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1. INTRODUCTION

1.1. Introduction: the glutamate story

Nowadays the non-essential amino acid glutamate (Glu) is widely
recognized as the predominant excitatory neurotransmitter in the central
nervous system (CNS). Studies of glutamate and its role in neuronal
transmission, development and disease have a long history. Early research
showed that brain tissue possesses high concentrations of glutamate
together with a high glutamate uptake activity (Krebs, 1935; Stern et al.,
1949). The first indication of the physiological role of glutamate was the
observation by Hayashi where injections of glutamate into brain produced
convulsions, hence proposing that glutamate might act as a
neurotransmitter (Hayashi, 1954). Following this first observation, the
excitatory action of L-glutamate on single cells in vivo was described (Curtis
et al., 1960). However, it took several years and various studies to finally

recognize glutamate as a synaptic transmitter.

Firstly, several years of experiments were needed for the recognition of
glutamate receptors (GluRs) diversity. One important milestone for
glutamate receptors distinction was the synthesis of specific antagonists
related to glutamate (Figure 1.1). Among these, the first one was D-isomer
of N-methyl-aspartate (NMDA), which was shown to be 10 times more
potent than L-glutamate and served to name that glutamate receptor
subclass (Curtis and Watkins, 1960). The next finding in NMDA receptor
research was made by Evans in 1977 through the observation that Mg?*
and other divalent cations limited channel conductance in a voltage-
dependent manner (reviewed by Watkins and Jane, 2006). Later, the
glycine requirement as a co-agonist was demonstrated (Johnson and
Ascher, 1987). In addition to NMDA, Shinozaki and Konishi showed the
structural similarity of kainic acid with glutamate and identified an excitatory
action of kainate in the mammalian CNS (Shinozaki and Konishi, 1970).

Four years later, quisqualic acid was described (Shinosaki and Shibuya,
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1974), which resulted in a potent excitatory agent, leading to the discovery
of a subclass of glutamate receptors: quisqualate receptors. Years later this
receptor was renamed to a-amino-3-hydroxy-5-methylisoxazolepropionic
acid (AMPA) (Krogsgaard-Larsen et al.,, 1980), after some experiments
where AMPA was able to excite neurons through distinct receptors from
those activated by kainate. Thus, in parallel with glutamate receptors
functional determination their classification and nomenclature were
changing based on the physiological responses as either sensitive or
insensitive to these agonists. Thereby, these receptors were firstly stratified
in two classes of ionotropic glutamate receptors termed NMDA and non-
NMDA receptors, where non-NMDA receptors were sub-classified into
quisqualate and kainate receptors. After Krogsgaard work published in
1980 three classes of glutamate receptors were established: NMDA, AMPA
and kainate receptors, named after their prototypical agonists (Monaghan
et al., 1989).

Shinosaki and Konishi
show exitatory Final glutamate receptors
action of kainate nomenclature by IUHPAR

Krogsgaard-Larsen

Hayashi suggests renames
glutamate quisqualate receptor

as a transmitter to AMPA receptor

1935 1954 1960 1970 1974 1980 1989_

Krebs describes high Shinosaki and Shibuya
glutamate uptake describe quisqualate
in brain tissue receptor

Curtis and Watkins Cloning of glutamate
synthetise NMDA receptor subunits

Figure 1.1. Glutamate research milestones.
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Another crucial milestone in glutamate receptors investigation was the great
development of molecular biology, in particular receptor cloning techniques,
which revealed the structure and helped elucidating the function of multiple
glutamate receptors throughout the 1990s. The earliest glutamate receptor
was cloned and sequenced by Heinemann's group in 1989 (Hollmann et al.,
1989). The subunit was named GIuR-K1 based on its sensitivity to kainate.
However, after performing binding studies it was shown that it was indeed
an AMPA receptor (AMPAR) (Sommer et al., 1990). Following those works,
further AMPAR subunits were cloned by distinct groups in a short period of
time. Three more subunits were sequenced and named GIuR5-7, showing
kainate-preferring properties and about 70% homology between them. Also
subunits with higher kainate affinity were cloned (KA1 and KA2), which
could form a functional channel together with GIuR5-6 only. In parallel with
these works, NMDA subunits were cloned between 1991 and 2002 by
different groups. Moreover, several proteins were cloned showing
glutamate binding properties (61 and 82), nevertheless these proteins could
not form functional channel with other subunits (reviewed by Lodge, 2009).
Finally, in 2008 the International Union of basic and clinical pharmacology
(IUHPAR) agreed the new and final glutamate receptors nomenclature
(Table 1.1).

The assumption that the neurophysiological effects of glutamate were
mediated exclusively by ionotropic glutamate receptors was considered
until Sladeczek and colleagues in 1985 reported that glutamate could
induce the formation of molecules that belong to a major second
messenger system (Sladeczek et al., 1985). After that report, Nakanishi
laboratory cloned in 1992 the first metabotropic glutamate receptor.
Subsequent studies, using molecular cloning techniques, unravelled up to
eight mammalian metabotropic glutamate receptors, which share a

common molecular morphology (Masu et al., 1991).
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IUPHAR subunit Previous nomenclatures

nomenclature

AMPA receptors

GluAl GLUAI, GluR1, GIuRA, GluR-A, GluR-K1, HBGR1
GluA2 GLUA2, GluR2, GluRB, GluR-B, GluR-K2, HBGR2
GluA3 GLUA3, GluR3, GIuRC, GluR-C, GluR-K3
GluA4 GLUA4, GluR4, GIuRD, GIluR-D

Kainate receptors

GluK1 GLUKS, GluRS, GIluR-5, EAA3

GluK?2 GLUKS6, GluR6, GluR-6, EAA4

GluK3 GLUK?7, GluR7, GluR-7, EAAS

GluK4 GLUKI1, KAI, KA-1, EAAI

GluK5 GLUK2, KA2, KA-2, EAA2

NMDA receptors

GluN1 GLUNI1, NMDA-R1, NR1, GluRE1

GluN2A GLUN2A, NMDA-R2A, NR2A, GluRel
GIluN2B GLUN2B, NMDA-R2B, NR2B, hNR3, GluRe2
GluN2C GLUN2C, NMDA-R2C, NR2C, GluRe3
GluN2D GLUN2D, NMDA-R2D, NR2D, GluRe4
GIluN3A GLUN3A, NMDA-R3A, NMDAR-L, chi-1
GIluN3B GLUN3B, NMDA-R3B

Delta receptors

GluD1 GluRd1

GluD2 GluRd2

Table 1.1. Glutamate receptors nomenclature by IUHPAR (2008).

On-going studies revealed a wide range of GIuR functions beyond
excitatory post synaptic currents (EPSC) generator in neuron-to-neuron
communication. In early stages they are key players in brain development:
they are related to neuronal migration, differentiation, axonogenesis and
neuronal survival (Balazs et al., 1988, Wilson and Keith, 1998, Komuro and
Rakic, 1993). In the mature nervous system GluRs are involved in plasticity
changes, where the alterations in synaptic structure and efficacy are
responsible for many neurological functions, including cognition, memory,

behaviour, movement and sensation. Finally, in a variety of pathological
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conditions, persistent and overwhelming activation of GluRs mediate
neuronal injury and death (reviewed by Cull-Candy et al., 2006; Isaac et al.,
2007; Liu & Zukin, 2007).

1.2. Glutamate receptors: overview

Glutamate receptors are classified into two groups according to the
functional properties of these channels: ionotropic glutamate receptors

(iGluRs) and metabotropic glutamate receptors (mGIuRs).

iGluRs are a major class of ligand-gated ion channels, which mediates the
majority of the excitatory neurotransmission in the CNS. They share a
common tetrameric pore-forming modular structure (Rosenmund et al.,
1998). Each of the four receptor forming subunits have several functional
domains such as the large amino-terminal or N-terminal domain (NTD), the
ligand-binding domain (LBD), the transmembrane domains (TMD) and the
C-terminal domain (CTD) (Figure 1.2). The ionotropic glutamate receptors
are divided into NMDA, AMPA and kainate receptors (KARs), based on

their biophysical properties and molecular profile.

+ +

]

Glutamate

lonotropic glutamate receptors Metabotropic glutamate receptors

NMDA AMPA Kainate mMGIUR | mGIuR Il mGIuR Il

Figure 1.2. Glutamate receptors classification.
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The second group encloses mGIluRs belonging those to the G-protein-
coupled receptor family and which are membrane-bound proteins activated
by extracellular glutamate. The members of this glutamate receptors group
consist of a single protein that has seven transmembrane spanning regions
(Figure 1.2). Based on their pharmacology, physiological effects and
sequence homology, mGIuRs were subdivided in three groups. Thus,
Group | (mGIluR1 and mGIuR5) activate phospholipase C and Group I
(mGIuR2 and mGIuR3) and Group Il (mGluR4, 6, 7 and 8) inhibit adenylyl
cyclase. They are widely distributed throughout the CNS and in neurons
can be found either at presynaptic or at postsynaptic level. Unlike iGIuRs,
metabotropic glutamate receptors have mainly a modulatory role and are
responsible for fine-tuning of glutamatergic transmission (Niswender &
Conn, 2010), although they are also involved in long term plasticity
processes (Malenka and Bear 2004; Bellone et al., 2008; Gladding et al.,
2009).

1.3. The ionotropic glutamate receptor family

1.3.1. Generalities

The biochemical and electrophysiological properties of the glutamate-gated
channels have been well studied over the decades. These glutamate
receptor ion channels are found in pre- and postsynaptic cell membranes of
neurons as well in glial cells and are widely distributed through the CNS
(Traynelis et al., 2010). As previously mentioned, it is generally accepted to
divide all ionotropic receptors into three types, based on the agonist that
activates them primarily. They are named AMPA, kainate, and NMDA
receptors, based on their affinities for the synthetic agonists; however it is
known that this classification is nominal due to the existence of the cross-

reactivity between agonists and receptors.

There are remarkable sequence homologies within the iGluRs, suggesting

they have arisen from common origins. iGluRs are comprised of individual
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constituent subunits, forming ion channels with specific pharmacology
properties and functional roles depending on their subunit composition.
Generally, they are non-selective cationic channels with relative
permeability to Na* and Ca?*. All three types of iGluRs share a similar
structure: four subunits are required to make a functional channel with a
large extracellular N-terminal and a cytoplasmic C-terminal part (Figure 1.2.
left panel). These tetrameric structures are formed by four identic
(homomeric receptors) or 2 or 3 different (heteromeric receptors) subunits.
Each subunit contains three transmembrane domains (TM1, TM3 and TM4)
and the re-entrant loop on the cytoplasmic side without spanning the
membrane (TM2). This loop connects TM1 with TM3 and forms the ion
channel pore. The ligand-binding domain is formed by two separate extra
cellular loops containing S1 and S2 domains. Finally, all different iGIUR
subunits have a variable-length cytoplasmic carboxyl terminus, which
includes sites for palmitoylation and phosphorylation and is crucial for

interaction with intracellular proteins as will be explained later.

The iGIuR family displays a huge molecular and functional diversity. This is
due to the fact that several glutamate ion channel subunits co-assemble
within the family and produce wide variety of receptor combinations.
Moreover, alternative splicing and RNA editing extend this variability by
conferring a versatility of characteristics to the receptors. Additionally,
different domains are subjected to several types’ of post-translational
modifications, such as phosphorylation and palmitoylation among others. In
native iGluRs these modifications are dynamic and reversible and depend
on the synaptic events (Zigmond et al., 1999; Kew and Kemp, 2005). These
regulations lead to changes in biochemical properties of the receptor, such
as synthesis, subunit assembling and protein-to-protein interactions. They
also impact on receptor trafficking, endocytosis, synaptic delivery and
clustering (Traynelis et al., 2010). Furthermore, these modifications are

responsible for changes of electrophysiological properties of iGluRs.
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Finally, these changes affect the receptor physiology along with changes in

synaptic plasticity.

From a mechanistical point of view, there are distinct conformations for
iGluRs: closed, open, and desensitized. The rapid switching between these
conformations is referred to as gating. The opening of an ion pore results
from a structural conformational change in the receptor due to glutamate
association to the LBD and as a result there is a cation influx that changes
the resting potential of the postsynaptic membrane. After the removal of the
ligand from the synaptic cleft there is the deactivation of the receptor and
subsequent closure of the ion pore. The time that receptors spend in their
open state is limited by the process of desensitization, in which the ion pore
of the receptor closes in the continued presence of glutamate. This
characteristic probably serves as a protective mechanism against

prolonged depolarization and too much calcium influx into the cells.

1.3.2. NMDA receptors

Thanks to the synthesis and study of NMDA along with various NMDA
receptors’ (NMDARSs) antagonists by Jeff Watkins in 1981 (Watkins, 1981),
a detailed understanding of the mechanisms underlying NMDA channel

behavior was provided by different research groups.

The NMDA receptor subunit has similar structural characteristics as other
members of the ionotropic glutamate receptor family and is one of the best
characterized glutamate receptors. NMDAR is a heterotetrameric plasma
membrane channel composed of four subunits derived from three related
types: GIuN1, GIuN2, and GIuN3 subunits (Nakanishi, 1992; Mori and
Mishina, 1995; Seeburg et al., 1995). The variety of the functional NMDARs
found at specific neuronal populations with different biophysical properties
is due to different splice variants and diverse combinations (Chazot et al.,
1994; Luo et al., 1997; Green and Gibb, 2001; Hansen et al., 2014).
Different groups have shown that two obligatory GIuN1 and two GIuN2
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subunits (Laube et al., 1998) or combinations of GIuN2/3 subunits (Monyer
et al., 1994; Ulbrich and Isacoff, 2008) are required to generate a fully
functional receptor. GIuN2 subunit determines the distinct physiological and

pharmacological properties of NMDARs (Cull-Candy et al., 2001).

An important differential characteristic of NMDARs that makes them unique
within iGluRs is their requirement for a co-agonist to gate. Thus, apart from
L-glutamate, other amino acids like glycine and D-serine need to bind to
NMDARSs, as a co-agonist for channel openning. Different binding sites are
found in different subunits - glycine and D-serine bind to the GIuN1 and
GIuN3 subunits while glutamate binds to the GIuN2 subunit (reviewed by
Lee at al.,, 2014). Interestingly, GIuN1 in complex with GIuN3 forms a
receptor that responds to glycine and does not require glutamate
(Chatterton et al., 2002).

The activation and opening of NMDARs is both ligand-gated (agonist and
co-agonist) and voltage-dependent (Nong et al., 2003; Papouin et al.,
2012). This is to another distinct feature of NMDARSs: they have voltage-
sensitive Mg?* block. This block is decisive for NMDAR function as synaptic
coincidence detectors of presynaptic glutamate release and postsynaptic
depolarizing potential in neurons (Mayer et al., 1984). Thus, NMDARs
require binding of glycine and glutamate in combination with the relief of
voltage-dependent Mg?* block to open an ion conductive pore across the
membrane bilayer and allow the subsequent Ca®* influx that contribute to

its main role in CNS: to trigger synaptic plasticity.

Modulation of NMDAR activity can be performed in positive and negative
way. Positive modulators enhance agonist effect or its affinity by binding
allosterically. There is a large list of compounds, endogenous or
exogenous, acting as allosteric modulators. Some neurosteroids or
endogen polyamines potentiate the activity of NMDA receptors by
increasing the open channel probability or open frequency (Williams et al.,
1990; Lerma, 1992).
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NMDAR antagonists are classified accordingly to their action site.
Competitive antagonists bind at the glutamate-binding site (as D-APV
acting on the glutamate binding site) or glycine-binding site (7-
Chlorokynurenic acid). Channels blockers such as MK801 or memantine
(Johnson et al., 2015) act on the ion channel pore; while the non-

competitive antagonists bind at specific modulation sites.

NMDA receptors are essential mediators of brain plasticity. These channels
are capable to translate specific neuronal activity patterns into long-term
changes in synapse structure, function and effectiveness, modifications that
underlie higher cognitive functions. Importantly, the high Ca®* permeability
of NMDARs — compared to other iGluRs — governs its ability for such
plasticity changes. Ca** influx through the NMDAR channel contributes to a
cascade of intracellular events that trigger long-term potentiation (LTP) or
long-term depression (LTD) (Paoletti et al., 2013). Additionally, these
receptors are involved in various neurological and psychiatric disorders
(Cull-Candy et al., 2001; Paoletti et al.,, 2013; Soto et al., 2014a). For
example, it has been widely documented that intense NMDAR activation in
ischemia (e.g. during stroke) results in a more extreme Ca®* entry and cell
death (Choi, 1992; Lai et al., 2014).

1.3.3. Kainate receptors
KARs together with AMPA receptors form part of the former non-NMDA

receptor family. However, KARs constitutes a separate group from the
NMDA and AMPA receptors. The studies on KARs remained behind due to
the lack of specific compounds to block or activate these channels. This
scenario changed after the discovery of GYKI53655 compound by Lerma
and colleagues in 1995 (Paternain et al., 1995). Nowadays, it is known that
KARs are widely expressed through the brain pre- and postsynaptically and
are involved in the onset and specially the modulation of synaptic

transmission.
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KARs can assemble as homo- or heterotetramers, composed of various
combinations of the five subunits from GluK1 through GIuK5. Within KARs
group there are low-affinity and high-affinity subunits. Nevertheless, the
number of possible subunit combinations is limited due to the fact that only
low-affinity subunits (GluK1 through GluK3) can form functional homomeric
receptors. To form functional KARs composed by high-affinity subunits
GluK4 and GluK5, these subunits might be co-assembled in a complex
together with low-affinity subunits. In addition to these subunits, GluK1-3
has multiple splice variants owing to RNA editing at Q/R site at TM2.
Additionally, more isoforms were arisen thanks to the alternative splicing of
GluK1-GluK3 subunits (Gregor et al., 1993; Schiffer et al., 1997; Jamain et
al., 2002). Apparently GluK4 and GIuKS5 are not subjected to this type of

processing.

To modulate neural circuits in the CNS, KARs use dual signalling modes:
ionotropic (canonical) and metabotropic (non-canonical). Typically, as
happens with iGluRs, KARs are activated by glutamate or other agonists
and can depolarize neuronal membranes. The particular characteristic of
KARs is that they also display a second mode of signalling mediated by G
protein-coupled activation of protein kinases (Rozas et al., 2003). Yet it

remains unclear how the receptors couple to these metabotropic pathways.

