presynaptic activity in CA3-CA1 synapses. Values represent
means = SEM, n=6 slices per experimental group. Statistical differences were calculated by
repeated measures ANOVA, followed by post hoc Bonferroni's test. Shan-GFP/TBI-GFP
comparison: *p <0.05. TBI-GFP/TBI-Ex070 comparison: ¢ p<0.05.

NMDAR-dependent response in basal synaptic transmission was also assessed by incubating
slices with 20 pM NBQX, an AMPAR antagonist, and recording input/output curves. Similar
to total response recording, mTBI decreased NMDAR-dependent synaptic response, while
overexpression of Exo70 totally rescued synaptic strength in all stimuli applied (Figure 24A).
Next, synaptic plasticity was evaluated by studying LTP magnitude in hippocampal CA3-CA1l

transmission, which also correlates with learning and memory (Whitlock et al., 2006). By the
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usage of a high-frequency stimulation protocol (3 trains at 100 Hz), it was found that LTP
induction was compromised in TBI-GFP when compared with Sham-GFP control mice (Figure
24B). TBI-GFP mice showed potentiation but were unable to maintain LTP and Sham-Exo070
mice had the ability to induce LTP at a similar proportion as control animals did. Finally, TBI-
Exo070 mice were able to induce and maintain LTP throughout the protocol (Figure 24B). These

results reinforce the rescued memory of the mTBI animals injected with LV-Exo70.
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Figure 24.- NMDAR-related synaptic transmission in hippocampus from mTBI mice
expressing GFP or Exo70. Recordings were made by incubating slices with 20uM NBQX. (A)
fEPSP slope induced by the input-output protocol to record NMDAR responses of CA3-CA1l
synapses. Responses were recorded by crescent stimuli. (B) LTP was generated by high-
frequency stimulation (HFS) in the hippocampal CA1 area, and the recording was carried out
for 50 min. The graph shows fEPSP slope in the last 10 minutes of the recording. Values
represent means+SEM, n=6 slices per experimental group. Statistical differences were
calculated by repeated measures ANOVA, followed by post hoc Bonferroni's test. Sham-
GFP/TBI-GFP comparison: *p <0.05. TBI-GFP/TBI-Ex070 comparison: ¢ p<0.05. Bar graph
was analyzed using one-way ANOVA with Bonferroni’s correction. ***p <0.001.
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4.3.4.- NMDAR synaptic availability

One of the features of NMDAR, is that they could be found both in synaptic and extrasynaptic
membranes. Several reports demonstrate that tyrosine phosphorylation of the NMDARs
GIuN2B subunit is strongly associated with the surface expression of this receptor. For instance,
phosphorylation on tyrosine 1472 determines the surface expression of NMDARs in the
synaptic zone (Xu et al., 2006), and phosphorylated tyrosine 1336 is associated with enrichment
of the receptor in extrasynaptic membranes (Goebel-Goody et al., 2009). Thus, it was asked
whether Exo70-GIuN2B increased interaction (Figure 18) could be part of a compensatory
mechanism by which GIuN2B is intended to be stabilized in the synapse since learning/memory
and its NMDAR-associated synaptic transmission rescue was allowed by Exo70
overexpression. First, samples from the dorsal hippocampus were analyzed by immunoblot to
evaluate the proper expression of the lentiviral construct. Soluble GFP was present in mice from
all experimental groups but only GFP-Exo70 was found in both Sham and mTBI mice injected
with LV-Exo70 (Figure 25A); again, both expected GFP bands (see Figure 20) were observed
in all hippocampal samples. Accordingly, only HA-Exo70 was observed in LV-Exo70 samples

indicating Exo70 overexpression (Figure 25B).
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Figure 25.- Characterization of the lentiviral expression in all experimental groups. (A) Samples
from dorsal hippocampus were analyzed by western blot using GFP and HA antibodies. 30 ug
of protein samples were resolved in a 10% SDS-PAGE and transferred to PDVF membrane. (B)
The graph shows the densitometric analysis of HA-Exo70 band intensity normalized with Actin
as loading control. Values represent means = SEM, n =5 mice per experimental group. Statistical
differences were calculated by one-way ANOVA, followed by post hoc Bonferroni's test,
***p <0.005.