KARs play significant roles in brain physiology. The modulation of the
neural circuits is conducted through diverse mechanisms. Firstly, they
mediate postsynaptic depolarization and also are responsible for KAR-
mediated synaptic events with small amplitude and slow kinetics at some
synapses. Additionally, KARs exhibit presynaptic modulation of both,
glutamate and GABA release at different sites. Yet, they directly alter the
neuronal excitability by acting on voltage-gated ion channels (Contractor et
al., 2011). Moreover, they are a key player in the neural maturation during
development. However, many properties and functions of these proteins

remain elusive yet.
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1.3.4. Delta receptors

Two delta subunits (GluD1 and GluD2) were described as putative
ionotropic glutamate receptors based upon amino acid sequence homology
with other iGluRs. Despite the fact that there are strong evidences that
delta subunits can act as a pore channels (Schmid and Hollmann; 2008) it
has been found that these receptors do not bind glutamate (Kakegawa et
al., 2007). However, they can bind D-Serine and glycine but nevertheless

this amino acids are not able to gate the channel (Naur et al., 2007).

A recent study showed widespread expression of GluD1 through the brain
(Hepp et al., 2014) while GluD2 subunit is expressed prominently in the
Purkinje cells of the cerebellum (Araki et al., 1993; Lomeli et al., 1993)
where is critical for proper development of neuronal circuits and functions of
the cerebellum (Kakegawa et al., 2008; Kashiwabuchi et al., 1995).
Meanwhile, in vitro studies of recombinant GluD1 receptor showed its role

in promotion of synapse formation (Orth et al., 2013; Ryu et al., 2012).

However, delta subunits function is still a mystery and several lines of
evidence point towards a non-canonical function (as glutamate-gated ion
channels) of these two “orphan” subunits. GluD2 extracellular interaction
with Cerebellin 1 precursor protein (CbIn1) determines the normal
structure/number of synaptic contacts and LTD processes in parallel fiber-
Purkinje cell synapse (Matsuda and Yuzaki, 2012). CbIn1 clusters several
proteins at the synaptic junction via the C-terminus of GluD2 indicating a
role of GluD2 in synaptic organization. On the other hand, some late
research indicates that GluD2 gating might depend on mGIuRs activation
(Kato et al., 2012; Ady et al., 2014).
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1.4 AMPA receptors

1.4.1. Structure

As other iGluRs AMPARs can be found as homomeric or heteromeric
receptors. They are dimer of dimers, assembled into tetramers and formed
of four different subunits: GluA1, GluA2, GIuA3 and GluA4 (Hollmann and
Heinemann, 1994). The tetrameric structure, established by expression of
the recombinant receptor in oocytes (Mano and Teichberg, 1998) and in
human embryonic kidney 293 (HEK293) cells (Rosenmund et al., 1998) is
composed of either homomers of the same subtype or heteromers of two
differing subunits. Typically they are either GIuA1/2 or GluA2/3 (Boulter et
al., 1990; Nakanishi et al., 1990; Wenthold et al., 1996), although other
combinations can be found as GluA2/4 in cerebellar granule cells (Swanson
et al., 1997). The mature subunit protein is approximately 900 amino acids
in length, with a molecular weight about 105 kD (Hollmann and Heinemann,
1994). GIuA1 and 4 have long carboxy-terminal tails (see Figure 1.3), while
GIuA2 and 3 have short tails (Kohler et al., 1994). However, GluA2 and
GluA4 can be infrequently found as well in specific neurons as long and
short forms respectively due to alternative splicings (Kolleker et al., 2003;
Kawahara et al., 2004a).

All four AMPAR subunits share the same membrane topology, a large
amino-terminal extracellular domain (NTD), an intracellular carboxyl
terminus (CTD), three full membrane spanning domains (TM1, TM3 and
TM4) with the second hydrophobic sequence forming a re-entrant loop
lining the channel pore (TM2) and an extracellular loop between TM3 and
TM4 (Hollmann and Heinemann, 1994). Stern-Bach et al.,, in 1994
demonstrated that the membrane proximal region of the first extracellular
domain, termed S1, and the initial portion of the extracellular loop (S2) form
the agonist binding domain, also called ligand binding domain (see Figure
1.3).
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Figure 1.3. AMPAR subunit topology. Schematic representation of the different
domains of AMPA receptor with a large amino-terminal extracellular domain
(NTD), an intracellular carboxyl terminus (CTD), three full membrane-spanning
domains (TM1, TM3 and TM4) and the re-entrant loop (TMZ2). The agonist
binding domain comprising S1 and S2, so called ligand-binding domain (LBD),
flip-flop region and Q/R site are shown. The residues that are palmitoylated (in
red) and phosphorylated (for GIluAl in yellow and GluA2Z in orange) are
highlighted.
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In eukaryotes, the N-terminus or so called N-terminal domain contains
about 400 amino acids. Yet no clear function has been described to this
large and most sequence-diverse domain (Hansen et al., 2010; Kumar and
Mayer, 2013), although deletion of the NTD slows desensitization kinetics
(Bedoukian et al., 2006; Moykkynen et al., 2014). Passafaro and colleagues
(2003) described that the NTD of GIuA2 is involved in dendritic spine

morphogenesis, perhaps through a receptor-ligand complex.

Following a large extracellular NTD, comprising almost half of the molecule
(400 out of 900 aas), there are four hydrophobic transmembrane domains
(TM1-TM4), the second of which loops in and out of the cytosolic side of
the membrane, forming the ion channel pore. Changes in a single amino
acid within this region determine the major biophysics of the ion channel,
including the calcium permeability (Hume et al., 1991; Cull-Candy et al.,
2006). GluA2 subunit confers calcium impermeability to the channel (ClI-
AMPAR) due to a large and positively charged arginine residue, located in
TM2 at amino acid 607 (the pore region). In the other AMPAR subunits the
amino acid, presents at this position, is a fairly smaller and negatively

charged glutamine.

The LBD is formed from a pocket, comprising S1 and S2 domains, is
created by a combination of the proximal extracellular NTD and the initial
segment of the loop between TM3 and TM4 (Mayer, 2005). After the third
membrane domain there is a long extracellular loop containing an
alternatively spliced exon, named the flip/flop region (Sommer et al.,1990).
The flop versions generally desensitize much more rapidly than the flip
forms in response to glutamate. Furthermore, the flop channels are less
responsive to the pharmacological agent cyclothiazide, which blocks

desensitization (Sommer et al., 1990).

The fourth transmembrane domain is followed by the CTD with 50-100
amino acids length. The intracellular AMPAR C-tail determines the binding

of the subunits to specific interacting proteins, which determine AMPAR
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functional properties by defining their specific cell location and trafficking
characteristics. CTD contains as well most of the well-characterized
phosphorylation sites, which are important in the regulation of the receptors
by adding or removing of phosphate groups at serine, threonine, or tyrosine
residues (Song and Huganir, 2002). All four types of subunits are also
palmitoylated (see following sections) at two different cysteine residues
(Figure 1.3), close to their TM2 and in the CTD (Hayashi et al., 2005).

1.4.2. Post-transcriptional modifications

There are two mechanisms of RNA processing events on GIuA subunits,
which are functionally relevant in the regulation of glutamatergic

neurotransmission: editing and alternative splicing (Seeburg, 1996).

Q/R site
Of the four AMPAR subunits, only the GIuA2 subunit is subjected to RNA

editing process by which a primary codon is modified after transcription. In
particular, this subunit is edited at a key amino acid residue located at the
pore region — TM2 domain in the inner vestibule of the channel at the
selectivity filter. This position in GIuA1, GIuA3 and GluA4 subunits encodes
glutamine (Q) at position 607. In GIuA2 it can be edited into arginine (R) at
MRNA level, being this editing process catalysed by adenosine deaminases
(ADARSs) 1 and 2 (Bass, 2002). Editing at this site is nearly 100% efficient in
neurons and it profoundly alters the properties of GluA2-containing
AMPARs — namely Ca?'-permeability, polyamine block and channel

conductance.

It has been extensively studied that the single aminoacid change at the Q/R
site determines the Ca®* permeability of AMPARs (Sommer et al., 1991;
Hollmann et al., 1991; Verdoorn et al., 1991; Seeburg, 1996). When the
glutamine is replaced by a positively charged arginine, a negative
electrostatic potential, formed with the N-terminus of the TM2 loop is

neutralized, preventing the diffusion of cations through the channel pore,
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giving rise to Ca**impermeability of AMPARs (CI-AMPARSs) (Burnashev et
al., 1992, Verdoorn, et al.1991, Geiger, et al., 1995, Hollmann, et al., 1991;
Kuner et al., 2001). In the non-edited subunits (GluA1, 2, 3 and 4) the
negatively charged glutamine attracts cations and confers Ca®* permeability
to AMPARs (CP-AMPARS).

Besides determining the Ca** permeability of AMPARs, Q/R editing of
GIuA2 also determines electrophysiological properties of the receptor.
AMPARs with edited GluA2 exhibit a linear current-voltage relationship,
whereas those with unedited GIuA2 have an inwardly rectifying current-
voltage relationship (Burnashev et al., 1992; Bowie and Mayer, 1995;
Geiger et al., 1995; Kamboj et al., 1995; Koh et al., 1995; Swanson et al.,
1997) (see Figure 1.4). This differential IV behaviour results from a
differential block by endogenous polyamines (PA). GluA2-lacking AMPARSs,
are blocked by endogenous intracellular PAs, which are found in every type
of cell and act as voltage-dependent ion channel blockers (Bowie et al.,
1995; Kamboj et al.,, 1995; Koh et al., 1995) (See “AMPA receptor

pharmacology”).

Finally, Q/R site also determines single channel conductance of GIuA2-
containing or -lacking AMPARSs, exhibiting the later larger pore unitary

conductance (Geiger et al., 1995; Swanson et al., 1997).

Besides changing dramatically the receptor intrinsic characteristics, the Q/R
site also modulates AMPAR subunits tetramerization and retention in the
ER, thus playing an essential role in AMPAR trafficking (Greger et al.,
2003). Basically, the occurrence of a charged arginine residue at the Q/R
site of GIuA2 strongly influences subunit interactions during tetramerization,
in a way that the juxtaposition of GIuA2 subunits of different dimers is

energetically unfavourable.

Most of the AMPARS in vivo are found in heterotetramer combination of
GIuA1/GluA2 or GIuA2/GIuA3 (Geiger et al., 1995; Wenthold et al., 1996;
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Tsuzuki et al., 2001; Sans et al., 2003). In the mature CNS edited GIuAZ2,
thus impermeable to Ca®*, are the dominant expressed form in synapses
(Paschen and Dijuricic, 1995; Carlson et al., 2000; Kawahara et al., 2003;
Barbon et al., 2010). Under normal conditions only few CP-AMPARs are
widely present in different types of neurons and glia. Different studies
demonstrated that the unusual up-regulation of Ca2+permeable AMPARSs
results in different neuronal diseases and synaptic plasticity (Cull-Candy et
al., 2006; Liu and Zukin, 2007).
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GluA2-lacking or unedited GluA2-containing Edited GluA2-containing
CP-AMPARSs CI-AMPARs
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Figure 1.4. RNA editing of AMPAR subunits. A. GluA2-lacking or unedited GIuAZ2-
containing AMPARS are permeable to Ca?* sensitive to PA block, thus are
inwardly rectifying and display high conductance. B. GluA2-containing AMPARs
allow flux of monovalent cations only, having low single channel conductance

and showing linear 1V relationship due to lack of the intracellular polyamine
block.
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Alternative splicing

Another molecular mechanism aimed to increase the molecular diversity of
AMPA receptors is AMPAR splicing variance. One of the region which
undergo this editing is in the extracellular ligand binding domain at S2, a
region preceding the fourth membrane domain (Figure 1.3). Alternative
splicing at this region of AMPARs generates two variants, i.e., flip and flop
(Sommer et al.,, 1990). This variance is generated when internal coding
sequences of pre-mRNA exons are incorporated differently into the mature
mRNA.

The flip-flop region regulates different electrophysiological properties of the
AMPA channel. The flop variant of the GIuA2 subunits is known to
desensitize and deactivate more rapidly than the flip versions, but with
slower recover (Sommer et al., 1990). Interestingly, GluA1 flip and flop
variants exhibit the same rate of desensitization, depending on the

glutamate concentration (Mosbacher et al., 1994).

An additional region subject to alternative splicing is the C-tail of the
AMPAR subunits. GluA1, GluA4 subunits and a splice variant of GIuA2
(GluA2L) have long cytoplasmic C-terminal tails. GluA2, GIuA3 subunits
and the alternative splice form of GluA4 (GluA4c) have shorter cytoplasmic
domains (Gallo et al., 1992). The trafficking characteristics of long-tailed
AMPAR subunits dominate over those of short-tailed subunits; these
subunits containing receptors are rapidly mobilized from the receptor pool
in the ER and inserted into the synapse during activity period. Short-tailed
AMPARSs subunits GIuA2 and GIuA3 without GIuA1 are trafficked from the
ER more slowly (Greger et al., 2003; Coleman et al., 2006; Mah et al.,
2005).

Thus, AMPAR subunits composition as well as post-transcriptional
modifications, especially RNA editing, endow AMPARs with substantial

diversity and also determine the ion channel characteristics of the receptor.
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1.4.3. Post-translational modifications

Phosphorylation

This type of post-translational modification is an important regulatory
mechanism that controls many aspects of AMPA receptor function. All four
AMPA subunits are phosphorylated by different protein kinases (essentially
PKA, PKC and CAMKII) at serine, threonine or tyrosine residues of the
intracellular C-terminal domain (Lee, 2006, Wang et al., 2005; Lussier et al.,
2015).

GIluA1 subunit is phosphorylated at serine 831 (Ser831) and serine 845
(Ser845) of the C-terminal domain (Mamen et al., 1997; Roche et al., 1996)
(Figure 1.3). Phosphorylation of Ser831 by PKC and CaMKIl increases the
single channel conductance of AMPARSs. It also has been found that
phosphorylation at this residue is augmented following the induction of
long-term potentiation (LTP) (Barria et al., 1997; Lee et al., 2000).

Another key residue of GluA1 subunit is Ser845, which is phosphorylated
by PKA and this modification leads to the changes in the amplitude of
single-channel currents, number of active channels, peak probability and
receptor desensitization (Banke et al., 2000). Different studies showed that
S845 is crucial in activity-dependent synaptic trafficking of GIuA1 to the cell
membrane (Derkach et al., 2007; Oh et al., 2006; Seol et al., 2007).

GIuA2 subunit, present in the majority of AMPA receptors, is
phosphorylated by PKC at Ser880 of the C-terminal PDZ motif (Figure 1.3).
This well-studied phosphorylation site has been shown to play an important
role in AMPA receptor trafficking (Matsuda et al., 1999; Chung et al., 2000;
McDonald et al., 2001). GIuA2 subunit interacts with several proteins,
involved in the subunit-specific trafficking of AMPA receptors to the
synapse: NSF, GRIP, ABP and PICK1 (see also “interacting proteins”)
among others (Dong et al., 1997). This interaction is mediated by S880
phosphorylation: when GIuA2 is phosphorylated at S880, the interaction
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with PICK1 remains stable, while GRIP/ABP interaction is altered (Matsuda
et al., 1999; Chung et al., 2000). Taking into account the differential pattern
of interaction proteins behavioral, where GRIP/ABP are able to stabilize
GluA2 at the cell surface and PICK1 is capable to promote receptor
internalization, it has been suggested that phosphorylation at this residue is

important for GIuA2 removal during LTD (reviewed Palmer et al., 2005).

Palmitoylation

AMPA receptor S-palmitoylation is a dynamic and reversible protein-lipid
modification that serves as a regulatory mechanism, modulating AMPAR
trafficking properties. This modification consists in covalent attachment of
palmitic acid (16-carbon containing fatty acid) to specific intracellular
cysteine residues of AMPAR (Figure 1.3). Some of DHHC (Asp-His-His-
Cys) proteins, identified as palmitoyl acyltransferases (PATs), catalyze
AMPA receptor palmitoylation by transferring palmitoylCoA to cysteine
through a thiol linkage. The opposite process, consisting in the removal of
the thioester-linked palmitic acid from modified cysteine residues is
regulated by palmitoyl thioesterases (PTE) (Shipston et al., 2011; Fukata et
al., 2010), a group of depalmitoylation enzymes including palmitoyl-protein
thioesterase-1 (PPT1), acyl-protein thioesterase-1 (APT1) and acyl-protein
thioesterase-2 (APT2), but their substrat specificity and other

characteristics remain unknown.

AMPA receptor GIuA1 subunit is palmitoylated at two conserved sites: one
within the pore domain (C585) and the other one in the C-tail
juxtamembrane region (C811) (Hayashi et al., 2005). Palmitoylation at
C585, mediated by the palmitoyl acyltransferase DHHC-3, occurs in the
early secretory pathway at ER where it regulates AMPA receptors stability
and protects them from degradation (Yang et al., 2009). Moreover,
depalmitoylation at this residue helps trafficking GIuA1 to plasma
membrane (Hayashi et al., 2005). After transportation of the receptors to

Golgi apparatus, these are accumulated due to suppression of AMPARSs
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trafficking by palmitoylation (Hayashi et al., 2005). Contrarily, GluA1 C811
palmitoylation inhibits GluA1-4.1N protein interaction, which is important for
stabilizing AMPA receptors on the cell surface (Shen et al., 2000), thus
increasing the endocytosis of GluA1 when it is palmitoylated. This is a
synaptic activity dependent protein (Lin et al., 2009) and the DHHC

catalyzing activity on this interaction has not been determinated yet.

Other modifications

AMPA receptors also undergo ubiquitination, another well studied post-
translational modification that can affect AMPAR trafficking. This reaction
consists in the reversible addition of a small 76 amino acid protein —
ubiquitin — to lysine residue, via a covalent isopeptide bond between the C-
terminal lysine and ubiquitin. Recent studies described the sites of
ubiquitination, mapping to Lys868 in GIluA1 and Lys870/Lys882 in GIuA2 C-
terminal. Ubiquitinization plays a crucial role in ubiquitin-mediated signalling

in AMPA receptor trafficking modulation and turnover (Patrick et al., 2003).

Finally, it has been shown that AMPARs can also be subjected to S-
nytrosilation — a post-translational modification consisting in a covalent
attachment of a nitrogen monoxide group to the thiol side chain of cysteine
(Hess et al.,, 2005) — at GIuA1 C875 (Selvakumar et al., 2013). This
modification is rare and more frequently affects to interacting proteins of
AMPAR subunits (Wang et al., 2012). However, there exists a functional
important interplay between S-nitrosylation of GluA1 C875 and other post-
translational modifications since S831 phosphorilation depends on C875 S-
nytrosilation and that determines endocytosis of AMPARs (Selvakumar et
al., 2013).

1.4.4. Assembly and trafficking
Over the past years, the learning about AMPAR trafficking has been

expanded elucidating AMPAR lifecycle from its synthesis and dendritic

transportation to membrane insertion and removal. It has been shown that
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all four AMPAR subunits folding and assembly into functional receptors
takes place in the ER in a two-step process: subunit dimerization followed
by tetramerization through dimer to dimer formation (Ayalon and Stern-
Bach, 2001). AMPA receptor N-terminal domain mediates dimerization
process and is not required for homomeric assembly (Ayalon et al., 2005).
It is also known that heterodimers assembly dominates over homo-
dimerization (Mansour et al., 2001). Another structural domain of AMPA
receptor, LBD domain, plays a key role in transition from dimer to tetramer
(Greger et al., 2007). Finally, the C-terminal domain controls trafficking
properties of AMPARs by different “post-translational”’-dependent
interactions with a wide range of proteins (See “Post-transcriptional

modifications” & “AMPAR interacting proteins” sections).

After its assembly, AMPA receptors leave the ER and travel through the
Golgi system by vesicular transport towards the dendritic compartments.
Endo- and exocytosis as well as lateral diffusion are involved in plasma
delivery and removal of the receptor. Once the AMPAR is close to the cell
membrane, SNARE protein family conducts the fusion of the vesicle,
followed by the delivery of the receptor to the dendritic shaft plasma

membrane or directly to the dendritic spine (Figure 1.5).

After delivery to the cell surface, AMPARSs are highly mobile and tend to be
diffused laterally along the cell surface. AMPA receptor represents a highly
dynamic macromolecular complex, where a high amount of indirect and
direct interacting proteins modulate receptor life cycle and properties (Song
and Huganir, 2002). Extra-synaptic AMPARs are freely diffused whereas
synaptic AMPA receptors' mobility is getting slower and it eventually get
immobilized by the interacting partners. AMPA receptor retention at the
plasma membrane is regulated by PSD95-like membrane-associated
guanylatekinase (PSD-MAGUK) protein family, which comprises PSD93,
PSD95, SAP97 and SAP102 proteins. The very first protein, which binds
directly to AMPARs, is SAP97, although its function remains to be unclear
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(Leonard et al., 1998; Howard et al., 2010). The best studied PSD-95 has
been shown to play a crucial role in AMPARs accumulation at the synapse
together with the transmembrane AMPA receptor regulatory proteins
(TARPs) (Bats et al., 2007). Furthermore, AMPAR also binds to PICK1 (Xia
et al., 1999) and GRIP/ABP (Dong et al., 1997), which both contain PDZ
domains and compete for binding to the CTD of GIuA2.

There are two modulation pathways for AMPAR exocytosis: constitutive
and activity-dependent. The first one is determined by AMPAR subunit
composition (see “Post-transcriptional modifications” section). In addition to
constitutive cycling, the most extensively studied form of trafficking
comprises the activity-dependent delivery of receptors to the synapse. This
form of exocytosis has been identified as one of the mechanisms that
underlies several forms of long-term synaptic plasticity (Carroll et al., 2001;
Malinow and Malenka, 2002). GluA2/GIluA3 short-tailed heteromers exhibit
similar behaviour to GluA2 and mostly cycle in and out of the membrane,
thus maintaining the pool of the receptors (Passafaro et al., 2001; Shi et al.,
2001). Contrarily, long-tailed GIuA1/GluA2 and GIluA1/GluA4 require
synaptic activity for the membrane insertion (Hayashi et al., 2000; Shi et al.,
2001).
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Figure 1.5. Schematic representation of AMPAR cell trafficking.
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1.4.5. Gating and pharmacology

Gating

One of the primary features of AMPA receptor function as a ligand-gated
ion channel is its gating behaviour (opening/closing) related to the binding
and unbinding of the ligand. The very first step in AMPA receptor gating is
glutamate binding at LBD site. This part of the channel is formed by the
association of two polypeptide domains, D1 and D2. This dimeric interface
is mainly composed by S1 and S2 segments (See “AMPA receptor
structure” section). The glutamate binding leads to AMPAR activation
through the rotation of D2 domain towards the D1 domain, followed by
clamshell-like structure closure. Such conformational modification

corresponds to the channel opening (Armstrong and Gouaux, 2000).

The activated conformation of the channel is unstable and hence it tends to
return into a more stable state. There are two ways to recover the stability:
the re-opening of LBD with the consequent unbinding of glutamate
(deactivation) or the re-arrangement of the dimer interface (desensitization).
During deactivation the receptor conformation changes leading to
glutamate unbinding and channel closure. Extended exposure to glutamate
drives to desensitization, a separate process with a different time course
where the transmembrane helices reposition into a more relaxed

conformation.

Contrarily to NMDA receptors, AMPARs do not require a co-agonist for
activation. At least two molecules of glutamate are necessary for AMPA
receptor activation. Different research groups have shown by the use of
recombinant AMPARs that homomeric and heteromeric channels display
three subconductance levels and that the amplitudes of each depends on
the number of glutamate molecules bound to the receptor (Rosenmund et
al., 1998). Auxiliary subunits can modulate the amplitude or the occurrence

of this subconductance states (Shelley et al., 2012; Tomita et al., 2005)
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In addition, different AMPAR subunits exhibit quantitative differences in the
kinetics of deactivation, desensitization and recovery due to alternatively
spliced subunits (flip/flop region) (Lomeli et al., 1994; Mosbacher et al.,
1994; Sommer et al., 1990). The auxiliary subunits (TARPs) also control
AMPAR kinetics through their first extracellular loop interacting with the
ligand binding domain of AMPARs (Cho et al., 2007; Milstein et al., 2007;
Tomita et al., 2005).

Pharmacology

Extensive research has been performed to describe different compounds
that exert modulatory effects on AMPAR gating. They are classified as
competitive agonists and antagonists, positive and negative allosteric
modulators (or non-competitive antagonists) and channel pore blockers

(uncompetitive antagonists).

Agonists. Glutamate acts on AMPARs as a full agonist, resulting in large
peak currents with small steady-state current and full and quick
desensitization in the presence of the agonist. AMPA (a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) is a specific compound for AMPAR with
mimic effects of the glutamate that gave name to this subtype of receptors.
Another important chemical, structurally related to glutamate is kainate,
which also binds to AMPARs, generating smaller and non-desensitizing
currents. Willardiine derivative compounds also act as AMPAR partial
agonists (Patneau et al., 1992; Jin et al., 2003)

Antagonists. AMPA antagonists are able to block AMPARs and, in
neurons, reduce or avoid the depolarization of the postsynaptic membrane.
Several classes of AMPAR antagonists with different binding modes have

been developed over the past decades.

Competitive antagonists. Widely used AMPAR competitive antagonists,

indispensable in elucidating the cell biology and physiology of AMPARSs, are
the quinoxiline derivatives DNQX, CNQX and NBQX (Armstrong and
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Gouaux, 2000). These compounds bind AMPA receptors with high affinity
at the glutamate-binding site, thus preventing their activation by glutamate.
It has been shown that NBQX exhibits higher selectivity for AMPARSs
(Wilding and Huettner, 1996). Interestingly, CNQX acts as a partial agonist
of AMPA receptor channel when is associated with TARP auxiliary subunits
(Menuz et al., 2007; Kott et al., 2009).

Non-competitive antagonists. The non-competitive antagonist family

includes GYKI52466, which shows good selectivity for AMPA receptors
over kainate receptors and is used for chronic blockade of neuronal
AMPARs (Donevan and Rogawski, 1993).

Positive allosteric modulators. Positive allosteric AMPAR modulators allow

to extend the open state of the receptor. One of the best described,
cyclothiazide, which forms part benzothiadiazines family, is a commonly
used modulator of AMPA/kainate receptors. This compound blocks receptor
desensitisation, potentiating the current flow throughout the channels.
Cyclothiazide binds AMPA receptors at flip/flop region and prevents the
conformational change required for desensitization (Sun et al., 2002). It is
widely used to increase steady-state currents to facilitate detection of
surface AMPA receptors (Partin, et al., 1995). Other compounds from
benzoylpiperidines family that also binds allosterically, CX-516 and CX-546,
have been shown to potentiate AMPAR function (Sun et al., 2002; Jin et al.,
2005).

Open channel blockers. A number of synthetic and natural polyamines

(spermine and spermidine) have been shown to be AMPARs channel
blockers. These compounds represent a group of small positively charged
molecules with molecular weight less that 1kD which were isolated from
spiders and wasps venom (Shaw, 1979; Bowie et al., 1995). These
molecules, expressed in every cell type, are commonly used to measure
rectification of synaptic currents to detect the presence of CP-AMPARSs in

neurons. PAs block CP-AMPAR channel in voltage-dependent manner,
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generating the strong inward rectification of the unedited AMPARSs (Bowie &
Mayer, 1995; Donevan and Rogawski, 1995; Isa et al., 1995; Kamboj et al.,
1995; Koh et al., 1995). Their channel blocker mechanism of consists in
positioning of the PA head group in the ion channel vestibule external to the
selectivity filter with the PA tail permeating the selectivity filter (Nelson et
al.,, 2009) in a voltage-dependent manner. Thus, the more depolarized is
the membrane, the stronger is the block of the pore by the positive PAs,
translating into the characteristic inwardly rectifying current-voltage
relationship (IV curve). Over +50 mV, outward currents tend to increase by
pushing polyamines to pass through the pore and unblock the channel
(Bowie & Mayer, 1995; Koh et al., 1995). Cull-Candy laboratory
demonstrated that stargazin association with CP-AMPAR attenuated the
polyamine block of these receptors (Soto et al., 2007). PAs serve as an
important pharmacological tool to study native AMPARs because of their
ability to selectively inhibit GluA2-lacking AMPARSs.

1.4.6. AMPARs in physiological and pathological

conditions

The most important function of AMPARSs in the CNS is the fast excitatory
neurotransmission (Traynelis et al., 2010). Virtually all glutamatergic
excitatory transmission relies on the fast kinetic properties of AMPARSs.
Apart from their main role, AMPARs are crucial in synaptic strength
modulation and support cellular forms of learning. Over the past years, one
of the most active areas in neuroscience has been focused on the research
of AMPARs involvement in learning and memory through regulation of LTP
and LTD. Both processes require the activity-dependent trafficking of
AMPARSs to either strengthen the synapse in case of LTP or decreasing the
total sensitivity of the synapse, in case of the latter (Earnshaw and
Bressloff, 2006). During LTP, independently of the mechanism that triggers
it, the number of AMPARSs is rapidly increased at a given synapse. Some of

them, namely silent synapses, contain NMDARSs only at their resting state.
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After LTP induction, AMPARs are rapidly trafficked into synapses and
contribute to the depolarization of the postsynaptic neuron (Isaac et al.,
1995; Liao et al.,, 1995). To date, it is known that CP-AMPARSs give an
alternative to NMDARs route for Ca®* flux into cells, playing an important
role in NMDA-independent LTP (Lu et al., 2007; Asrar et al., 2009; Wiltgen
et al., 2010). The majority of AMPARSs are GluA2-containing receptors and
the role of GIUA2 subunit has been demonstrated to be an important player
in induction of LTP. Different studies demonstrated the crucial role of GluA2
in NMDAR-independent LTP by use of knock out or altered GIuA2 (at Q/R
site) animals (Feldmeyer et al., 1999; Jia et al., 1996). Interestingly, some
studies confirmed that GluA2-lacking AMPARs are capable to switch to
GluA2-containing receptors in high-frequency activity dependent manner
(Liu and Cull-Candy, 2000; 2002) and require rapid subunit-specific
trafficking of AMPARs where the interacting proteins PICK1, GRIP, and
NSF play an important role (Gardner et al., 2005; Liu and Cull-Candy,
2005). Finally, AMPA receptors endocytosis is crucial in the induction of
LTD triggered by NMDA receptor activation. LTD rely on AMPAR
internalization (Henley et al., 2011), this process requires clathrin-mediated

endocytosis and a GTPase dynamin (Anggono and Huganir, 2012).

On the other side, deficits and dysregulation of synaptic AMPARs and their
abnormal function are involved in a variety of neurological disorders and
neurodegenerative diseases. Alzheimer's disease (AD) is characterized by
decreased in AMPAR activation and synapse loss. Thus, it has been
demonstrated that dysregulated endocytosis of AMPARs at the synapse
may contribute to the progressive loss of memory in AD (Tang, 2009).
Moreover, B-amyloid, one of the key players in AD pathology, has been
shown to disrupt activity-dependent AMPAR trafficking (Gu et al., 2009).
Ischaemic processes also involve AMPARSs. Cerebellar Purkinje cells and
pyramidal hippocampal neurons of CA1, which express mostly CI-AMPARSs,
are vulnerable to ischemia, thus demonstrating the implication of AMPARs

in excitotoxic events (Crepel et al., 1982; Cull-Candy et al., 1998). Ischemic
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process leads to downregulation of CI-AMPARSs, up-regulation of CP-
AMPARSs, selective GluA1 trafficking and consequently to neuronal cells
death (Naylor et al., 1996; Rakhade et al., 2008; Friedman et al., 1999;
Ying et al.,, 1998; Quintana et al., 2015). Also, in amyotrophic lateral
sclerosis, AMPARs allow cytotoxic levels of Ca®" into neurons, leading to
motor neuron death due to changes in GIuA2 editing (Kawahara et al.,
2004b). AMPAR participation and the excitotoxic effect are also described
in other neurodegenerative processes such as Parkinson’s and
Huntington’s diseases as well as neurological disorders such as epilepsy
and schizophrenia (Hollmann and Heinemann, 1994; Yamada, 1998; Lees,
2000; Goff et al., 2001; Danysz, 2002b; Johnson et al., 2009;). Finally,
several inherited psychiatric and neurodevelopmental disorders have been
correlated with AMPAR subunits or even with auxiliary proteins of AMPARSs

mutations (Soto et al., 2014a; Uzunova et al., 2014).

1.4.7. AMPARs interacting proteins

Native AMPARs in the mammalian brain associate with more than 30
different proteins forming macromolecular complexes (Schwenk et al.,
2012; Figure 1.6). Some of them are referred to as transmembrane
regulatory proteins whereas others display transient interactions with the
receptor (See “AMPA receptor assembly and trafficking”). Transient
interactions between AMPARs and several proteins determine principally
exocytosis, endocytosis and synaptic targeting. There is an enormous
variety of these proteins mentioned before (i.e. ABP/GRIP, 4.1N, PSD95,
SAP97, PICK1, NSF, NARP, Mint1, Lyn — see Song and Huganir 2002 and
Henley, 2003) and this section will focus on describing briefly those

associating in a stable manner with AMPARSs.

AMPA receptors auxiliary proteins

Four main criteria can be applied to classify a protein as an auxiliary
subunit. It should not constitute an integral component of channel pore

forming subunits, remain in stable association with its partner receptor,
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modulate its pharmacology and be an important player for functional
receptor assembly (Copits and Swanson, 2012). It was proposed by
Schwenk et al., 2012, that the inner core of the AMPA receptor complex
consists of the GIuA tetramer and four auxiliary proteins comprising TARPs
and cornichon homolog proteins (CNIHSs), in fact the best-characterized two
families of auxiliary proteins (Straub and Tomita, 2012; Kato et al., 2010;
Haering et al., 2014).

Transmembrane AMPA receptor regulatory proteins (TARPs)

TARPs are crucial for AMPARs. Different studies confirmed indeed that
AMPARs in the CNS are mostly associated with TARPs (Menuz et al.,
2008; Schwenk et al., 2009) and only in special and determined rare
situations AMPARs can be found TARP-less in neurons (Bats et al., 2012).
TARPs are a family of non-pore-forming transmembrane proteins with
direct AMPARs interaction. They are specific and essential auxiliary
subunits for AMPA receptors and are differentially distributed in the brain
(Fukata et al., 2005; Nicoll et al., 2006; Milstein & Nicoll, 2008; Coombs &
Cull-Candy, 2009; Sager et al.,, 2009; Kato et al., 2010). Based on
functional differences and sequence homologies, TARP family is classified
into the type | TARPs comprising the subunits y2 (stargazin), y3, y4, and
y8, and the type Il TARPs, y5 and y7 (Haering et al., 2014). TARPs are
composed of four transmembrane domains that interact with AMPARs at
LBD site. It also has been shown that TARPs C-terminal tail interacts with a
variety of proteins (Deng et al., 2006). Their intracellular PDZ binding
domain (TTPV) can interact with synaptic anchoring protein PSD-95 (Dakoji
et al., 2003; Schnell et al., 2002). Thus, TARPs C-terminal domain directs
effective trafficking of AMPAR-TARP complexes (Bedoukian et al., 2008).
In fact, PSD-95 binding motif is required to stabilize AMPAR at the
synapse. Disruption of this interaction leads to an increase in AMPAR
diffusion and prevents their accumulation at synaptic sites (Bats et al.,
2007).
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Stargazin, the prototypical TARP, expressed in almost every type of
neuron, controls AMPAR trafficking at multiple points during the secretory
process (Nicoll et al., 2006). Stargazin and its closely related y-3, y-4, and
y-8 paralogs interact directly with all AMPAR subunits promoting their
transport to the cell surface (Chen et al., 2000, Tomita et al., 2003) and
modulating the channel function (Tomita et al., 2004; Tomita et al., 2005,
Soto et al., 2007). In presence of TARPs, AMPA receptor channel shows
slower kinetics of deactivation and desensitization (Priel et al., 2005; Tomita
et al., 2005; Turetsky et al., 2005). Additionally, TARPs affect the efficacy of
kainate and the affinity and efficacy of AMPAR enhancers, such as
cyclothiazide (Tomita et al., 2005; Tomita et al., 2006; Turetsky et al.,
2005). Moreover, TARPs also increase AMPAR single-channel
conductance (Soto et al., 2007, 2009; Tomita et al., 2005) and decrease
AMPAR block by polyamines (Jackson et al., 2011; Soto et al., 2007).

Cornichon homolog proteins

Two homologues of CNIHs - CNIH2 and CNIH3 - have also been described
by proteomic study as a native AMPAR constituents (Schwenk et al., 2009).
CNIHs structure comprises a short cytoplasmic NTD motif, three
transmembrane domains and a short CTD domain. These proteins bind as
part of the AMPAR complex at ER, affecting channel trafficking and its
biophysical properties. Thus, CNIHs, expressed in a heterologous system
can increase AMPAR surface expression (Schwenk et al., 2009).
Additionally, these auxiliary subunits slow AMPAR deactivation and
desensitization (Gill et al., 2012; Coombs et al., 2012). Different groups
showed that cornichon family shares some of other properties with TARPs
(Kato et al., 2010; Shi et al., 2010).

New incognita on interacting AMPAR proteins...

There are a set of other AMPAR interacting proteins, present in lower
amount, forming the outer shell of the AMPAR complex with wide range of

size and variability. One of the out core constituents capable to interact with
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AMPAR subunits is Carnitine palmitoyltransferase 1C (CPT1C) (Schwenk
et al., 2012; Figure 1.6).