Using GIuN2B p1472 and p1336 antibodies, it was detected that mTBI reduced p1472 signal as
compared to control, whereas TBI-Exo70 samples showed a restored signal (Figure 26). Exo70
overexpression in Sham mice did not alter the phosphorylation state of Y1472. Contrary to
p1472, mTBI was able to increase phosphorylation of Y1336, which was partially decreased by
Exo70 overexpression (Figure 26B). Sham-Exo70 mice showed an apparent increase in p1336
signal but without statistical significance. GluN2B total protein levels didn’t change in any of
the experimental groups (Figure 26B). These results not only suggest that a disbalance of
synaptic/extrasynaptic GIuN2B occurs with mTBI, but also suggest that Exo70 overexpression

is able to rebalance the synaptic distribution of this NMDAR subunit.
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Figure 26.- NMDAR synaptic localization after mTBI overexpressing Exo70. (A) Samples
from dorsal hippocampus were analyzed by western blot using GIuN2B p1472, GIuN2B p1336
and total GIuUN2B antibodies. 30 g of protein samples were resolved in a 10% SDS-PAGE and
transferred to PDVF membranes. Membranes were stripped and reprobed for phosphorylation
testing. Actin and Tubulin were used as loading controls. (B -D) The graphs show the
densitometric analysis normalized with loading controls prior to normalization with Sham-GFP
control samples. Values represent means + SEM, n =5 mice per experimental group. Statistical
differences were calculated by one-way ANOVA, followed by post hoc Bonferroni's test,
**p <(0.01.

Because an NMDAR synaptic/extrasynaptic disbalance was found. It was asked whether these
results could correlate with the downstream synaptic signaling through ERK1/2 and CREB.
Thus, samples were analyzed using specific antibodies showing phosphorylation of residues that
are related to NMDAR synaptic activity (Figure 27A). pERK1/2 signal was reduced in mTBI-
GFP mice compared to control animals, while TBI-Exo70 mice showed restored signal (Figure
27B). Similar results were observed with pCREB antibody, where Exo70 overexpression
rescued the phosphorylation state of this protein (Figure 27C). Finally, neither pERK1/2 nor
PCREB signal were altered with Exo70 overexpression in Sham animals (Figure 27B and C).
These results support the idea that mTBI evokes an exit of GIuUN2B from the synapse and that

the synaptic/extrasynaptic disbalance is restored when Exo70 is overexpressed.
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Figure 27.- NMDAR synaptic signaling after mTBI induction in Exo70-overexpressing mice.
(A) Samples from dorsal hippocampus were analyzed by western blot using pCREB and
PERK1/2 antibodies. 30 pug of protein samples were resolved in a 10% SDS-PAGE and
transferred to PDVF membranes. Membranes were stripped and reprobed for phosphorylation
testing. Tubulin was used as loading control. (B and C) The graph shows the densitometric
analysis normalized with loading controls prior to normalization with Sham-GFP control
samples. Values represent means+SEM, n=5 mice per experimental group. Statistical
differences were calculated by one-way ANOVA, followed by post hoc Bonferroni's test,
*p<0.05.
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5.- DISCUSSION

5.1.- First part: Objectives 1 and 2

The exocyst complex basic function is the tethering of secretory vesicles during the process of
membrane addition for polarized outgrowth (Wu and Guo, 2015), and its protein components
have been involved in specialized membrane processes in neurons. As it so, the complex acts as
a unit giving the molecular machinery to carry on trafficking and exocytosis related processes
(Martin-Urdiroz et al., 2016). In this thesis, it was found that Exo70 is redistributed in the
hippocampus of mice subjected to mTBI and that the exocyst function might be altered on
hippocampal synapses. In the present work, a modified Maryland’s weight drop model was
used, which was fitted to mice anatomy. Brain injury was developed with a closed head frontal
impact device using a repeated strike paradigm (see methods). The usage of this weight drop
model grants the ability to induce repeated strikes which is associated with accumulative
damage (Blennow et al., 2016). The first injury is associated with the release of excitotoxic
neurotransmitters, neurometabolic crisis, inflammation, and axonal dysfunction (Blennow et al.,
2012). A second TBI, that occurs before the resolution of the pathophysiological changes
induced by the first TBI, adds cumulative damage to the brain and prolongs the recovery from
the second injury (Blennow et al., 2016, Guskiewicz et al., 2003, Slobounov et al., 2007). The
protocol lacks any craniotomy procedures and consists of 5 days strike with a 2-day-interval
which consequently adds damage to an already damaged system. In the end, the protocol
resembles severe brain damage without any aggressive surgical procedures (Mira et al., 2020,