CNIH2,3
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Figure 1.6. Model for the assembly of native AMPARs, as derived from the
proteomic study by Schwenk et al.,, 2012. The tetrameric structure is shown from
a cross-section of the crystal structure (light and dark green and purple). Solid
circles in orange and blue represent the binding sites for inner core constituents;
white circles show binding sites with unknown function for outer core
components where CPT1C is included.
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1.5. CPT1C

1.5.1. The CPT1 family and the new arrival: CPT1C

CPT1 enzymes belong to the carnitine acyltransferases family that catalyse
the exchange of acyl groups between Coenzyme A (CoA) and carnitine to
facilitate the transport of fatty acids through different intracellular
membranes. Specifically, the most studied isoforms of CPT1, named
CPT1A and B, transform long chain acyl-CoAs into acylcarnitines for their
transport through the mitochondrial outer membrane (MOM) and the
subsequent use of the transported fatty acids for [(-oxidation in the
mitochondrial matrix. These two widely-studies isoforms catalyse the rate-
limiting step of fatty acid oxidation given their inhibition by malonyl-CoA —
the first intermediate in fatty acid synthesis (McGarry and Brown 1997,
Zammit 1999). This mechanism allows a fine regulation of cell metabolism
inhibiting a catabolic pathway (B oxidation) when fatty acid biosynthesis is
turned on (high levels of malonyl-CoA). The two isoforms are localised at
the MOM but they have differential tissue distribution. CPT1A is expressed
mainly in the liver but it is also the isoform most ubiquitously expressed
(McGarry and Brown, 1997) being also expressed in brain (Lavrentyev et
al., 2004) and it is crucial for the organism survival since knockout mice for
this isoform are not viable from day 10 of gestation to term (Nyman et al.,
2005). CPT1B is the isoform mainly expressed in skeletal and cardiac
muscle and also in adipose tissue (Esser et al 1993; McGarry and Brown,
1995).

In 2002, when in silico studies from Human Genome databases became
available, Zammit's group found a novel family member of CPT1s and they
called this new isoform CPT1C (Price et al., 2002). CPT1C sequence
contains all the motifs previously shown to be essential for CPT1 activity
and malonylCoA binding. This work showed as well that CPT1C was
expressed at the mRNA level in testis and brain (with especially high mRNA

levels in hippocampus and some hypothalamic nuclei, but also in cortex
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and cerebellum). At the protein level, CPT1C expression was clear in
mouse and rat brain. Surprisingly, CPT1C did not exert any catalytic activity
with different substrates in yeast extracts (Price et al., 2002) or with fatty
acids of different lengths as substrates in extracts from HEK293 cells
transiently expressing CPT1C, confirming the lack of CPT1 catalytic activity
(Wolfgang et al., 2006).These two works performed the radiometric CPT1
catalytic activity assay which was later proved to be 400 times less
sensitive than a new chromatographic methods (Jauregui et al., 2007). This
method showed greater sensitivity than the radiometric method and led
subsequent studies determine that CPT1C could form palmitoylcarnitine
from palmitoyl-CoA with 100 times lower specific activity than CPT1A
(Sierra et al., 2008), suggesting that CPT1C could act as a carnitine
palmitoyltransferase but with very low efficiency, or maybe suggesting that
CPT1C had another activity. Moreover, it was described that CPT1C is
localised at the ER and not in the mitochondria (Sierra et al., 2008), which
points also to the hypothesis of a totally different function of this brain

specific isoform, from the function described for canonical CPT1s.

1.5.2. CPT1C structure

CPT1C shares a high degree of primary amino acid identity and similarity to
CPT1A and CPT1B (Wolfgang et al., 2006). Two transmembrane domains
can be predicted and distinct regions can be identified: an N-terminal
domain (NTD), a C-terminal domain (CTD) and a loop between the first and
the second transmembrane (Figure 1.7). In CPT1A and CPT1B the NTD
and CTD are both facing the cytosol and interact with each other (Fraser et
al., 1997) and it has been shown that CPT1C adopts the same topology but
in the ER membrane (results from Esther Gratacos-Batlle thesis; Figure
1.8).

Recent data describing the 3D conformation of the NTD (50aa) of CPT1A
identified two possible conformations: an inhibitory form and a non-

inhibitory form. In this study the authors concluded that CPT1C is only
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stable in a state similar to the inhibitory conformation, making CPT1C
unable to catalyse the carnitine palmitoyltransferase activity with greater
efficiency (Samanta et al., 2014). It had been previously described that
within the NTD and the two transmembrane domains of CPT1A resides the
amino acid sequences determining translocation of the newly synthesized

protein from the endoplasmic reticulum to the MOM (Cohen et al., 2001).
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Figure 1.7. Schematic representation of CPT1C sequence with N-terminal (NTD)
and C-terminal (CTD) segments; two transmembrane domains (TM1 and TMZ2)
and the key catalytic residue Histidine 469 are also shown.

It was also characterized that the specific primary sequence of the first 150
amino acids of CPT1C targets this protein to the ER membrane and when
exchanging this part of the protein between isoforms, the subcellular

localization of each protein resulted shifted.

CTD region contains all the residues that had been identified to be
important for substrate binding and for catalysis in CPT1A, and all of them
could also be found in CPT1C primary amino acid sequence (Price et al
2002). Among all these important residues there is a crucial catalytic
histidine residue that when mutated to alanine in CPT1A abolishes its
catalytic activity (Morillas et al., 2001). This catalytic residue is Histidine 473
in CPT1A sequence and His 469 in CPT1C sequence. Remarkably, this
catalytic histidine is conserved among all the members of Carnitine
acyltransferase family (Jogl et al., 2004). The main difference between
isoforms in this CTD is an extended C-terminal tail, of 30 amino acids, in
CPT1C that is not present in CPT1A or in CPT1B (Price et al., 2002).
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Figure 1.8. Schematic representation of CPTI1C topology, showing the two
transmembrane segments (TM1 and TMZ2). The loop connected the TM1 and
TM?2 is orientated to the ER lumen. The N-terminal regulatory domain (NTD)
and C-terminal catalytic segment (CTD) are exposed on the cytosol.

1.5.3. Physiological role of CPT1C and beyond

To elucidate the physiological role of the CPT1C isoform different groups
produced CPT1C knockout (CPT1C-KO) mice. All these KO animals are
viable and fertile; furthermore they do not display remarkable histological
abnormalities through the lifetime (Wolfgang et al., 2006; Gao et al., 2009;
Carrasco et al., 2012).

The first phenotype described for CPT1C KO mice was related to the study
of the feeding behaviour of this mice model. These studies derived from the
high expression levels found in feeding control centres of the hypothalamus
(Price et al., 2002). CPT1C loss resulted in suppression of food intake and
a decrease in body weight following a normal or low-fat diet (Wolfgang et
al., 2006; Gao et al., 2009). Interestingly, when the daily intake of these

animals was replaced by a high fat diet, it was observed that their body
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weight increased more than control animals, becoming resistant to insulin.
These results suggested that CPT1C is involved in energy homeostasis

and control of body weight (Wolfgang an Lane, 2006).

However, Casals’ group could find other neurological phenotypes in CPT1C
KO mice. These mice showed impairment in motor functions, in muscle
strength and presented hypoactivity (Carrasco et al., 2013) and behavioural
learning deficits (Carrasco et al.,, 2012). Moreover, they observed that
CPT1C overexpression increased ceramide levels in cultured neurons while
CPT1C deficiency reduced them. These changes in ceramide levels are
correlated with dendritic spine morphology, therefore CPT1C-deficient
neurons displayed more immature dendritic spine morphology and
supplementation with ceramides in the media reversed this effect (Carrasco
et al., 2012). On the other hand, it has also been described that a gain-of-
function of CPT1C in the brain of transgenic mice results in severe growth

retardation and in a reduction of brain weight (Reamy and Wolfgang, 2011).

A recent study found that a familial hereditary Arg37Cys mutation in CPT1C
provokes autosomal dominant hereditary spastic paraplegia (Rinaldi et al.,
2015), linking for the first time CPT1C to human disease.

Interestingly, CPT1C has been found to be expressed in some tumor cell
lines that makes them resistant to glucose deprivation and hypoxia (Zaugg
et al., 2011) and more recently aberrant expression of CPT1C mRNA have
been found in human high grade glioblastomas (Cirilio et al., 2014)

suggesting a possible implication of CPT1C in some other diseases.
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2. OBJECTIVES

AMPARSs are widely distributed in the brain and their physiological roles are
crucial for the correct brain functioning. Their properties and functional
outcome is determined by several factors as subunit composition, post-
translational modifications and interacting partners (either auxiliary or

transient interactors).

The aim of the work described in this thesis was designed to discover,
understand and characterize AMPAR functional effect by CPT1C, a
recently described protein interacting with AMPAR subunits in brain tissue.
In order to accomplish the general goal three specific purposes were

pursued:

1. To evaluate the putative CPT1C effect/modulation on AMPAR
mediated responses over a range of physiologically relevant GluA
subunits.

2. To study whether a putative modulation of AMPARs by CPT1C is

happening in a more physiological system (cortical and hippocampal
neuronal cultures)

3. To depict the molecular mechanism of AMPAR-CPT1C interaction

and functional consequences.
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3. EXPERIMENTAL PROCEDURES

3.1. Mutagenesis

3.1.1. Plasmid constructs

To obtain GluA1 cDNAs with mutations in the palmitoylation sites, site-
directed mutagenesis was used to change specific base pairs.
GIuA1(C585S) and GIuA1(C811S) mutant cDNAs resulted from changing
the codon TGT to TCT and TGC to TCC, respectively. Both changes
produce a cysteine to serine switch making these palmitoylation targets
disappear. For the double mutant GIuA1(C585,811S) GluA1(C585S) cDNA
was used as a template and we introduced the C811S mutation to create
the GIuA1(C585,811S) product, in which both palmitoylation sites from
GIluA1 were eliminated. Primers containing the mutation/s were designed
and then synthetized by Integrated DNA Technologies (IDT). Primers used

were the following:
C585S: AAGGA TCT GAC ATT TCC CCC AGG TCC C
C811S: CCT TAATCAGAG TTC TCC TAC AAATCC CGT AGC G

where the codon of interest is underlined and the changed nitrogenised

base is marked in bold.

To obtain CPT1C mutant, site-directed mutagenesis was used to replace
histidine 469 to alanine. Primers containing the mutation was designed and
then synthetized by Integrated DNA Technologies (IDT). The mutated
fragment was obtained using the forward primer 5'- CCT CAG CGT GGA
GGC CTC ATG GGC TGA CTG CC -3' and the reverse primer 5'- GG CAG
TCA GCC CAT GAG GCC TCC ACG CTG AGG -3' to obtain the plasmid
CPT1C(H469A).

The plasmids containing the fusion proteins: CPT1C with the N-terminus of
CPT1A (A-CPT1C) and CPT1A with the N-terminus of CPT1C (C-CPT1A),
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that were used in the mislocalization experiments were kindly provided by
the laboratory of Nuria Casals. Information about their cloning process can

be found in Carrasco et al., 2008.

All constructs were fully sequenced to verify sequence integrity. All plasmid

vectors are under the control of the same promoter (CMV promoter).

3.2. Cell lines and neuron cultures

3.2.1.tsA201 cell line
tsA201 is a transformed human kidney cell (HEK293) line stably expressing

an SV40 temperature-sensitive T antigen. This cell line does not express
CPT1C protein (Sierra et al., 2008) and was maintained in DMEM:F12 3.15
g/L, containing 10% fetal bovine serum and 1% penicillin—streptomycin
solution in 5% CO; and 95% O, at 37°C. The maintenance culture was
passaged once a week and the medium was changed every 2-3 days. To
split tsA201 cells, grown in 25cm? flasks, first they were washed with PBS
preheated at 37°C and then detached by adding 400 pl Accutase® followed

by a mechanical dissociation.

3.2.2. Cos-7 cell line

Cos-7 is an African green monkey kidney fibroblast-like cell line suitable for
transfection by vectors requiring expression of SV40 T antigen. The cells
were maintained in complete DMEM:F12 containing 10% fetal bovine
serum and 1% penicillin—streptomycin solution in 5% CO, and 95% air at
37°C. The maintenance was performed the same way as for tsA201 cell

line.

3.2.3. Primary cortical neuron cultures

Cortical neuron cultures were prepared from mouse embryos (E18). All the
experimental procedures were carried out according to European Union

guidelines (Directive 2010/63/EU) and following protocols that were
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approved by the Ethics Committee of the Bellvitge Biomedical Research
Institute (IDIBELL). The cerebral cortex was isolated and maintained in cold
Hank's Balanced Salt Solution (HBSS, Gibco) supplemented with 0.45%
glucose. After removal of the meninges, the cortical tissue was digested
mildly with trypsin for 17min at 37°C and mechanically dissociated. Cells
were washed three times in HBSS and re-suspended in Neurobasal
medium supplemented with 2mM Glutamax (Gibco) before filtering in 70um
mesh filters (BD Falcon). Cells were plated onto glass coverslips (5 x 10*
cells/cm?) coated with 0.1mg/ml poly-L-lysine (Sigma). Two hours after
seeding, the plating medium was replaced by complete growth medium
(Neurobasal medium supplemented with 2% B27 (Invitrogen) and 2mM
Glutamax) and the coverslips were incubated at 37°C in a humidified 5%
CO, atmosphere. Every 3—4 days, half of the conditioned medium was
removed and replaced by fresh growth medium. All the experiments were

performed with 10 DIV cultured cells.

3.2.4. Primary hippocampal neuron cultures

Hippocampi were obtained from fetal mice brains at 16 days of gestation,
maintained in HBSS solution supplemented with 0.45% glucose.
Hippocampi were chopped into small pieces and enzymatically digested
with Trypsin solution from bovine pancreas (Type Xl; Sigma) for 10min at
37°C followed by a mechanical dissociation. Dissociated cells were
centrifuged at 1000xg for 10min, washed 3 times in HBSS solution and re-
suspended at a density of 3 x 10° cellsicm?® in Neurobasal media
supplemented with 5% FCS, 5% HS, 50U/ml penicillin, 50ug/ml
streptomycin, 2mM glutamine, and 10mM glucose, and plated onto poly-L-
lysine pre-coated wells. Cultures were kept at 37°C in 95% O / 5% CO,
atmosphere until 7 days in vitro (DIV) when the plating medium was
replaced by Neurobasal media supplemented with 10% HS, 50U/ml
penicillin, 50ug/ml streptomycin, 2mM glutamine, 10mM glucose, and 10uM
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cytosine arabinoside to stop non-neuronal cell proliferation. All the

experiments were performed with mature cultures (15-16 DIV).

3.3. Transfection protocol

3.3.1. Cell lines

Twenty four hours before transfection, 1.5x10° cells were plated into T25
flasks for coimmunoprecipitation (Co-IP) and Acyl Biotin Exchange assays
(ABE) or 0.5x10° cells onto poly-D-lysine-coated coverslips for

immunofluorescence (IF) and electrophysiological (EP) experiments.

Cells were transiently co-transfected with 5.4ug total cDNA (for Co-IP and
ABE) and 0.6ug total cDNA (for IF and EP) using X-tremeGENE
transfection reagent (Roche) according to the manufacturers’ directions
(Figure 3.1). In all transfections the ratio used was 1:2 (GIuA:CPT1C),
except for the experiments where stoichiometry effect was assessed and
the ratios used were 1:2 and 1:1(GIUA:CPT1C). Media was replaced 24
hours after transfection with fresh media containing 2,3-dioxo-6-nitro-
1,2,3,4-tetrahydrobenzol[flquinoxaline-7-sulfonamide 50uM (NBQX; Tocris-
ABCam, Abcam) to prevent AMPAR-mediated toxicity. For EP experiments,
cells were re-plated onto glass coverslips to allow optimal density. All

experiments were performed 48 hours later.
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Figure 3.1. Transfection protocol scheme.
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3.3.2. Primary cultures

The transfection was performed using Lipofectamine 2000 on day 7 in vitro
(div7), according to the manufacturers instructions and the cells were fixed

72h after transfection.

3.4. Immunocytochemistry

Immunofluorescence was performed in tsA201 cells grown on poly-L-lysine
treated coverslips, 48h after transfections. Washes were always performed
by immersion of the coverslips in PBS or PBS-G (20mM Glycine in PBS).
The composition of the different solutions used was: Fixation solution (2%
PFA in PBS), permeabilisation solution (0.1% Triton X-100 in PBS-G),
blocking solution (10% NGS, 2% BSA, 0.1% Triton X-100 in PBS-G),
antibody incubation solution (4% normal goat serum and 0.1% BSA in PBS-
G) and triton-antibody solution (antibody incubation solution containing
0.1% Triton X-100). Antibodies incubations were performed in a humid
chamber at 37°C for 1h.

For co-localization of CPT1C with GluA1 or GIuA2 and for determining the
level of surface expression of GIuA1 in tsA201, the following method was
used: staining surface AMPARs was achieved by labeling live cells with
mouse anti-GluA1-NT or mouse anti-GluA2 antibodies (both from Merck
Millipore) in a 1:200 solution in DMEM:F12, for 7-10min at 37°C. In
neuronal cultures, the surface staining step was performed for 1 hour at
37°C on fixed neurons (4% PFA + 4% sucrose). After washes at room
temperature PBS, tsA201 cells were fixed for 15min at room temperature
and incubated with goat anti-mouse Alexafluor 555 (Molecular Probes) at
1:250 in antibody incubation solution. After 2-3 washes in PBS-G, cells
were fixed again to preserve the binding of the first secondary antibody.
Cells were subsequently permeabilized for 5-10min and blocked for 30min.
Next, and in order to label the intracellular pool of AMPARSs in each cell,
GIluA1 or GIuA2 were tagged, incubating the coverslips with the same

mouse anti-GluA1-NT or mouse anti-GIuA2 antibodies at 1:200 (in triton-
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antibody incubation solution). Following washes in PBS-G, cells were
incubated with goat anti-mouse Alexafluor 647 (Molecular Probes) at 1:500
(in triton-antibody incubation solution). Coverslips were then washed and

then mounted with Fluoromount (Invitrogen).

For co-localization of CPT1C with GM-130 (Golgi apparatus marker), cells
were transfected with CPT1C-EGFP and Golgi staining was performed on
fixed, permeabilised and blocked tsA201 cells by incubating cells with
mouse anti-GM-130 (BD-Biosciences) at 1:50 in triton-antibody incubation
solution and subsequently with goat anti-mouse Alexafluor 555 (Molecular
Probes) at 1:500.

For co-localization of CPT1C with an endoplasmic reticulum (ER) marker
we co-transfected tsA201 cells with 600ng of total DNA at a ratio of 1:2
(ER-KDEL: CPT1C). 48h after transfection cells were fixed for 15min in 4%

PFA, washed and mounted in Fluoromount.

3.5. Co-localization analysis by confocal microscopy

For co-localization analysis purpose all confocal images were acquired on a
spectral confocal microscope (Leica TCS-SL, CCiTUB) with 40x or 63x oll
immersion lenses. For all experiments the same conditions were used:
zoom setting of 2.0, the z-step for cortical neurons, tsA201 and Cos-7 cells

of 0.7um was applied.