Carvajal and Cerpa, 2021).
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Exo70 expression has been reported on many mono and multicellular organisms including
mammals and it is considered as a ubiquitous protein expressed in most cell types including
brain cells (Martin-Urdiroz et al., 2016). Several reports have indicated that Exo70 is present in
brain tissue and specifically in neurons (Gerges et al., 2006, Sans et al., 2003, Dupraz et al.,
2009, Liraet al., 2019, Letinic et al., 2009, Coulter et al., 2020, Brymora et al., 2001), but none
have studied its expression patterning in the cortex and hippocampus. We showed that Exo70 is
expressed both in the cortex and hippocampus by western blot (Figure 11). By
immunochemistry, Exo70 appears to be expressed in most of the cortical layers (Figure 11). In
the hippocampus, Exo70 is expressed mainly in stratum pyramidale which contains most of the
neuronal soma present in CA1-CA3 hippocampal zones and thus it is believed that Exo70 is
predominantly expressed in neurons, although some Exo70-positive cells were detected outside
of stratum pyramidale. The exocyst has been related in neurodevelopmental disorders, but non
study has determined whether this complex is part of the cellular mechanisms associated with
pathophysiological conditions in neurodegenerative diseases or acute neuropathologies such as
traumatic brain injury. Therefore, as a first approach, Exo70 expression changes were searched
in the forebrain, cortex, and hippocampus upon mTBI induction, and no disturbances were

found (Figure 12).

The lack of expression disturbances doesn’t necessarily mean that Exo70 has no changes in
MTBI. Exo70’s function is strictly related to its subcellular localization and changes in this
localization have shown to be important to developing Exo70 malfunction (Inoue et al., 2003,
Dupraz et al., 2009, Vega and Hsu, 2001, Pommereit and Wouters, 2007, Zhao et al., 2013). As
no expression changes were found upon mTBI induction, it was asked whether Exo70

subcellular distribution is altered after mTBI. A well-established protocol to isolate subcellular
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organelles was used. This protocol allows the isolation of cytosolic, microsomal, and synaptic
fractions, among others. Microsomal fraction is mainly composed of cellular membranes related
to intracellular trafficking, such as endoplasmic reticulum, Golgi apparatus, plasma membrane,
and synaptic vesicles, whereas the synaptic fraction is composed of presynaptic Active Zone
and exocytic machinery, recycling machinery and postsynaptic density among others (Sandoval
et al.,, 2013). Exo70 showed to be mainly located at microsomes followed by synaptic
localization, which has also been seen in the rat brain (Lira et al., 2019), supporting the idea that
Exo70 function is related to these subcellular compartments. We observed that in the forebrain,
Exo70 increased its localization in microsome and synaptosome fractions upon TBI induction
(Figure 13). Particularly Exo70 functions have been described in these processes where cargoes
are transported with the exocyst complex (Lira et al., 2020). Still, whether mTBI shows
alterations in dendritic trafficking related to these fractions, it’s not totally understood. One
possibility is that TBI induces Exo70 accumulation into these membrane fractions to change
trafficking through Exo70 and the exocyst complex as a result of the pathophysiology
development, and the other possibility is that Exo70 could be part of a compensatory mechanism
to counteract damage development. The forebrain contains many zones where different
biological processes are carried out; thus, our results can’t determine which possibility is the

correct one for forebrain fractionation.

TBI causes neuronal damage principally in the cortex (Kilbourne et al., 2009, Carron et al.,
2016, Johnstone et al., 2015) but also the damage reaches the hippocampus eventually
(Kilbourne et al., 2009, Mira et al., 2020, Ibrahim et al., 2016, Winston et al., 2013, Ariza et al.,
2006, Girgis et al., 2016). Consequently, we sought to determine whether Exo70 distribution

gets differentially affected between cortex and hippocampus. In this regard, synaptosomal
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fractions were further fractionated to obtain PSD and non-PSD fractions (Triton X-100 insoluble
and soluble fractions). Using differential centrifugation, ultrastructural analysis and flow
cytometry as tools, it is known that synaptosome shows a size between 1.5 and 4.5 um and that
approximately 50-60 % of synaptosomal volume is comprised of the presynaptic compartment
(Gylys et al., 2000, Gylys et al., 2004a, Gylys et al., 2004b), therefore, nearly half of our non-

PSD fraction should be composed by the postsynaptic cytosolic fraction.

It is worth noting that differences are observed in Exo70 subcellular distribution between the
forebrain and hippocampi. In the forebrain, Exo70 was barely seen in the cytosolic fraction,
whereas more presence was observed in the hippocampal cytosolic fraction. All of this despite
Exo70 being highly distributed in microsomes in both samples. It is likely that forebrain, as a
multizone tissue, englobes many Exo70 subcellular distribution patterns, while Exo70
hippocampal distribution is essentially granted to an isolated zone. Regarding TBI, it was
determined that Exo70 is redistributed into synapse only in the hippocampus and that this pool
might come from microsomal fraction (Figure 15). Diminishing Exo70 localization in
microsomes would allow cellular systems to provide the pool of Exo70 necessary to the
redistribution into the postsynaptic density in the synaptic compartment. This redistribution
found in the hippocampus was not seen in the cortex. Therefore, there might be some tissue-
specific alterations related to Exo70 in the TBI context. The fact that Exo70 distribution doesn’t
change in the cortex raises the question: Is Exo70 important in the development of TBI
pathology? It is then suggested that Exo70 localization is altered to modify its function, probably
providing the site where the exocyst must be redirected to play a role in the development of the
pathology that has not been discovered yet. Forebrain fractionation showed that Exo70

localization in microsomes is increased, contrary to the reduction observed in hippocampal
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microsomes of mice subjected to our repeated mTBI protocol. This difference relies on the
forebrain (without the cerebellum) being composed of many zones, which number in its entirety

could obscure an event occurring in specific tissues such as the hippocampus.

Microsome fraction is a technical fraction obtained only by subcellular fractionation and thus is
not a “real” cellular compartment. As tissue homogenization is carried out with an isotonic
buffer, membranous organelles remain fairly untouched and thus several organelles are isolated
together. Microsome fraction contains endoplasmic reticulum, Golgi apparatus, synaptic
vesicles, and plasma membrane (Sandoval et al., 2013). In our TBI model, it was found that
Exo70 localization is reduced in microsomal fraction (Figure 15) and that Exo70 is mainly
located on this fraction on Sham animals. As Exo70 is predominantly located at the plasma
membrane (Liu et al., 2007, Moore et al., 2007, Zhang et al., 2016), it was hypothesized that the
reduction of Exo70 in microsomes is due to a decrease in plasma membrane localization after
mTBI. In this case, a biotinylation protocol, that can isolate plasma membrane proteins, was
used. This protocol biotinylated extracellular portions of those proteins and therefore
intracellular proteins should not be biotinylated (Figure 16) (Dennis et al., 2011, Heise et al.,
2018). It is important to note that Exo70 is an intracellular protein. Nevertheless, this
biotinylation protocol has been used to evaluate the membrane localization of intracellular
proteins such as Fyn kinase and Tau (Attiori Essis et al., 2015) due to the ability of these proteins
to interact with surface biotinylated partners. Indeed, Fyn is an intracellular kinase that interacts
and phosphorylates NMDAR (Carvajal et al., 2016, Nada et al., 2003, Tezuka et al., 1999).
Additionally, exocyst subunits and other “cytosolic” proteins have also been detected in surface
membrane fraction in cortical tissue (Smolders et al., 2015). Exo70, as an exocytic protein, is

thought to interact with several membrane proteins and there is some evidence of it (Gerges et
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al., 2006, Sans et al., 2003, Inoue et al., 2003, Inoue et al., 2006, Wang et al., 2019) and thus we
consider this protocol suitable for assessing Exo70 membrane localization. Finally, Exo70
membrane proximity is reduced on the hippocampus when mTBI was induced (Figure 16),
suggesting that the pool of Exo70 that is redistributed from the microsome into synapses comes
from the plasma membrane. Altogether, our biochemical experiments showed that Exo70

function might be altered in the mTBI context.

The mammalian exocyst is a multimeric complex that has been shown to have two
subcomplexes. Subcomplex 1 (SC1) comprises Sec3, Secb, Sec6 and Sec8; subcomplex 2 (SC2)
comprises Sec10, Sec15, Exo70 and Exo84 (Ahmed et al., 2018). When SC1 and SC2 assembly
Is induced, the complex is activated. In this thesis, Sec6 and Sec10 was analyzed. Both Exo70
and Sec10 lays on SC2 while Secé6 is present in SC1; therefore, our immunoblot analysis to Sec6
and Sec10 is suitable to evaluate the assembly of the exocyst. This approach has been used
before on biochemical experiments with a similar aiming on exocyst assembly and activity (Ren
and Guo, 2012, Mao et al., 2020a, Lu et al., 2016, Rossi et al., 2020). The exocyst is a complex
widely distributed intracellularly (Sans et al., 2003, Lira et al., 2019), so immunoprecipitating
Exo70 in hippocampal protein extracts would add several difficulties in assessing the particular
assembly on synapses. It was then decided to narrow down the possibilities and isolate
synaptosomes to address this issue. Hippocampal synaptosomes were Triton-treated and
PSD/nonPSD fractions were obtained before Exo70 immunoprecipitation. The results showed
that upon mTBI induction, exocyst assembly increased only on PSD and decreased in nonPSD
fraction (Figure 17). This suggests that the Exo70 redistribution towards PSD provides a site
where the exocyst complex can increase its assembly and probably its activity, triggering the