To prevent cross-talk from the data in multiple-colour imaging, a multi-
tracking mode method was employed. Each image was acquired through
laser excitation lines 488, 543 and 633 and Differential Interference
Contrast (DIC).

Quantification of GIuA1 surface expression was performed using Image J
(open source, NIH). This digital analysis of co-localization of two or more
fluorescent molecules provides the information about how many fluorescent

signals occupy the same voxel of the analysed image. Each stack was Z-
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projected to the maximum intensity. With the freehand selection tool
individual cells or dendrites coexpressing the receptor and CPT1C-EGFP
or GFP (expression verified by tracking fluorescence intensity in the green
channel) were traced and fluorescence in each channel was measured.
The fluorescence values of each cell/dendrite were then analysed, red
integrated density (INTDEN) being the value corresponding to surface
expression of the receptor in that cell/dendrite, and blue INTDEN being the
value for intracellular expression of GIuA1 in the same cell (tsA201 cells
with low levels of blue fluorescence were not quantified). The mean
background intensity was obtained from three different areas of each image

and subtracted from each measurement using the following formula:
CTCF=INTDEN - (AREA* MEAN FLUORESC BKGD)

where CTCF stands for corrected total cell fluorescence. Then, the ratio
surface to intracellular was obtained from the CTCF value from red
fluorescence (surface) divided by the CTCF value from blue fluorescence
(intracellular), and normalized to the reference condition (GluA1+GFP).
Finally, column graphics including the mean ratio of each condition were
plotted and the error bars (SEM) were obtained. A set of at least 3 different
immunofluorescences for each condition was performed and 10-50 cells of
each condition were analysed for each immunofluorescence. For neuronal
experiments, three separate independent cultures (10DIV) were performed
and 70 and 80 dendrites from 21 and 23 neurons for each condition were

analysed.

Quantification of co-localization was performed using the Manders Overlap
Coefficient (MOC) (Manders et al., 1993), calculated in Image J via the
JACOoP plugin from images of single cells. This coefficient ranges between
1 and 0 in a way that values close to 1 indicate high co-localization while

values close to 0 indicate low co-localization values.
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3.6. Coimmunoprecipitation

Coimmunoprecipitation (ColP) is designed to detect protein-protein
interactions. Thus ColP consists on the binding of a target protein with a
specific antibody and precipitation of the immune complexes with Protein G
or Protein A immobilized onto beads such as agarose. The precipitated
immune complexes are denatured and resolved for further analysis. The
procedure can be divided into the following steps: sample preparation,
immunoprecipitation procedure, and analysis by Western blot and/or other

methods. In our specific conditions:

Cell lysate. tsA201 cells were transfected as described previously. Forty
eight hours later, transfected cells were washed twice with room
temperature PBS and collected in 1ml 50mM Tris-HCI (pH 7.4) with
protease Inhibitor cocktail (Sigma) on ice. All subsequent steps were
performed at 4°C. Cells were lysed in a Polytron (VDI 12; VWR) at force 5,
for 20sec, twice. Lysates were centrifuged at 1,000xg for 10min to pellet
nuclei and unlysed cells. The supernatant was further centrifuged at
20,000xg for 30min, and the membrane fraction (pellet) was re-suspended
in solubilisation buffer (1% Triton X-100, 150mM NaCl and 50mM Tris-HCI
pH8, containing protease inhibitors) and homogenized with a Polytron for
20sec. After 20min on ice, insoluble material was pelleted with a 30min
centrifugation at 20,000xg and the supernatant was quantified using the
BCA method (Thermo Scientific).

Immunoprecipitation. 200-300ug of total protein was incubated with 4ug
of antibody overnight at 4°C with orbital agitation (antibodies: mouse anti-
GIuA1-NT [N-terminus], rabbit anti-GIuA2 [cytoplasmic domain] both from
Merck Millipore, rabbit serum anti-GFP from Invitrogen). Antibody-protein
complexes were pulled down by incubating with 80ul of Protein-A
sepharose beads (Sigma) pre-equilibrated with solubilisation buffer, for 2h

at 4°C using orbital shaker. Precipitated complexes were washed in
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solubilisation buffer three times and eluted with 2x SDS/DTT sample buffer,
heated 10min at 76°C and separated on SDS/PAGE.

Before adding the antibodies, 10% of total protein (100ul) was removed as
input samples. 500ul of pre-cooled acetone was added to the input samples
to precipitate proteins; the mixture was vortexed and incubated overnight at
—-20°C. The precipitated proteins were cleared by centrifugation at 20,000xg
for 20min, supernatant was removed, and pellets were air-dried for 15-

30min and re-suspended with appropriate volume of 2x SDS/DTT buffer.

Immunoblotting. Samples were separated by SDS/PAGE in 4-15% mini-
protean TGX precast gels, transferred using Trans-Blot Turbo transfer
system on nitrocellulose membranes (all from BioRad). Membranes were
blocked in TBS with 0.1% Tween 20 (TBS-T) containing 3% (wt/vol) BSA or
5% non-fat skim milk. Membranes were incubated with primary antibody at

4°C overnight.

Peroxidase-conjugated sheep anti-mouse or donkey anti-rabbit secondary
antibodies (Dako) diluted in blocking solution, were detected by using ECL
reagent (Amersham) and a LAS3000 Intelligent Dark Box (Fujifilm).
Quantification of the western blots was performed with Image J (NIH).
Afterwards, stripping of the membranes was performed to remove the

antibodies from the blot and later to incubate with the reverse antibodies.

3.7. Acyl-Biotin Exchange assay

Detection of palmitoylation levels of GIuA1 subunits was performed

following the methodology described in Brigidi and Bamiji, 2013.

Cell lysate. All pH solutions were adjusted the same day of the experiment.
48 h after transfection, tsA201 cells coexpressing GluA1 and GFP or GIuA1
and CPT1C-EGFP, were washed with ice-cold PBS, scrapped, collected
and lysed with a 30G syringe 6 times in ice-cold lysis buffer (1% IGEPAL,
50 mM Tris-HCI pH7.5, 150 mM NaCl, 10% Glycerol, Protease Inhibitor
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Cocktail (Roche) and PMSF containing 50mM N-ethylmaleimide (NEM)
(Sigma). All steps where performed at 4°C with sybsequent lysis buffer also
contained protease inhibitors. Lysates were cleared by centrifugation at
16,000xg for 30min and the amount of protein in the supernatant was

determined using the BCA method (Thermo Scientific).

Immunoprecipitation. 750ug — 1.5 mg of total protein were used for
overnight immunoprecipitation of GIuA1 (4pg of anti-GIuA1-NT antibody
(Merck Millipore)). Then, protein-antibody complexes were pulled-down with

Protein-A sepharose beads (Sigma) for 1-2 h.

Hydroxylamine (HAM) Cleavage. The total immunoprecipitate was then
resuspended in lysis buffer containing 10mM NEM and it was split into two
equivalent samples: one sample for specific cleavage and unmasking of the
palmitoylated cysteine's thiol group by 1M hydroxylamine treatment (+HAM
sample) and a second equivalent sample but in the absence of HAM to
control non-specific incorporation of biotin (-HAM sample). Before
performing HAM treatment, samples were totally washed to avoid any
presence of unbound NEM by performing a step in stringent buffer NEM LB
containing 0,1% SDS. 1M HAM solution was prepared in pH7.2 lysis buffer

and +/-HAM treatment was performed for 1h at room temperature.

Biotin-BMCC Labeling. After 2-3 washes with lysis buffer plus 1% Triton
X- 100 pH 7.4, selective labelling of the palmitoylated cysteine using a thiol-
reactive biotinylation reagent, biotin-BMCC (1uM) (Thermo Scientific) in
pH6.2 lysis buffer was done for 1h at 4°C in +/-HAM samples, a wash in pH
6.2 lysis buffer and three washes in pH 7.4 lysis buffer were performed.
Agarose beads were eluted using 30ul of 2x SB/DTT 50mM sample was
vortexed and heated at 75°C for 10 min. Then, the thiol-biotinylated
proteins following the ABE steps were resolved by SDS-PAGE and
Western Blotting was performed. Membranes were blocked with 3% BSA in
TBS-T and incubated with Streptavidin-HRP (Invitrogen) (1:5000 from a

1mg/ml stock in 0.3% BSA). After stripping, the same membrane was
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incubated with an anti-GIuA1-NT antibody (1:1000) to normalize

palmitoylation levels to the amount of immunoprecipitated protein.

3.8. Electrophysiology

3.8.1. General procedures

Cells were visualized with an inverted microscope (IX50; Olympus).
Electrodes were fabricated from borosilicate glass (1.5mm o.d., 0.86mm
i.d., Harvard Apparatus) pulled with a PC-10 vertical puller (Narishige).
Electrode resistance varied between configurations (see below).
Macroscopic currents were recorded at room temperature (22-25°C) in the
whole-cell configuration (wc) or from outside-out patches (0) excised from
GFP-positive cells. Currents were recorded with Axopatch 200B amplifier,
filtered at 2kHz (wc) or 10kHz (o) and digitized at 5kHz (wc) or 50kHz (o)
using Digidata 1440A interface with pClamp 10 software (Molecular

Devices Corporation).

EXTRACELLULAR SOLUTION INTRACELLULAR SOLUTION

Compound Concentration Compound Concentration
(mM) (mM)

NacCl 145 CsCl 145

KCl 2.5 NaCl 2.5
CaClz 1 Cs-EGTA 1
MgCl; 1 Mg-ATP 4
HEPES 10 HEPES 10

Glucose 10

Table 3.1. Solution used for electrophysiological experiments with tsA201
cells.
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Solutions applied to the extracellular and cytoplasmic surfaces of the
membrane will be referred to as external and internal solutions,
respectively. Compositions of typical external and internal solutions used in
patch-clamp experiments in tsA201 cells are shown in Table 3.1 (solutions
used in mammalian neurons are given in Table 3.2). The extracellular
solution was set to pH to 7.3 with NaOH. The intracellular solution was
adjusted to pH=7.2 adding CsOH. Spermine tetrahydrochloride (Sigma

Aldrich) was added to intracellular solution at 100uM in all cases.

3.8.2. Whole-cell recordings

Whole-cell recording is one of the most suitable methods for intracellular
investigations of ion channel behavior. A schematic representation of the

whole-cell recording configuration is given in Figure 3.2.

Patch electrodes were made from thick walled borosilicate capillary tubing
(GC-150F; Harvard Apparatus Ltd, Edenbridge, UK) using a two-step puller
(Narishige, Japan). The pipette resistance was of 3-5MQ, giving a final

series (or access) resistance of 5-15MQ.

Microelectrode

Figure 3.2. Schematic representation of
whole-cell configuration. The seal is
formed by the glass microelectrode and
the cell membrane, thus isolating the
membrane patch electrically. The
pipette can access to the cell cytoplasm
through the cell membrane rupture,
produced by the brief but strong
suction. Abbreviations used: Cp -pipette
capacitance, Ra - access resistance, Cm-

Pipette

membrane capacitance, Rm-
v membrane resistance, Vm - membrane
potential.
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A voltage ramp protocol was used to change the holding potential: 0 to
—80mV then to +80mV at a rate 160mV/s; with the voltage held at -80mV

for 200ms previous to the ramp (Figure 3.3).

GFP-positive isolated cells were chosen for whole-cell recordings.
Receptors were activated by a bath application of 1mM glutamate plus

25uM cyclothiazide to prevent receptor desensitization.

A ‘ 80 mv B

-80 mV

05s
Control

Glutamate activated current

Figure 3.3. A: Whole cell recordings. Schematic depicture of the voltage ramps
protocol for holding potential change (from 0 to -80mV and then to +80mV)
using Digidata 1440A interface with pClamp 10 software from Molecular
Devices Corporation. B: Representative traces obtained from cells expressing CP-
AMPAR (GluA1): trace in the absence of glutamate (blue) and activated current
(red) are shown.

For the whole cell recordings analysis control traces were subtracted from
stable agonist-activated responses and the average current recorded at
—80mV or —-60mV was measured. In all recordings, to control for differences

in cell surface area, the response to glutamate was expressed as current
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density (—pA/pF; maximum current at a given potential divided by input

capacitance as measured from the amplifier settings).
The rectification index (RI) was defined as the absolute value of glutamate-

evoked current at +60mV divided by that at -60mV:

RI + 60mV/ — 60mV = |11 60mv|/|I—60mv

The glutamate current ramp was then plotted against voltage and

normalized to generate the I/V plot (+80/-80) (see Figure 3.4).

Waveforms were imported into IGOR version 6.1 (Wavemetrics, Lake
Oswego, OR) and recordings were analysed using Neuromatic

(http://www.neuromatic.thinkrandom.com).

350 7 ~
<
A 1 vV (mv) S /

-500 —

-1000 —

-1500 —

-2000 — -2000 —

Figure 3.4. The 1V relationship construction. A. The representative traces
recorded by applying control solution (1) and agonist-activated responses to
glutamate containing solution (2). B. IV relationship of subtracted current
between before and during glutamate application representing glutamate-
activated responses.

3.8.3. Agonist application to excised patches

Electrodes with a final resistance of 8-12MQ were used for out-side out

patches recordings. Rapid agonist application was achieved by switching
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between a continuously flowing control solution (extracellular solution
diluted by 4%) and a glutamate-containing solution (10mM glutamate and
2.5mg/ml of sucrose diluted in extracellular solution). Solution switching
(see Figure 3.5) was achieved by piezoelectric translation of a theta-barrel
application tool made from borosilicate glass (1.5 mm o.d.; Sutter
Instruments) mounted on a piezoelectric translator (P-601.30; Physik

Instrumente).

During each experiment 100ms jumps were applied to outside-out patches
at a holding potential of -60mV (Figure 3.5). At some recordings jumps at
+60mV were applied to calculate Rl according to the formula shown
previously. At the end of each experiment, the adequacy of the solution
exchange was tested by destroying the patch and measuring the liquid-
junction current at the open pipette (the 10-90% rise time was normally
200-400ps).

il
l
LS e ————
almit—" ‘ \ J
1 2 )

Figure 3.5. 1. Scheme of out-side out configuration: after reaching the whole-cell,
the patch pipette is pulled back to excise a membrane patch containing
receptors. 2 and 3. Representation of the out-side out patches switching between
control (blue) and agonist (red) containing solution.
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3.8.4. Non-stationary fluctuation analysis (NSFA)

To deduce the channel properties from macroscopic currents, several
consecutive responses to glutamate (10mM) of outside-out patches (100ms
duration, 1 Hz, Vho9 —60mV) were analysed. The ensemble variance of all
successive pairs of current responses was calculated. The single channel
current (i) and the total number of channels in the patch (N) were calculated
by plotting this ensemble variance against mean current (1) and fitting with

Sigworth parabolic function:

(o)

where 0% is the background variance. Along with normal peak-to-peak
variation in the currents due to stochastic channel gating, some patches
presented a gradual decline in peak amplitude. The mean response was
calculated from the periods of the recordings showing stable responses that
were identified using a Spearman rank-order correlation test (Igor Pro with
Neuromatic). The weighted-mean single-channel conductance was
determined from the single-channel current and the holding potential

corrected for the calculated liquid-junction potential (+4.9mV; pClamp 10).

3.8.5. Miniature EPSC recordings

Whole cell recordings were obtained from cultured hippocampal neurons
cultures 15 - 16 days after plating. Extracellular and intracellular solutions
are shown in the Table 3.2 (pH values were adjusted to 7.3 with NaOH and
7.2 with KOH for extracellular and intracellular solutions respectively). To
isolate  AMPAR-mediated miniature EPSCs (mEPSC), the following
blockers were added to the extracellular solution: 1uM TTX, 50 uM D-APS5,
25uM 7-CK, and 20uM SR95531/Gabazine (all from Abcam). Series
resistance (Rs) was typically 15-22 MQ, and was monitored at the

beginning and at the end of the experiment. Cells recordings where the
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series resistances varied by more than 20% were rejected. Events were
detected using amplitude threshold crossing, with the threshold (typically
~7-8 pA) set according to the baseline current variance. For amplitude and
kinetic analyses only events with monotonic fast rise (<1ms) and

uncontaminated decay were included.

EXTRACELLULAR SOLUTION INTRACELLULAR SOLUTION

Compound Concentration Compound Concentration
(mM) (mM)
NacCl 115 K-gluconate 116
KCl 5 KCl 6
CaCl2 1.8 NaCl 2
MgCl2 1 EGTA 0.5
TEA-Cl 1 HEPES 20
HEPES 5 Mg-ATP 2
Glucose 20 Na-GTP 0.3

Table 3.2. Solution used for electrophysiological experiments with neurons.

3.9. Statistical analysis

Electrophysiological recordings were analysed using IGOR Pro
(Wavemetrics Inc.) with NeuroMatic (Jason Rothman, UCL). Data are
presented in the text as the mean + SEM from n patches and in the figures

as bar plots of the group mean, with error bars denoting the SEM.
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Comparisons between two groups were performed using the non-
parametric Mann-Whitney U test. Differences were considered significant at
p < 0.05. Statistical analysis was performed using GraphPad Prism version
5.0d for Mac OS X or Windows 8 (GraphPad Software, San Diego
California USA, www.graphpad.com).
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4. RESULTS

Several proteomic studies have recently showed that CPT1C is one of the
numerous protein constituents of native AMPARSs in adult rat brain tissue
(Schwenk et al., 2012; Schwenk et al., 2014). Thus, the primary objective of
this thesis has been focused on the study of AMPAR function regulation by
CPT1C by using molecular biology and electrophysiological techniques in
heterologous expression systems and neuronal cell cultures.
Electrophysiological characterisation of CPT1C effect on AMPARs has
unravelled the role of CPT1C in AMPAR trafficking and the mechanism
involved in CPT1C modulation of AMPARSs. In parallel, the use of molecular
biology and immunofluorescence techniques has helped us to give some
clues whether CPT1C interacts with AMPARs and has shed light on CPT1C
modulation of AMPAR function. To sum up, the work performed in this
thesis has shown for the first time a role for the enigmatic CPT1C protein,
which we show here that plays a role on AMPA receptor surface

expression.

4.1. AMPAR-CPT1C Interaction

4.1.1. AMPA receptor subunit GluA1l
coimmunoprecipitates with CPT1C in heterologous

systems

Since CPT1C has been demonstrated to interact with AMPAR subunits in
brain tissue from rats (Schwenk et al., 2012; Schwenk et al., 2014), we first
decided to determine if in our expression system model CPT1C was able to
interact with AMPAR subunits.