redirection of nonPSD ensembled complex into PSD. The activity of the complex has been
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shown to depends on its assembly, and therefore we suggest that the activity of the complex is
increased after mTBI on hippocampal PSD. Due to this increased activity specifically in PSD,
one could speculate that the exocyst could reinforce the stabilization of the PSD structure by
providing with cargoes that are required to stabilize synapses from the postsynaptic

compartment.

One possibility is that the exocyst could provide the machinery to modulate the availability of
glutamate receptors at PSD. The exocyst has been related to traffic and delivery of AMPA and
NMDA receptors into the synapse (Gerges et al., 2006, Sans et al., 2003, Lira et al., 2020).
These studies suggested that Sec6, Sec8, and Exo70 might be in the same protein complex with
AMPAR subunits such as GIuR1 and GIluR2 (Gerges et al., 2006). Additionally, NMDAR
subunits GIUN1/GIuN2B also has been detected in the same complex with Sec6, Sec8, and
Exo70 (Sans et al., 2003). Glutamate receptors have been extensively studied in several
traumatic brain injury models with proteomic, electrophysiological, and behavioral approaches
(Blennow et al., 2016, Carvajal et al., 2016, Blennow et al., 2012). Basal synaptic transmission
and plasticity are decreased upon TBI induction (Mira et al., 2020, Zhang et al., 2011),
accompanied by a reduction in glutamate binding to the NMDA receptor (Miller et al., 1990)
and ultimately internalization of glutamate receptors. GIuR2 is internalized after TBI (Bell et
al., 2009). GIuN2B availability at synapses is reduced dramatically upon TBI induction (Park et
al., 2013, Carvajal and Cerpa, 2021). Both events trigger downstream signaling that ultimately
induces cell death (Carvajal et al., 2016). Thus, given the fact that Exo70 and the exocyst are
part of AMPAR/NMDAR trafficking and delivery machinery (Lira et al., 2020), one could
speculate that the induction of exocyst assembly on PSD is likely a compensatory event by

which glutamate receptors are maintained in the synapse to diminish TBI detrimental signaling.
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To test this, Exo70 binding to GluR1, GIuR2, GIuN2A, and GIuN2B subunits was assessed
(Figure 18). The results showed that only GIuN2B increased its interaction with Exo70 on PSD.
The same interactions were tested on nonPSD fraction, and no signal was detected, suggesting
that the exocyst function through Exo70 towards PSD in order to maintain synapse stability.
This has been proven at least in hippocampal neuron cultures (Lira et al., 2019). It was then
suggested that exocyst assembly favors Exo70-GIuN2B interaction to develop a compensatory
mechanism by which GIuN2B gets stabilized in the PSD rather than an evoked increase of this

receptor at the PSD (Figure 28). This, in turn, prevents the development of neuronal dysfunction.

All the biochemical analysis were carried out with an = 3. It is known that this number of sample
size are in the lower limit of acceptable. For this reason, power analysis was carried out in order
to determine statistical power. Power was calculated to discard the null hypothesis using PASS
2019 Power Analysis and Sample Size Software (NCSS, LLC. Kaysville, Utah, USA). Each
data shown with significant differences was ran into power analysis and results are as follows:
Figure 13, microsome and synaptosome 100% of power; figure 15, microsome 99,53% and PSD
100% of power; figure 16, biotinylation 99.48% of power. Finally, power analysis of
immunoprecipitation results are as follows for PSD: GIuN2B 97.74%, Sec6 95.72%, and Sec10
85.44%. For nonPSD: Sec6 91.33% and Secl0 96.05%. The minimum power accepted for
animal experiments in biological sciences is 80% (Gosselin, 2019), thus our sample size is
sufficient to reach the minimum power of 0.8. Additionally, this power analysis was presented

in a paper that has been peer-reviewed and published (Lira et al., 2021).
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Figure 28.- Scheme depicting Exo70 redistribution after traumatic brain injury. mTBI is able
to redistribute Exo70 from plasma membrane into the postsynaptic density, where promotes

the assembly of the exocyst and increase its interaction with GIuUN2B.
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5.2.- Second part: Objective 3