To test the interaction between both proteins, we first performed a
coimmunoprecipitation assay to assess whether GluA1 subunits interact

with CPT1C. For this purpose tsA201 cells were transiently transfected with
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GluA1 and CPT1C-EGFP. For negative controls cells were transfected with
GluA1 together with an empty plasmid containing GFP (pEGFP) or CPT1C-
EGFP along with an empty plasmid (pcDNA3.0). Following this step,
solubilized membranes of the transfected cells were immunoprecipitated
with anti-GFP or with anti-GluA1-NT antibody and subsequently analysed
by Western blotting (n=3). The correct expression of both proteins was
tested (Figure 4.1, left panel). The ~100 KDa band was not detected with
GluA1 antibody in anti-GFP immunoprecipitates from cells transfected only
with GIuA1 or CPT1C-EGFP . Anti-GFP antibody could pull down GluA1
when expressed together with CPT1C-EGFP (Figure 4.1, upper middle
panel). Additionally GIuA1-NT antibody was able to pull down CPT1C-
EGFP protein (Figure 4.1, lower right panel). This experiment revealed that
recombinant GluA1 subunits interact with CPT1C in tsA201 cells when both

proteins are co-expressed.

INPUT IP: antiGFP IP: antiGIuA1
GluA1 + — + - — + + — +
CPT1C-GFP - + + - + + - + +
—_ | — - —— WB: antiGIluA1
-» — —_ WB: antiGFP

Figure 4.1. CPTI1C interacts with recombinant GluA1l subunits. Western Blot
analysis obtained from tsA201 membrane fraction expressing GluAl alone or
together with CPT1C-EGFP . This experiment was replicated three times.
Solubilised membranes of the transfected cells were immunoprecipitated with
antiGFP antibody (IP: antiGFP) or with anti-GluA1-NT antibody (IP: antiGluA1).
Samples underwent SDS-PAGE separation followed by Western Blot analysis
using anti-GluA1-NT (WB: antiGluA1l) or anti-GFP (WB: antiGFP) antibodies.
Input samples (INPUT) show correct expression for the used constructs (left
panels). GFP recognizing antibodies could pull down GluAl1 when expressed
together with CPT1C-EGFP (upper middle panel). No band was detected by
GluA1 antibodies in extracts from cells expressing only GluA1 or CPT1C in anti-
GFP-immunoprecipitates.
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4.1.2. AMPA receptor subunit GluA2
coimmunoprecipitates with CPT1C in heterologous
systems

Among the four different types of AMPAR subunits, GIuA2 is a unique and
important subunit. It confers very distinct properties to AMPAR when
compared with other GIuA subunits. Besides, it is greatly expressed along a

wide range of neurons in the CNS (Traynelis et al., 2010).

Thus, to confirm whether CPT1C also interacts with GIuA2 subunits in
tsA201 cells, identic conditions were provided for coimmunoprecipitation
assays of GluA2 and CPT1C. The experiment was repeated three times. As
negative controls, cells were transfected with GIuA2 together with an empty
plasmid containing GFP (pEGFP) or CPT1C-EGFP along with an empty
plasmid pcDNA3.0. The correct expression of both proteins is observed
(Figure 4.2, left panel). In this experiment GluA2 coimmunoprecipitated with
CPT1C-EGFP (Figure 4.2, middle upper panel) in the membrane fraction
of the cells expressing both proteins when it was pulled down with anti-
GFP. Also CPT1C-EGFP was pulled down by anti GIuA2 antibody (Figure
4.2, lower right panel). The absence of the band (Figure 4.2, upper middle
panel), typical for GIuA2, was observed in anti-GFP immunoprecipitates of
membrane fraction of cells transfected with GluA2 or CPT1C-EGFP alone.
Either no band was detected in anti-GIuA2 immunoprecipitates in extracts
expressing only one of the proteins of interest. Therefore we confirmed the

GIuA2-CPT1C interaction in tsA201 cells expressing both proteins.
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INPUT IP: antiGFP IP: antiGluA2

GluA2 + - + + - + + - +
CPT1C-GFP - + + - + + - + +
PU— -— -bd — wes | WB: antiGluA2
L A— - — WB: antiGFP

Figure 4.2. CPT1C interacts with recombinant GluA2 subunits. Representative
immunoblot of tsA201 membrane fraction expressing either GIuA2 alone of
together with CPT1C-EGFP (this experiment was repeated 3 times). Solubilized
membranes of the transfected cells were immunoprecipitated with anti-GFP
antibody (IP: antiGFP) or with rabbit polyclonal anti-GluA2-CTD antibody (IP:
antiGluAZ2). After SDS-PAGE separation Western Blot analysis was performed
using mouse anti-GluA2 (WB: antiGIuAZ2) or anti-GFP (WB: antiGFP) antibodies.
Input samples show correct expression of used constructs (left panel). GFP
recognizing antibodies could pull down GIuA2 when expressed together with
CPT1C-EGFP . No band was detected by GIluAZ2 antibodies in extracts from cells
expressing only GIuA2 or CPT1C in anti-GFP-immunoprecipitates.

4.2. Modulation and characterization of AMPAR-
mediated currents by CPT1C

4.2.1. CPT1C increases whole-cell currents mediated by
GluA1 homomers

Given that our coimmunoprecipitation experiments confirmed the interaction
between GluA1 or GluA2 and CPT1C in heterologous systems, the next
step was to elucidate whether CPT1C was contributing to AMPAR function.
In order to assess any functional consequences of CPT1C-AMPAR
interaction, electrophysiological recordings were performed using tsA201
cells expressing GluA1 alone or in presence of CPT1C. We used a 1:2 ratio
(GIuA1:CPT1C) to ensure proper CPT1C levels in the transfected cells.
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Whole-cell recordings were carried out to measure the glutamate-evoked
currents at different holding potentials by applying a voltage ramp from -80
to +80mV. The recordings were performed in presence of 1mM glutamate
into the bath where transfected cells were placed. The bath included 25uM
of CTZ to block receptor desensitization. Two examples of currents
recorded between -80 and +80mV in cells transfected with GluA1 or
GIuA1+CPT1C are shown in Figure 4.3. The differences between AMPAR
responses in tsA201 cells transfected alone or together with CPT1C are
highlighted in the Figure 4.4.

z —

5001 &
Vm (mV) - Vm (mV) =

20 40 60 80 -80

GluA1 GluA1+CPT1C
C,=17.1 pF C,=13.3 pF
01496 PA I,,=2504 pA
2000+
2500 -

Figure 4.3. Representative AMPAR responses of tsA201 cells expressing
homomeric GluA1 alone (left) or together with CPT1C (right) in the presence of
ImM glutamate and 25 uM CTZ, plotted as current at different membrane
voltages (1V curve). Cell membrane capacitance and maximum current for these
two cells are shown. The current voltage relationship IV is obtained from the
whole-cell glutamate responses at membrane potentials between -80mV and
+80mV.
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Figure 4.4. Average of normalized currents at -60 and -80 mV for GluA1 alone
(blue bars) or together with CPT1C (red bars). GluA1 current density (-pA/pF)
was increased when co-expressed with CPT1C at both tested voltages (*p < 0.05;
Mann-Whitney U-test) for both holding potential.

The results obtained from these experiments showed that whole-cell
current density measured at -60 mV from cells expressing GIuA1 alone
was lower than those currents recorded for GluA1 together with CPT1C
(37.86 £ 9.636 pA/pF vs. 83.42 + 19.78 pA/pF; p = 0.049; Mann—-Whitney
U-test; n = 12 and 9 respectively) (Figure 4.4). Additionally there was a
significant difference between whole-cell current density measured at -80

mV for cells expressing GIuA1 alone or together with CPT1C (66.35 +

84



17.15 pA/pF vs. 153.6 £ 35.25 pA/pF; p = 0.023; Mann—Whitney U-test; n =
12 and 9 respectively).

Although the current density takes into account the size of the cell and
normalize the responses (—pA/pF) to avoid for example bigger current
responses from bigger cells with more membrane surface, no differences
were found between the capacitances of the tested cells expressing GIuA1
alone or together with CPT1C (23.81 + 3.39 pF vs. 18.67 +1.82 pF; p=
0.667; Mann-Whitney U-test; n = 12 and 9 respectively) (Figure 4.5).
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Figure 4.5. No significant differences were found between cell membrane
capacitance in tested cells expressing GluAl alone or together with CPT1C
(p> 0.05; Mann-Whitney U-test; n = 12 and 9 respectively).

4.2.2. GluA1-CPT1C stoichiometry is important in the

magnitude of the current increase

There is a large volume of published studies describing the role of AMPARSs
and accessory subunits — in example TARPs (Nicoll and Bredt, 2006;
Milstein and Nicoll 2008; Straub and Tomita, 2012). Some studies have
considered TARP/AMPAR stoichiometry (Shi et al., 2009; Kim et al., 2010)

and have found that this is variable and depending on the number of TARP
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molecules present in an AMPAR complex, the behavior of the receptor is
changed. Thus to go further in understanding the modulation of CPT1C on
AMPARs we decided to investigate whether AMPAR-CPT1C stoichiometry
shapes AMPAR-mediated responses. For this purpose tsA201 cells were
transfected with GIuA1 alone and together with CPT1C at 1:1 ratio
respectively. As control the same conditions were used but at 1:2
transfection ratio. Interestingly, no effect was found in cells transfected at
1:1 ratio. Figure 4.6 shows current densities at -80 mV for both 1:2 and 1:1
ratio respectively (52.24+12.81pA/pF for GIuA1 vs. 146.2 +22.79pA/pF for
GIuA1+CPT1C at 1:2 ratio with n= 10 for both conditions and p=0.0052;
165.2+21.30pA/pF for GIuA1 vs. 209.1+35.17pA/pF for GIuUA1+CPT1C at
1:1 ratio with n= 13 for both conditions and p>0.05). Hence, these data
indicate that CPT1C likely needs a minimum stoichiometry to functionally
affect AMPARSs.
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Figure 4.6. Average of normalized current density at -80 mV for GluA1 alone or
together with CPT1C at ratio 1:2 and 1:1 respectively. GluA1 current density (-
pPA/pF) was not increased when co-expressed with CPT1C at 1:1 ratio despite a
clear effect at 1:2 ratio (*p < 0.05; Mann-Whitney U-test).
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4.2.3. CPT1A does not alter GluA1 induced whole-cell

currents

Since CPT1A is also expressed in neurons as CPT1C (McGarry and
Brown, 1997), we evaluated whether CPT1A could have a similar effect on
AMPAR function. To that end, electrophysiological whole-cell recordings
were carried out using tsA201 cells expressing GluA1 alone or in presence
of CPT1A. No significant differences were found between current densities
from cells expressing GIuA1 alone or together with CPT1A (37.86 %
9.64pA/pF vs. 49.9 £ 19.32pA/pF; p = 0.796; Mann—Whitney U-test; n = 12
and 5 respectively) where cells tested had similar cell membrane
capacitance (Figure 4.7; right panel). These results suggest that CPT1C

protein effect on GluA1 induced currents is specific of this isoform.
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Figure 4.7. Average normalized current density at -60 mV for GluAl alone or
together with CPT1A. GluA1 current density (-pA/pF) was not increased when
co-expressed with CPT1A (p > 0.05; Mann-Whitney U-test). No significant
differences were found between cell membrane capacitance (right panel) in
tested groups.
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4.2.4. CPT1C subcellular localitzation determines its effect

on AMPAR currents

The N-terminal of CPT1s is responsible for CPT1C and CPT1A specific and
different location (Sierra et al., 2007). Concretely, while CPT1C N-terminal
domain determines its ER targeting, CPT1A N-terminal domain is
responsible for its mitochondrial location. Thus, we decided to explore
whether the effect of CPT1C on AMPARSs is caused by ER localization and
if CPT1A could exert a similar effect on AMPA mediated currents than
CPT1C when targeted to ER. For this purpose, two chimeric proteins were
used, where N-terminal of CPT1C was cloned into the CPT1A-EGFP
plasmid (named hereafter: C-CPT1A) and N-terminal of CPT1A was
replaced into CPT1C-EGFP plasmid (named hereafter: A-CPT1C). First, to
confirm CPT1A and CPT1C mislocalization, these constructs were
transfected in COS-7 cells. Co-localization imaging experiments were
performed with these constructs and MitoTracker (a potential-sensitive dye

that accumulates in mitochondria) or KDEL (ER marker).

As it can be observed in the confocal photo-micrographs in the Figure 4.8
the CPT1C with the localization motif of CPT1A (A-CPT1C) shows a clear
mitochondrial pattern, meanwhile CPT1A with the localization domain of
CPT1C (C-CPT1A) localises at the ER. Quantification of these localizations
was performed by using Mander's Overlap coefficient (MOC) as it is shown
in the Figure 4.9. Hence, we confirmed the change in the subcellular
location for CPT1C and CPT1A depending on the switch of their location

motifs.
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C-CPT1A-GFP

C-CPT1A-GFP
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Figure 4.8. Representative confocal images of COS7 cells expressing C-CPT1A or
A-CPTIC constructs, co-tranfected with KDEL plasmid (KDEL) or treated with
MitoTracker (MT). The constructs (green signal) and ER o mitochondria (red
signal) are shown. Scale bar: 20 um.
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Figure 4.9. Bar graph indicating co-localization values by Mander's coefficient
expressed as mean value. Error bars represent SEM. MOC values for C-CPT1A co-
transfected with KDEL were statistically different from A-CPT1C transfected
with KDEL (bright yellow and pale yellow columns respectively); ##p=0.0031;
Mann-Whitney U-test; n = 8 for C-CPT1A and n=5 for A-CPT1C). MOC values for
A-CPT1C in MitoTraker (MT) treated cells show strong co-localization (dark red
column) when compared with A-CPT1C co-transfected with KDEL (**p= 0.0043).
MOC values for C-CPT1A (bright yellow column) co-transfected with KDEL were
statistically different compared with the cells expressing this construct but
treated with MT (*p=0.0109).

Next, in order to assess the functional consequences of CPT1A and
CPT1C on AMPAR function when they are in a different subcellular location
from their usual one, electrophysiological whole-cell recordings were
carried out using tsA201 cells expressing GIuA1 alone, in presence of
CPT1C or with chimeric C-CPT1A and A-CPT1C. As seen before, Figure
4.10 shows that GIuA1 current density was lower in cells expressing GIuA1
alone when compared with cells expressing GluA1 together with CPT1C
(80.83 + 11.75 pA/pF vs. 133.9 + 16.29 pA/pF; p = 0.0062; Mann—-Whitney
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U-test; n = 23 and 31 respectively). GIuA1 current density of the cells
expressing GluA1 alone was similar to the current density of the cells co-
expressing A-CPT1C due to the mislocalization of CPT1C (80.83 + 11.75
pA/pF vs. 102.7t 16.29 pA/pF; p = 0.1571; Mann—Whitney U-test; n = 23
and 16 respectively) indicating that the effect of CPT1C depends on its
subcellular location. No differences were found when compared the cells
expressing GluA1 alone or with GluA1 co-expressed with CPT1A at ER
location (C-CPT1A) (80.83 + 11.75 pA/pF vs. 97.24+ 16.97 pA/pF;
p=0.1571; Mann-Whitney U-test; n = 23 and 14 respectively). Finally,
GluA1 current density of the cells co-expressing A-CPT1C was similar to
those when co-expressed with C-CPT1A (102.7+ 16.29 pA/pF vs. 97.24+%
16.97 pA/pF; p = 0.8419; Mann-Whitney U-test; n = 16 and 14

respectively).
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Figure 4.10. Average normalized current density at -80 mV for GluA1 alone or
together with CPT1C or chimeric proteins. No significant differences were found
between GluA1 current density (-pA/pF) in cells co-expressing A-CPT1C or C-
CPT1A (*p > 0.05; Mann-Whitney U-test).
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These results show that A-CPT1C protein is not able to modulate AMPAR-
induced currents in the same extent as CPT1C wild type form. However it
looks like there is a residual effect probably due to its pass through the ER
before its traslocation to the mitochondria but it is not significantly different
for GluA1 group and definitively this effect is lower when compared with
CPT1C. Additionally, when CPT1A localises at ER together with GIuA1 is
not modulating AMPAR-induced currents, confirming the specificity of
CPT1C member of the CPT1 family.

4.2.5. CPT1C has no effect on GluA2 homomers mediated
whole-cell currents

A large and growing body of literature has investigated the role of GluA2
subunit in AMPAR function. This subunit is widely expressed in the brain
(Lu et al., 2009), forming predominantly AMPAR heteromers together with
GluA1 (Greger et al., 2003) and determining many of the major biophysical
properties of the native receptor (reviewed by Isaac et al., 2007). Since the
study performed by Schwenk and colleagues in 2012 determined that
CPT1C is also forming part of GluA2-containing AMPAR macromolecular
complex and our results confirmed that CPT1C also interacts with GluA2
subunit in heterologous systems, the next step of the present thesis was to
determine whether CPT1C could also modulate GIuA2 homomeric

AMPARs using whole-cell density current experiments.

As can be seen from the Figures 4.11-12, no increase in current density
was detected at neither —.60mV nor —80mV in cells expressing GIuA2
homomers alone or together with CPT1C. The quantification of the current
densities at .60 mV did not show differences between groups: 43.44 +
11.99pA/pF for GIUA2 alone vs. 36.99 £ 14.33pA/pF for GIuA2+CPT1C, p=
0.3481; Mann—-Whitney U-test; n= 7 and 9 respectively; for current densities
at -80 mV: 61.85 + 16.48pA/pF for GIuA2 alone vs. 52.28 + 20.27pA/pF for
GIuA2+CPT1C; p= 0.2991; Mann—-Whitney U-test; n= 7 and 9 respectively)
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(see Figure 4.12). No differences were found between the capacitances of
the tested cells expressing GIuA2 alone or together with CPT1C (25.79 %
4.03pF vs. 26.93 + 3.89pF; p= 0.8371; Mann—Whitney U-test; n = 7 and 9

respectively).

The results obtained from these experiments revealed a subunit specificity
of CPT1C modulation.

GluA2 20007

I (PA)

GIuA2+CPT1C

-2000 —

Figure 4.11. Average of non-normalized AMPAR responses of tsA201 cells
expressing either homomeric GluAZ alone (blue) or together with CPT1C (red) in
the presence of 1ImM glutamate and 25uM CTZ, plotted as 1V relationship. The
current vs. voltage relationship IV is obtained from the whole cell glutamate
response at membrane potentials between -80 and +80mV.
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Figure 4.12. Average normalized currents at -60 and -80 mV for GluA2 alone or
together with CPT1C. GIluAZ2 current density (-pA/pF) was not increased when
co-expressed with CPT1C (p> 0.05; Mann-Whitney U-test). Numbers in bars
denote the number of recordings. No significant differences were found between

cell membrane capacitance (right panel) in tested groups.