To test whether Exo70 redistribution into synapses, where increases its interaction with
GIuN2B, could be a compensatory mechanism to counteract TBI synaptic pathology, we
decided to use a lentiviral tool to overexpress Exo70 in CAL neurons in dorsal hippocampus,
which is related to spatial memory processes (Lee et al., 2019). Lentiviral expression, alongside
adeno-associated viruses, are one of the most used tools to produce knock-in and knock-down
of genes in animal models (Sung and Kim, 2019), but contrary to adeno-associated virus,
lentivirus allows long-term stable expression of the protein of interest and does not considerably
affect neuronal network activity (Minerbi et al., 2009), which makes this tool suitable for this
thesis. Indeed, around 2 months after the injection, Exo70 overexpression was consistently
found in dorsal hippocampal samples. The FUG lentiviral plasmid (Lois et al., 2002) was
constructed in order to create new genetic mice models by injecting these viruses into germline
cells. Nevertheless, this lentiviral system is being used to asses brain function such as learning
and memory and neuronal plasticity that are related to neuron (Wang et al., 2021). As lentiviral
particles were injected in the CA1 stratum pyramidale zone, neuronal cells from this region
were most efficiently transduced. This is in agreement with previous reports showing mainly
neuronal transduction by this lentiviral construct (Dittgen et al., 2004, Wang et al., 2021). The
transduction radius of effectively transduced cells was not determined. However, a single 0.5-1
pl injection of lentiviral particles has shown to transduce a 400 um area, 200 pum in every
direction from the injection site, where the majority of the reporter intensity is detected (Barbash
et al., 2013, Fricano-Kugler et al., 2016). In this same context, 1 pl of lentiviral injection grants
the ability to asses differences in behavioral analysis such as Morris Water Maze (Barbash et

al., 2013).
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NMDAR synaptic/extrasynaptic balance is of utmost importance in proper synaptic functioning
because the intracellular signaling associated with this balance is strictly related to neuronal
activity and survival (Carvajal et al., 2016). In animals subjected to mTBI, we found a decrease
in the synaptic form of NMDARs (measured by tyrosine 1472 phosphorylation of the GIuN2B
subunit) and an increase in the population of extrasynaptic NMDARs (measured by tyrosine
phosphorylation 1336 of the GIUN2B subunit) supporting the idea that NMDARs mTBI
promotes its exit from the synapse. This observation agrees with what have been observed
previously directly by phospho-Y1472 measurement (Park et al., 2013) and synaptic
compartment localization (Carvajal and Cerpa, 2021). When comes to Exo70 overexpression in
sham animals, results showed an enhanced phospho-Y1336 signal suggesting that a large
amount of GIUN2B is present in the extrasynaptic compartment; as it so, Exo70 should promote
GIuN2B exocytosis in extrasynaptic membranes. Exo70 mediates AMPAR insertion directly
within the postsynaptic density, rather than extrasynaptic membranes (Gerges et al., 2006),
while NMDAR are inserted into extrasynaptic membranes prior to be laterally diffused into the
synapse. It is then likely that Exo70 has a role in GIUN2B insertion at extrasynaptic membranes,
which has already been proposed (Lira et al., 2020), both in basal and stimulated NMDAR
trafficking. Additionally, Exo70 prior overexpression in mTBI mice reverted the
synaptic/extrasynaptic localization imbalance to what was found in control mTBI mice,
suggesting that synaptic trafficking is reinforced by Exo70 activity, at least in TBI
pathophysiology. The observation that Exo70 is redistributed into synapse upon mTBlI
induction, where it increases its interaction with GIuN2B, also support the statement made in
this thesis that Exo70 is acting as a compensatory mechanism to relieve TBI detrimental effects

by modulating GIuN2B synaptic availability.
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As said before, synaptic and extrasynaptic NMDAR have prominent downstream signalings.
Synaptic NMDAR low activity induces a decrease in phosphorylation levels in CREB, target of
the ERK pathway, reducing neuronal survival (Hardingham et al. 2001; Hardingham and Bading
2002; Hardingham et al. 2002). In TBI, intracellular signaling is complicated to study, and the
outcome varies between acute or chronic exposure to trauma-related damage. For example,
analysis shortly after the trauma is induced, typically an increase in pCREB signal is observed
(Lu et al., 2015). In contrast, days to weeks after the insult has occurred, pCREB signal is
strongly dimmed, indicating reduced neuronal survival (Rehman et al., 2019, Zhang et al., 2020,
Atkins et al., 2009, Titus et al., 2016). In our chronic TBI model, we’ve found a substantial
reduction in pCREB and pERK1/2 levels one week after mice were subjected to brain trauma,
which agrees with the previous reports already discussed. These results show that downstream
signaling to the activation of synaptic NMDARSs is altered, which also correlates to GIuN2B
exit from synapse discussed above. Furthermore, Exo70 overexpression is able to return the
phosphorylation signal in both proteins, supporting the synaptic/extrasynaptic rebalance process
of GIuN2B (Figure 29).