4.2.6. CPT1C increases whole-cell currents of GluA1/GluA2
heteromeric AMPARSs

As extensively shown in the literature, GluA2-containing (heteromeric)
AMPARSs prevail in the glutamatergic neurons in CNS, being expressed
along with GluA1, GIuA3 or GluA4 (Gallo et al., 1992; Kondo et al., 1997,
Lu et al., 2009; Reimers et al., 2011) and subunit heteromerization gives

AMPARSs a wide range of functional and trafficking properties.

Thus the next step of the present study was to evaluate whether
GIuA1/GluA2 heteromeric receptors currents were similarly affected by
CPT1C as GIuA1 homomeric receptors. To do so tsA201 cells were

transfected with GIuA1 along with the GIluA2 plasmid in presence or
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absence of CPT1C. In these experiments the GIuA1 plasmid was
expressing mCherry protein and GIuA2 plasmid was not expressing any
fluorescent protein. GIuA2 expression was confirmed by the linearity of the
IV relationship. Records with RI<0.7 were rejected assuming too much
contribution of GluA1 subunit. The ratio of the receptor:CPT1C was 1:1:4
(GluA1:GIuA2:CPT1C) to favor the presence of CPT1C on the AMPAR
complex. This way it was possible to patch mCherry and GFP positive cells
allowing the recording of GluA1-containing receptors with GIuA2 present in

the receptor (checked by recordings linearity).
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Figure 4.13. Whole cell 1V relationship for two cells with similar membrane
capacitance and rectification index, expressing GIluAl/GIluA2 heteromeric
AMPARs alone or together with CPT1C. The current voltage relationship IV was
obtained from the whole cell glutamate response at membrane potentials
between -80 and +80 in the presence of 1mM glutamate and 25uM CTZ.

Recordings in Figure 4.13 show two representative responses for
heteromeric GIuA1/GIuA2 (with or without CPT1C), and it is apparent that
for both conditions, the patched cells displayed linear responses, ensuring
the presence of GIUA2 subunits into the complex. As it can be observed, no
differences were found between groups as for the rectification index (RI)
(Figure 4.14, right panel), thus confirming that GIuA2 subunit was present in
the same proportion in both groups (Rl+s0-60 = 0.84 + 0.04 without CPT1C
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vs. 0.82 + 0.04 with CPT1C; p = 0.8910; Mann—Whitney U-test; n = 19 and

18 respectively).
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Figure 4.14. Average normalized currents at -80 mV for GIuAZ alone or together
with CPTI1C (left panel). GluA1/A2 current density (-pA/pF) was increased by
co-expression with CPT1C (*p < 0.05; Mann-Whitney U-test). Rectification index
(RI; I:60mv/i-somv) gives a read-out of GluAZ2 incorporation (right panel). Numbers
in bars denote the number of recordings. Average Rl for the cells recorded in
both conditions showing no differences between groups.

As shown in Figure 4.14 (left panel), CPT1C increased current density of
GIluA1/A2 heteromeric receptors (152.1 £ 23.94 pA/pF for GIuUA1/GIUAZ2 vs.
246.9 = 30.26 pA/pF for GIuA1/GIuA2 + CPT1C; p = 0.0222; Mann-—
Whitney U-test; n = 19 and 18 respectively). These experiments showed
that the main combination of AMPARs found typically in neurons is also
modulated by CPT1C.

4.2.7. CPT1C gain of function in low glucose conditions

Historically, research investigating the factors associated with CPT1C
function has focused on its role in brain metabolism due to the role of
CPT1A&B in FA oxidation.
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It has been long known that glucose is the most important energy source
for the adult brain under normal conditions. A decrease in glucose levels
decreases malonyl-CoA levels and thus releases its inhibition of CPT1
system (McGary et al., 1997). Hence, in order to assess whether changes
in the energy-dependent state of CPT1C affect AMPARSs function, tsA201
cells were maintained and transfected in low glucose conditions (1g/L,
instead of 3.15 g/L).

We found that current density of tsA201 cells expressing GluA1 alone was
similar in low and high glucose conditions (49.2 £ 6.77 pA/pF for GIuA1 in
low glucose conditions vs. 43.56 + 8.32 pA/pF for GIuA1 in high glucose
media; p = 0.1528; Mann—-Whitney U-test; n = 12 and 25 respectively)(see
Figure 4.15).
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Figure 4.15. Average normalized currents at -60 for GluAl alone or together
with CPT1C. Current density of tsA201 cells maintained in low glucose conditions
expressing GluAl together with CPT1C is increased comparing with the same
conditions but kept in high glucose medium (p=0.0215).

Furthermore, current density was increased in cells expressing GluA1
together with CPT1C in high glucose conditions (43.56 + 8.32pA/pF for
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GIluA1 alone vs. 79.47 £ 10.93pA/pF for GIluA1+CPT1C; p = 0.006; Mann—

Whitney U-test; n = 25 and 19 respectively) as seen before.

In low glucose conditions GIluA1+CPT1C expressing cells showed
increased current density when compared with cells expressing GluA1
alone (49.2 = 6.77pA/pF for GIuA1 vs. 1254 + 14.03pA/pF for
GIuA1+CPT1C; p = 0.0003; Mann—Whitney U-test; n = 12 for both).

Interestingly, this increment in current density was more pronounced than
the one observed for high glucose conditions. Statistical comparison
showed significant differences between current densities from tsA201 cells
expressing GIuA1+CPT1C maintained in low glucose conditions when
compared with GIuA1+CPT1C maintained in high glucose conditions
(p=0.0215; Mann—Whitney U-test; n = 12 and n=19 respectively).

It seems then that CPT1C functional effect on GluA1 is dependent on the

metabolic state of the cell, a factor that is affecting CPT1C function.

4.2.8. CPT1C does not modify gating properties of AMPARs

The experiments carried out so far have clearly found a significant increase
in the glutamate-evoked GluA1-mediated currents in presence of CPT1C.
The total amount of current carried by a given population of receptors
depends on several factors, which include the single channel conductance,
the kinetics, the open probability of the receptor and the number of
receptors contributing to the current. Any alteration in these parameters
might result in changes in the current magnitude. So, given that CPT1C is
an interacting protein of the AMPAR complex, one possibility was that
CPT1C could modulate the single channel conductance or open probability
of AMPARSs either by a direct interaction (Soto et al., 2007, Soto et al.,
2014b; Suzuki et al., 2008; Coombs et al., 2012; Shelley et al., 2012) or
indirectly by phosphorylation (Derkach et al., 1999; Banke et al., 2000;
Kristensen et al., 2011) as it has been extensively shown for other proteins

that interact with AMPAR subunits. To evaluate this possible scenario, the
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next step of the present work was to investigate the mechanisms
contributing to the current increase observed in AMPARs together with
CPT1C. To determine whether AMPAR single channel conductance was
altered by CPT1C tsA201 cells were transfected with GluA1 either alone or
together with CPT1C. Then, fast applications of glutamate (10 mM; 100 ms
duration; 1 Hz) were applied onto out-side out patches followed by non-
stationary fluctuation analysis of the glutamate-evoked responses. Figure
4.16 shows typical responses for GIuA1 homomers alone or together with
CPT1C. Figure 4.17 shows the noise analysis for the cells displayed in

Figure 4.16, analysis by which the single channel conductance is inferred.

GluA1 GluA1+CPT1C
— 1
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Figure 4.16. Current activated by rapid application of 10mM glutamate (100 ms,
-60mV) into an outside-out patch from a tsA201 cell expressing GluAl alone
(left panel). Trace in grey represents a single response and the average of 37
responses is shown in red. Right panel shows current activated in the same
conditions as GluA1 but for an outside-out patch from a tsA201 cell expressing
GluAl plus CPT1C-EGFP . The average of 38 responses is shown in red and a
single response is in grey color.
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Figure 4.17. Current variance vs. mean current plotted for the patches shown in
Figure 4.16 giving a weighted mean single-channel conductance of 17.3 pS for
GluA1 alone and 16.7 pS for GluA1+CPT1C.

As it can be observed from Figure 4.18-A, the single channel conductance
of GIuA1 homomers was not modified when co-expressed with CPT1C
(16.53 £ 1.07pS for GluA1 alone vs. 17.07 £ 1.31pS for GIuA1+CPT1C; p =
0.8095, Mann-Whitney U-test; n = 17 for both). CPT1C presence neither
affect peak open probability (Po peax) of AMPARSs (0.43 + 0.04 for GIuA1 vs.
0.40 £ 0.05 for GIuUA1+CPT1C; p = 0.6052, Mann—-Whitney U-test; n = 17
for both) (Figure 4.18-B). Furthermore, the AMPARSs kinetics measured as
the desensitization decay time constant were not changed (2.32 + 0.18ms
for cells expressing GIuA1 alone vs. 2.53 + 0.17ms for cells expressing
GIuA1+CPT1C; p = 0.3112, Mann—-Whitney U-test; n = 18 for both) (Figure
4.18-C).
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Figure 4.18. CPT1C interaction does not alter AMPA receptor gating properties.
No effect was observed when GluA1 was expressed with CPT1C on single channel
conductance (A), peak open probability (B), desensitization kinetics (C) or
rectification index (D) of GluA1 homomeric AMPARs; p> 0.05, Mann-Whitney U-
test for all groups.

Additionally, rectification index (RI) was measured to evaluate if any
differences in CP-AMPARSs block by polyamine in the presence of CPT1C
was occurring, taking into account findings by Cull-Candy’s laboratory who
showed that several auxiliary proteins interacting with CP-AMPARs
attenuate polyamine block of the channel (Soto et al., 2007; Soto et al.,
2009; Coombs et al., 2012). Thus, Rl was determined at +60/-60 mV as
described in “experimental procedures”, however no alteration was seen in
the strong inwardly rectifying IV relationship of CP-AMPARs (Figure 4.18D;
0.051 £ 0.009 for cells expressing GluA1 alone vs. 0.049 £ 0.011 for cells
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expressing GIuA1+CPT1C; p = 0.8554, Mann—-Whitney U-test; n =11 and 8

respectively).

To sum up, the results so far show that glutamate-evoked current density of
the recombinant GluA1 subunits is increased when CPT1C is present and
this effect is specific of the CPT1 isoform CPT1C. However no changes in
current density were found in cells expressing GIuA2 subunit along with
CPT1C indicating CPT1C subunit specificity. Additionally,
electrophysiological experiments with outside-out patches from cells
expressing GIuA1 determined that channel properties (single channel
conductance, peak open probability and desensitization kinetics) are not
altered. Thus, these results suggest that the increased current density is
probably due to an increase in AMPAR number at the cell surface.
Moreover, these findings can further indicate that both proteins do not
associate directly at the plasma membrane despite a larger amount of

current when CPT1C is co-expressed with GIuA1.

4.3. Co-localization studies of AMPARs and CPT1C

4.3.1. GluA1 subunits co-localise with CPT1C

The next step within the present thesis was to assess the exact cellular
location where CPT1C interacts with GluA1. For this purpose, we studied
the presence or absence of CPT1C at the cell surface. Thus, an
immunofluorescence assay was performed using tsA201 cells co-
transfected with GluA1 and CPT1C-EGFP . The aim of this experiment was
to visualize the interaction between CPT1C and GluA1 subunits at the
surface and internal compartments by using confocal microscopy (Figure
4.19). Confocal photo-micrographs in Fig 4.19 show GluA1 and CPT1C-
EGFP (green in both panels) co-localization at intracellular compartments
(light blue; left panel). The total pool of GluA1 subunits is shown in blue. No
co-localization was found at the cell surface (right panel) where surface

GIluA1 is shown in red.
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CPT1C-GFP

Figure 4.19. Confocal images showing GluAl (dark blue) and CPT1C-EGFP
(green) co-localization (light blue) at intracellular compartments (left panel)
but not at the cell surface (right panel) where GluA1 was tagged in red. Scale bar
10um.

4.3.2. GluA2 subunits co-localise with CPT1C

Since CPT1C also interacts with GIuA2 although there is no apparent
functional effect on AMPAR subunits, we wanted to study the co-
localization of GluA2 and CPT1C as well. tsA201 cells were transfected
with CPT1C-EGFP and GIuA2 for immunofluorescence assay. Confocal
images showed that CPT1C-EGFP co-localised with intracellular GIuAZ2.

Similarly, no co-localization was found with surface GIuA2 (Figure 4.20).

CPT1C-GFP

Figure 4.20 Confocal images showing GIuA2 (dark blue) and CPT1C-EGFP
(green) co-localization (light blue) in tsA201 co-transfected cells. Scale bar
10um.
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4.3.3. CPT1C co-localise with AMPAR subunits at the ER

but not at Golgi

Results from co-localization studies with Mito-tracker in heterologous
systems and neurons performed by Sierra et al., 2008 and Carrasco et al.,
2012 showed that CPT1C is localised at ER membrane. Thus, co-
localization experiments were performed in tsA201 cell lines to confirm the
subcellular localization of CPT1C in the ER (Figure 4.21, left panel). Since
GIuA subunits dwell in the Golgi Apparatus during posttranscriptional
modifications (Greger et al., 2002), the next step was to check whether
CPT1C was present at Golgi level, which might be indicative that CPT1C
and AMPARs might interact at this level. Using Golgi Apparatus marker
(GM-130) we found that CPT1C showed no co-localization with GM-130 as
seen in Figure 4.21 (right panel). Quantification of the co-localizations
shown in the Figure 4.19, 4.20 and 4.21 was performed using Mander’s
Overlap coefficient (MOC) as shown in Figure 4.22. Both GluA1 and GIuA2
subunits showed good co-localization with CPT1C (0.67 = 0.14 for GluA1
and 0.59 + 0.12 for GIuA2; blue columns; n = 10).

+ pDsRed-KDEL

CPT1C-GFP

Figure 4.21. Confocal photomicrograph showing co-localization of CPT1C-EGFP
with ER marker pDsRed-KDEL (yellow signal in left panel). Right panel depict
lack of co-localization (no yellow signal) between CPT1C-EGFP (green) and GM-
130 (red) in tsA201 transfected cells. Scale bar 10um.
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Figure 4.22. Bar graph indicating co-localization values by Mander's coefficient
expressed as mean value. Error bars represent SEM. MOC values for total GluA1
and GluA2 and CPT1C (blue columns) were statistically different from surface
AMPARs and CPTI1C (red columns; ***p < 0.001 for both comparisons; Mann-
Whitney U-test; n = 10 for all conditions). MOC values for CPT1C-pDsRed-KDEL
show strong co-localization (yellow bar). MOC values for CPT1C-GM130 (green
bar) were similar to those of surface GluAs-CPT1C.

Interestingly, these data demonstrate that there is no co-localization of
CPT1C with surface receptors confirming that the interaction does not take
place at the cell-surface. The MOC values for CPT1C and surface GIuA1
(0.13 £ 0.09; n = 10) or surface GIuA2 (0.11 £ 0.08; n = 10) are also shown
in the Figure 4.22. Finally MOC analysis clearly shows that CPT1C is
present into ER (yellow bar, Figure 4.22) but it is not trafficked to Golgi
apparatus (green bar, Figure 4.22).

As it can be observed in the Figures 4.19-4.21, CPT1C expression seems
to be restricted to areas close to the nucleus and with a reticular pattern.
Results from these experiments indicate that CPT1C co-localises with
intracellular GluA1 when co-expressed in tsA201 cell lines. Furthermore,
CPT1C also co-localise with intracellular GluA2 subunits in cells expressing

both proteins.
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So, data obtained from these experiments demonstrates that AMPAR
subunits are together with CPT1C at the ER level but not at the plasma

membrane.

4.4. Effect of CPT1C on AMPAR trafficking

4.4.1. Surface expression of GluA1l is increased in the

presence of CPT1C in heterologous systems

Since our previous experiments in the present thesis demonstrated that
AMPAR gating properties were not altered by CPT1C, even though the
whole-cell currents were increased when tsA201 cells were co-transfected
with GluA1 and CPT1C, we hypothesized that such increase in whole-cell

currents might be driven by an increased number of receptors present at

the cell surface.
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Figure 4.23. Representative confocal photomicrographs of tsA201 cells co-
expressing GluAl and GFP (left panel) or GluAl and CPT1C-EGFP (middle
panel). Surface GluA1 was labeled in live cells with anti-GluA1-NT and Alexafluor
555 (red signal). Subsequently cells were permeabilized and total GluAl
expression level was labeled with the same primary antibody but with Alexafluor
647 (blue signal). Scale bars: 20um. Right panel shows immunocytochemistry
quantification.
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To test this hypothesis we determined AMPAR subunits surface and
intracellular expression by means of immunofluorescence quantification.
Surface GluA1 in live transfected tsA201 cells were immunostained (Figure
4.23, red signal), followed by cell permeabilization and staining of the total
GIuA1 pool (Figure 4.23, blue signal). Quantification was performed
calculating the ratio of the surface expression of GluA1 (red signal) vs. the
total expression level of GIuA1 (blue signal) for the same cell due to the

variability in expression levels.

As shown in Figure 4.23 (right panel) the normalized ratio surface to total
GluA1 was increased in cells co-expressing GluA1 and CPT1C-EGFP (100
+ 5.53% for GIuA1 alone vs. 160.6 + 6.24% for GIuUA1+CPT1C expressing
cells; p < 0.0001, Mann—-Whitney U-test; n = 84 and 90 cells respectively
from four immunocytochemistry experiments for each condition). These
findings indicate a role of CPT1C in increasing GluA1 trafficking to the cell

surface.

The same experiment was performed using tsA201 cells transfected with
GluA2 subunits alone or together with CPT1C (Figure 4.24). Quantification
analysis revealed that surface ratio was not increased in cells co-
transfected with GIuA2 and CPT1C-EGFP (100 £ 9.13% for GluA2 alone
vs. 80.97 + 9.95% for GIuA2+CPT1C expressing cells; p = 0.0759, Mann—
Whitney U-test; n = 37 and 38 cells respectively from three
immunocytochemistry experiments for each condition) confirming the lack

of effect on GIuUA2 in previous electrophysiology experiments.
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Figure 4.24. Representative confocal photomicrographs of the tsA201 cells co-
expressing GluA2 and GFP (A) or GluAZ and CPT1C-EGFP (B). Scale bars: 20um.
Left panel: quantification of fluorescence ratio normalized to GIUAZ ratios.

4.4.2. Surface expression of GluA1l is increased in the

presence of CPT1C in cortical neurons

In order to study CPT1C role in surface expression of native AMPARSs,
neuronal cultures were used for immunofluorescence assay. For this
purpose immunofluorescence experiments were carried out in primary
cortical neurons cultures at 10 DIV (Figure 4.25). Following the
methodology used with tsA201 cells, the GIuA1 surface to total ratio was
measured in dendrites from GFP transfected neurons compared with
CPT1C-EGFP overexpressed neurons. Figure 4.25 (panels A2-4, B2-4)
shows examples of the analyzed dendrites. The results obtained showed
that neurons overexpressing CPT1C increased the GIuA1 surface to total
ratio (100 + 3.58 % for control GFP transfected neurons vs. 118.8 £ 5.65 %
for CPT1C-EGFP transfected neurons; p = 0.0226; n = 70 and 80

dendrites respectively from 3 different cultures each).
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Figure 4.25. Quantification of endogenous GIluAl surface to total ratio
normalized to GFP transfected neurons, expressed as a percentage. Left: two
examples of cortical neurons and some of dendrites amplified. Intracellular
GluA1 is showed in blue; surface GluA1 is showed in red. GluA1 surface to total
ratio was increased by overexpression of CPT1C-EGFP (*p = 0.0226; Mann-
Whitney U-test). Data represent means. Error bars represent SEM.