MAPK/ERK signaling is a converging point for several signaling pathways (Wu et al., 2020),
which is not substantially different in TBI context at a global level (Walker et al., 2013, Lu et
al., 2017, Rai et al., 2019). By observing at a cellular level, ERK signaling is responsible for
ATP signaling (released after membrane disturbance due to trauma) mostly in glial cells (Neary,
2005), while neurons are more affected by glutamate-related ERK signaling (Neary and Kang,
2005) suggesting that glutamate-related ERK signaling is more important in neurons than glial
cells in TBI context. Thus, the results presented in this thesis are reinforced by the latter

statement due to changes in synaptic NMDAR downstream signaling after mTBI induction.
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Figure 29.- Schematic representation of synaptic NMDAR signaling following traumatic
brain injury. The scheme shows that synaptic NMDAR signaling through pERK1/2 and
PCREB is reduced with an insult such as mTBI, resembling the exit of NMDAR from the
synapse. On the other hand, Exo70 overexpression is able to prevent this exit and therefore it
impedes the blockade of the synaptic signaling.
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Synaptic function is essential for the proper performance of the neuronal network. In TBI,
hippocampal neuronal circuits are severely affected (Krishna et al., 2020, Schumm et al., 2020),
which results in impaired basal synaptic transmission (Titus et al., 2016, Xu et al., 2019) as
shown in this thesis (Figures 23 and 24). The fact that Exo70 overexpression in the hippocampus
was able to prevent hippocampal synaptic transmission loss in mTBI animals shows that the
molecular machinery responsible for the appropriate synaptic functioning is reconstituted in
active synapses. On the other hand, Exo70 is a ubiquitous protein that is present both in pre- and
postsynaptic structures (Lira et al., 2019), suggesting that not only Exo70 carries out a post
synaptic task, but a presynaptic function might be part of the mechanism as well. In this scenario,
we didn’t detect any differences in presynaptic function between all the experimental groups
using the paired pulse facilitation protocol; thus, only the postsynaptic compartment is affected
upon mTBI induction in our model, and prevention of damage to synaptic transmission is
achieved when Exo70 is overexpressed. Likewise, NMDAR-dependent basal synaptic
transmission behaves similarly in mTBI-subjected LV-GFP mice, where transmission is
diminished, but only integral prevention is accomplished in NMDAR-dependent transmission
as compared to total synaptic transmission where partial protection is observed. These results
suggest that NMDARs are prominent in the development of the pathophysiology and that Exo70
is undoubtedly acting as a compensatory mechanism to maintain synaptic function in TBI

context.

Another aspect of synaptic dysfunction related to TBI is dendritic spine loss/degeneration
(Xiong et al., 2019, Maiti et al., 2015). These observations have been tightly associated with
synaptic transmission impairment (Jamjoom et al., 2021). Furthermore, several reports have

shown the relationship between spine morphology/function and the exocyst complex. First and
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foremost, Exo70 is responsible for spine formation and stabilization in cultured hippocampal
neurons (Lira et al., 2019), while the recruitment of the exocyst complex to the postsynaptic
compartment by synaptic stimulation triggers the formation of new active synapses (Teodoro et
al., 2013). Of note, Ex070 is long thought to be the subunit that leads the exocyst to the site
where it is required. These exocyst’s characteristics suggest that Exo70 overexpression might
enhance synapse formation before the damage takes place. Nevertheless, we didn’t find any
changes in basal synaptic transmission when Exo70 was overexpressed in sham mice. Thus,
only an insult such as TBI would activate the exocyst complex in order to diminish the
detrimental effects caused to basal synaptic function. This is supported by the fact that Exo70 is
redistributed into the synapse only after mTBI was delivered and promoted the assembly of the

exocyst with GIuN2B.

One of the hallmarks of TBI neuropathology, is that learning and memory processes are altered
upon injury induction. In this regard, NMDARSs takes part of the memory impairment in several
TBI models (Han et al., 2009, Gabrieli et al., 2021, Biegon et al., 2004). It is important to note
that learning and memory has a strong correlation with synaptic plasticity in form of LTP
(Whitlock et al., 2006), that is also reduced in mild TBI context (Aungst et al., 2014,
Schwarzbach et al., 2006). Our lab have found that NMDAR-related postsynaptic potentials and
LTP are reduced upon mTBI induction (Carvajal and Cerpa, 2021) which is in concordance with
preceding work in the CA1 zone of the hippocampus (Schwarzbach et al., 2006). This thesis
replicated those outcomes and showed that Exo70 overexpression was able to prevent NMDAR-
related LTP impairment, suggesting that NMDAR synaptic availability is favored when Exo70
is overexpressed in our mTBI model. However, it is unclear if only GIUN2B synaptic stability

is responsible for these observations. As synaptic trafficking is enhanced following LTP
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induction and the exocyst is a known NMDAR trafficking partner (Lira et al., 2020), it is
plausible to hypothesize that Exo70 is enhancing NMDAR synaptic trafficking in mTBI context.
Further experiments could address this. Additionally, hippocampal-dependent memory
impairment evoked by TBI is associated with the inappropriate activation of the NMDA receptor
(Hanetal., 2009, Cigel et al., 2021) and its restored activity promotes neuroprotection after TBI

(Sonmez et al., 2015).

We assessed spatial learning and memory using Morris Water Maze. This behavioral test relies
on spatial learning with cues that evaluates the working memory in spatial navigation activities
(Vorhees and Williams, 2006). In our hands, the acquisition phase showed that mTBI-GFP mice
learned where the platform was more slowly within each day of the test, whereas Exo70
overexpression prevented the cognitive damage at the acquisition phase. Additionally, Exo70
overexpression in Sham animals slightly enhanced learning in the experimental group, likely
due to Exo70’s ability to participate in synapse formation, maturation and maintenance (Lira et
al., 2019, Gerges et al., 2006). The same statement applies to Exo70 overexpression in mTBI
animals, allowing the protection of cognition processes. Moreover, we assessed reference
memory with a probe trial 24h after the last acquisition day to ensure memory consolidation in
long-term memory was being tested, independent of the memory of the last acquisition session.
In this probe trial, Exo70 again protected against cognitive damage and spatial acuity alterations
provoked by mTBI. These results suggest that we have found a new Exo70 function in learning
and memory processes. More behavioral tests need to be done in other to determine which type
of test is more sensitive than MWM. Furthermore, we used a MWM test that conduct reversal
phases serially (Vorhees and Williams, 2006), changing the platform to the adjacent quadrant

each day of testing, allowing the examination of the animal’s flexibility in their ability to learn



79

across multiple phases of new learning (Williams et al., 2003). In this regard, memory flexibility
-a more sensitive test to evaluate hippocampal dysfunction- is reduced with our mTBI model
(Carvajal and Cerpa, 2021) and this thesis showed that the impairment is prevented with Exo70
overexpression. It’s then likely that in our mTBI model, Exo70 overexpression prevented
learning and memory impairments through a cellular process that impedes the exit of NMDAR

from the synapse, which keeps synaptic plasticity normal in front of an insult such as TBI.

To resume (Figure 30), our repeated mTBI protocol induces the exit of GIUN2B from synapses,
damping its synaptic related downstream signaling. Additionally, the diminished NMDAR
synaptic localization reduces not only total basal glutamatergic transmission and synaptic
plasticity, but also NMDAR related synaptic transmission and plasticity. The diminished
synaptic activity correlates with spatial learning and memory deficits found in mTBI-GFP mice.
On the other hand, synaptic NMDAR localization and signaling when is retained when Exo70
is overexpressed prior to mTBI induction. This restored signaling pathway, in turn, brings back
“normal” neuronal activity and survival, granting neurons the ability to act properly in the
neuronal CA3-CA1 network as seen by population spikes in LTP analysis. This, in turn, recover

cognition processes.
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Figure 30.- Schematic summary of Exo70 overexpression effects in our mTBI model.
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6.- CONCLUSION

The research question posed in this thesis was whether or not Exo70 participates in the
development of TBI pathophysiology. This question was prompted by the fact that TBI affects
intracellular trafficking of glutamate receptors and the exocyst is one of the complexes that
oversees post-Golgi trafficking. We found that Exo70 is part of a cellular mechanism that
stabilizes NMDAR receptors in the synapse, where they can overcome the detrimental effects
that neurons suffer upon TBI induction. These findings are in light of a neuronal population
effect that occurred in our model, but what occurs at a single-neuron level is not understood.
Future work could examine the effects of Exo70 overexpression on NMDAR dynamics and
electrical properties within TBI pathophysiology. Finally, we are the first to describe the

involvement of Exo70 in an acute neuropathology such as TBI.
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2.- nonPSD Exo070 immunoprecipitation
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