The results obtained from these experiments demonstrate that GIluA1-
containing AMPARs trafficking is enhanced by CPT1C in neurons as well

as it happens in heterologous systems.

4.5. Molecular mechanisms of AMPAR modulation by
CPT1C

4.5.1. GluA1 C585 mediates surface expression
enhancement of AMPARs by CPT1C

Data obtained so far demonstrate an effect of CPT1C on the trafficking of
GIluA1. This effect could be performed by a chaperone-like activity of
CPT1C or by some post-translational modification mediated by this protein
directly on GIuA1.
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Different studies have demonstrated that AMPAR trafficking is regulated by
post-translational modifications. Thus, it has been described that
palmitoylation affects AMPAR trafficking (Hayashi et al., 2005; Lin et al.,
2009; Yang et al.,, 2009). This modification consists in the reversible
introduction of a lipid palmitate at some specific cysteine residues present
in proteins. Sierra and colleagues described in 2008 that CPT1C can bind
palmitoyl-CoA. Given that CPT1s can catalyze the breakdown of palmitoyl
groups from CoOA, it exists the possibility that CPT1C could bind palmitate
groups from AMPARs and depalmitoylate them. Thus the next question
addressed within the frame of the present work was whether the observed
increase in surface expression of GluA1 could be mediated by changes in
the palmitoylation state of GluA1 due to CPT1C.

To check this possibility first we created three mutant forms of GluA1 that
cannot be palmitoylated at previously described palmitoylable cysteine
residues 585 and 811 (Hayashi et al., 2005). We did that by changing the
cysteine for a serine in two single mutant forms of GluA1 (C585S or C811S)
and we obtained the double mutant form GIuA1(C585,811S) as well, also
mentioned as GluA1(DM). These experiments were designed to study the
effect of these mutations on CPT1C effect in cell lines firstly using the

immunofluorescence quantification of surface receptors.
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GIluA1+GFP GIuA1+CPT1C

GIuA1(C585S)+GFP GIuA1(C585S)+CPT1C

GIuA1(C811S)+GFP GIuA1(C811S)+CPT1C

GluA1(dm)+GFP GIuA1(dm)+CPT1C

Figure 4.26. Representative confocal photomicrographs of tsA201 cells
expressing different GluAl constructs with GFP or CPT1C-EGFP . The surface
GluA1 (red signal) and total GluA1 (blue signal) are shown. Scale bar: 50um.

111



Figure 4.26 shows confocal images of surface GIuA1 quantification
experiments for GIuA1 constructs alone (left panels) and together with
CPT1C (right images).

As previously found, CPT1C increased the surface/total ratio of GIluA1
(100.0 £ 4.86% for GIuA1 vs. 182.6 + 10.25% for GIuA1+CPT1C; p < 0.001,
n=88 and 91 respectively) (see Figure 4.27).

We observed that in the absence of CPT1C, GIuA1(C585S) expression was
enhanced at the cell surface by ~2-fold compared to native GluA1 (p <
0.001). These results are in keeping with previous findings (Hayashi et al.,
2005). Interestingly, the effects of CPT1C co-expression and the
GIuA1(C585S) mutation were not additive. Specifically, CPT1C did not
further increase the surface expression of GIuA1(C585S) (p= 0.4876).
Likewise CPT1C did not vary the high surface expression of the double
mutant GIuA1(C585,811S) (p = 0.9014). This suggests that C585 might be
crucial in the CPT1C effect on trafficking of GIuA1.

Interestingly, although surface expression of GluA1(C811S) was enhanced,
CPT1C was still able to increase GIuA1 surface expression, ruling out a
possible involvement of C811 residue in CPT1C modulation of GIuA1

trafficking (see Table 4.1 for more details).
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Figure 4.27. Bars representing quantification of the GluA1 surface to total ratio
normalized to GluAl, expressed as a percentage. GluAl surface expression was
increased by co-expression of CPT1C for both GluAl and GluA1(C811S) (***p <
0.001; Mann-Whitney U-test) but not for GluA1(C585S) or the double mutant
(DM). Non-palmitoylable forms of GIuAl increased surface expression of the
receptors when compared to wild-type GIluAl (WT) (¥##p < 0.001; Mann-

Whitney U-test).
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4.5.2. GluA1 C585 is critical for the enhancement of
current density by CPT1C

Additionally whole-cell experiments were performed with cells expressing
the equal constructs used for the immunofluorescence assay. Similarly to
our previous immunofluorescence experiments, the current density of
homomeric GluA1 was increased when the cells were expressing CPT1C
as well (85.86 £+ 21.95pA/pF for GIuA1 vs. 155.5 £ 24.22 pA/pF for
GIuA1+CPT1C; p = 0.0334; n= 25 and 19 respectively).
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Figure 4.28. Graph represents averaged normalized currents at -80 mV for
different GluA1 constructs expressed alone or plus CPT1C in tsA201 cells. Current
density (-pA/pF) was increased by co-expression of CPT1C with native GluAl
(WT) or mutant GluA1(C811S) (*p < 0.05; Mann-Whitney U-test) but not for
GluA1(C585S). GluA1(C585S) increased the current density when compared to
native GluA1 (##p < 0.01; Mann-Whitney U-test).
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Receptor Normalized fluorescence n p value p value
ratio (vs. no (vs.
(Surfacel/intracellular) CPT1C) GluA1)
(%)
GluA1 - 100.0 + 4.86 88
+ CPT1C 182.6 £ 10.25 91 <0.001
GIluA1(C585S) - 196.9 £ 9.41 63 <0.001
+ CPT1C 191.3£9.47 67 0.4876
GIuA1(C811S) - 146.5 +7.08 71 <0.001
+ CPT1C 198.2 + 8.99 70 <0.001
GIluA1(C585,811S) - 208.2 £ 11.55 35 <0.001
+ CPT1C 208.1 £7.87 37 0.9014

Table 4.1. Normalized fluorescence ratio values (% of surface vs. intracellular).
Number of cells analysed from tree different IF (n) is shown. Mann-Whitney U-
test comparing values for GluA1 mutants with or without CPT1C (vs. no CPT1C)
or values of mutant versions of GluA1 against GluA1 (vs. GluA1).

Receptor Current density n p value p value
(pA/pF) (vs. no (vs. GluA1)
CPT1C)

GluA1 - 85.86 + 21.95 16
+ CPT1C 155.5 £ 24.22 13 0.0334

GluA1(C585S) - 184.3+19.19 13 0.0041
+ CPT1C 198.0 +41.25 11 0.7721

GIluA1(C811S) - 97.32 + 20.26 12 0.4166
+ CPT1C 213.0 £ 36.12 11 0.021

GluA1(C585,811S) - 153.8 + 14.58 10 0.0143
+ CPT1C 178.9 + 34.89 10 0.8534

Table 4.2. Current density values for GluAl mutants with or without CPTIC.
Current density values at -80mV (-pA/pF) are shown. Number of recorded cells
is shown (n). Mann-Whitney U-test comparing values for each GluA1 receptor in
the absence or presence of CPT1C (vs. no CPT1C) or current density values of
mutant versions of GluA1 against wild type GIuA1 (“vs. GluA1” column).
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As it is shown in the Figure 4.28, it was found that the glutamate-evoked
current carried by cells expressing GIluA1(C585S) alone was increased (p=
0.0041; n= 13) when compared with GluA1 WT (85.86 + 21.95pA/pF for
GluA1 vs. 1843 = 19.19pA/pF for GIuA1(C585S); n= 16 and 13
respectively). Analogously to immunofluorescence assay, no cumulative
effects was found when GIuA1(C585S) was co-expressed with CPT1C.
Concretely, CPT1C did not further increase GluA1(C585S) current density
(184.3 = 19.19pA/pF for GIUA1(C585S) vs. 198.0 + 41.25pA/pF for
GIuA1(C585S)+CPT1C; p = 0.77; n = 13 and 11 respectively).

Furthermore, as it can be observed from the Figure 4.28, CPT1C did not
increase the current density of the double mutant GluA1(dm) (153.8 +
14.58pA/pF for GIuA1(DM) alone vs. 178.9 + 34.89pA/pF for GluA1(DM)
expressed together with CPT1C); p=0.85; n= 10 for each group). On the
other hand, as it happened in the immunocytochemistry experiments shown
in Figure 4.27, CPT1C was able to increase current density from the
GIuA1(C811S), indicating that CPT1C modulation was not mediated by

affecting this residue.

These findings together with the results from the immunofluorescence
assay, showed in Figure 4.27 indicate a role of C585 on GluA1 trafficking
and CPT1C modulation.

4.5.3. CPT1C and GluA1 interaction does not dependent on
palmitoylation of C585

Since C585 seems to be crucial in the GluA1 enhancement on trafficking
effect mediated by CPT1C, the next step of the present work was to test
whether the lack of palmitate group could alter the interaction between
GluA1 and CPT1C, which could explain thus the lack of effect in the
GIuA1(C585S) mutant. In order to check if CPT1C ability to interact with
GluA1 was abolished when residue 585 was non-palmitoylated, co-IP

assays were performed using the GluA1(C585S) or other mutant forms and
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CPT1C. Figure 4.29 shows the ability of GluA1 to interact with CPT1C
despite the lack of palmitate residue in the non-palmitoylated forms of

cysteines 585 and 811, as well as the double mutant.

WB:antiGIuA1 | — || ——| (. e |
WB:antiGFP [ ——— | L | | |
INPUT IP: antiGFP IP: antiGIuA1

GUAT + — + — — — + — + — — -+ — 4 - — -
GIuA1(C5858) — — — + — — - - -t - = - - -t - -
GIuA1(C811S) - - - -+ - - - - -t - - - - -t -
GIluA1(C585,811S) - - — — - + - - === - - - +
CPT1C-GFP — 4+ 4+ + + + -+ + + + + -+ + + + +

Figure 4.29. Co-IP of the tsA201 cells membrane fraction trasfected with GluA1l
wild type or GluA1(C585S), GIuA1(C811S), and GluA1(C585,811S) non-
palmitoylable mutants together with CPT1C-EGFP . As negative controls GluA1l
was co-expressed with an empty plasmid expressing GFP alone (first column)
and CPT1C-EGFP was co-expressed with an empty pDsRed (second column).
INPUT - input sample collected prior to immunoprecipitation of these extracts.

This result indicates then that the binding of both proteins depends on other
domains/residues and that palmitoylable C585 does not determine this
interaction despite its importance in CPT1C effect on trafficking properties
of AMPARSs.

4.5.4. CPT1C does not affect GluA1 subunit palmitoylation

state

A previous study performed in Richard Huganir's laboratory (Hayashi et al.,
2005), showed that palmitoylation of GluA1 at the C585 residue retains
AMPARSs in the Golgi apparatus. Depalmitoylation of GluA1 at C585 leads
to more efficient trafficking of the GluA1 to the plasma membrane. Previous
experiments of this thesis support these findings since the number of

receptors at the surface in the mutant C585S, which cannot be
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palmitoylated, are increased. Interestingly, the surface expression of
GIuA1(C585S) is approximately the same as GIuA1(C811S) expressed with
CPT1C (where CPT1C effect can only be on the intact cysteine 585). This
result together with the fact that CPT1C has no effect on GluA1(C585S)
suggested that CPT1C could be a potential GluA1 depalmitoylating

enzyme.

So we evaluated the palmitoylation level of GluA1 when expressed alone or
together with CPT1C. For this purpose an Acyl Biotin Exchange assay was
performed by using the same methodology as in Brigidi and Bamiji (2013).
This assay allows the replacement of a pre-existing palmitate bound to
cysteines of a given protein with a biotin group. The biotin is subsequently
detected with streptavidin to give a read-out of palmitoylation levels.
Therefore tsA201 cells were transfected with GluA1 alone or together with
CPT1C-EGFP and palmitoylation levels were assessed by this
methodology.

Figure 4.30 represents an SDS-PAGE of the thiol-biotinylated
immunoprecipitates of GluA1 followed by ABE assay for both transfected
conditions. Palmitoylation of GIuA1 can only be detected in plus-
hydroxilamine (+HAM) samples since HAM cleaves the palmitate groups,
permitting the further biotin insertion in the free cysteines. The control
sample was without the presence of HAM (-HAM). GIuA1 palmitoylation
levels (top) were detected by Western blotting with streptavidin-HRP
(palmitoylation). After stripping the membranes the total amount of
immunoprecipitated GIuA1 was detected by Western blotting with anti-
GIuA1-NT antibody (anti-GluA1, bottom).
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Figure 4.30. (A) Palmitoylation levels of GIuA1 alone (GluA1) and together with
CPT1C-EGFP (GluA1+CPTI1C), in transfected tsA201 cells, detected by means of
Acyl-Biotin Exchange (ABE). (B)Quantification of palmitoylation levels for GluA1
alone (blue circles) or GluA1 plus CPT1C (red circles) in tsA201 cells.

Ratio of palmitoylated GluA1 to total GIuA1 for each single experiment is
shown (Figure 4.30, B) together with mean (discontinuous horizontal lines)
and SEM (continuous vertical lines) (p > 0.05; Mann—Whitney U-test; n = 8
for both). Palmitoylation levels of GluA1 in the absence of CPT1C were
equivalent to GIuA1 palmitoylation levels in the presence of CPT1C.
Immunoprecipitated GIuA1 was quantified to normalize palmitoylation
levels. From the results it can be observed there is no significant difference
(0.523 £ 0.084 for GIuA1 vs. 0.431 = 0.11 for GIuA1+CPT1C; p= 0.3228; n
= 8 for both).

4.5.5. GluA1 coimmunoprecipitates with CPT1C(H469A) in

heterologous system

The palmitoylation assays did not show any difference in palmitoylation
state of GIuA1 due to the presence of CPT1C. However, when CPT1C was
present there was a trend in diminishment of palmitoylation in GluA1;
raising the possibility that ABE assay was not sensitive enough.

Alternatively, other palmitoylation and/or depalmitoylation processes
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independent of CPT1C might be masking CPT1C depalmitoylation effect.
So, we decided to check functionally if CPT1C could depalmitoylate GIuA1.
The next step therefore was to investigate the role of CPT1C C-terminal
domain which contains the residue His469 with catalytic activity, equivalent
to a critical HIS residue described for CPT1A (Morillas et al., 2001). For this
purpose a mutant version of CPT1C was created by changing histidine to
arginine (H469A) using site-directed mutagenesis. Then, a co-
immunoprecipitation assay was performed and subsequently analysed by
Western blotting (n=3) to examine whether both proteins were still together.
As it can be observed in Figure 4.31 (left panel), the correct expression of
both proteins is shown and GFP recognizing antibody could pull down
GluA1 when expressed together with CPT1C-EGFP or CPT1C(H469A)
(upper middle panel). Additionally GIuA1-NT antibody could pull down
CPT1C-EGFP and CPT1C(H469A) proteins. This experiment revealed that
recombinant GluA1 subunits interact with CPT1C(H469A) in tsA201 cells

when these proteins are co-expressed.

INPUT IP: anti GFP  IP: antiGIuA1
GluA1 + + + + + +
CPTIC  + - + - + -
CPT1C(H469A)-GFP - + - + - +
. - - WB: antiGluA1
— — — WB: antiGFP

Figure 4.31. CPT1C(H469A) interacts with recombinant GluA1 subunits. Western
Blot analysis obtained from tsA201 membrane fraction expressing GluA1l alone
or together with CPT1C-EGFP . This analysis was replicated three times.
Solubilised membranes of the transfected cells were immunoprecipitated with
anti-GFP antibody (IP: antiGFP) or with anti-GluA1-NT antibody (IP: antiGluA1).
Samples underwent SDS-PAGE separation followed by Western Blot analysis
using anti-GluA1-NT (WB: antiGluA1) or anti-GFP (WB: antiGFP) antibodies.
Input samples (INPUT) show correct expression of used constructs (left panel).
GFP recognizing antibodies could pull down GluA1 when expressed together with
CPT1C or CPT1C(H469A)-GFP (upper middle panel).
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4.5.6. CPT1C(H469A) does not alter GluA1 induced whole

cell currents

Following co-immunoprecipitation assays the electrophysiological whole-
cell recordings were performed to assess whether the catalytic residue
modulated AMPAR-induced currents. Figure 4.32 shows that the average
normalised current density of GIuA1 was enhanced when co-expressed
with CPT1C compared with the cells expressing GIuA1 alone (82.39 +
15.83 pA/pF for GluA1 alone vs. 149.7 + 19.98 pA/pF GIUA1+CPT1C; p =
0.0051; Mann—-Whitney U-test; n = 25 and 19 respectively). Interestingly,
there was no statistical differences between current densities in cells
expressing GIuA1 alone or together with CPT1C(H469A) (82.39 + 15.83 vs.
78.98 = 18.26 pA/pF; p = 0.6209; Mann-Whitney U-test; n = 25 and 20

respectively.
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Figure 4.32. Average normalized current density at -80 mV for GluAl alone,
together with CPT1C or CPT1C(H469A). GluA1 current density (-pA/pF) was not
increased when co-expressed with CPT1C(H469A) (p=0.6209; Mann-Whitney U-
test).
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These results show that the C-terminal catalytic domain with Histidine 469

residue plays a crucial role in GIuA1 subunit modulation.

4.5.7. GluA1 coimmunoprecipitates with CPT1C after

Palmostatin B treatment

Electrophysiological experiments with CPT1C(H469A) (Figure 4.32)
suggested that CPT1C was exerting its trafficking effects on AMPARs by
depalmitoylation although we could not observe changes in palmitoylation
levels of GIluA1 by CPT1C (Figure 4.30) (See discussion). So, we decided
to further study if CPT1C could be a depalmitoylating enzyme of AMPARSs.
Depalmytoilation is regulated by palmitoyl thioesterase (PTE) (Shipston et
al., 2011; Fukata and Fukata, 2010) allowing some proteins to leave GA
and further trafficking to the cell membrane. Depalmitoylation has been
shown to be performed by the thioesterases acyl protein thioesterase 1 and
2 (APT1/2), cytosolic enzymes that catalyse depalmitoylation of membrane
anchored proteins, palmitoylated H-Ras and growth associated protein 43
(GAP43), respectively (Dekker et al., 2010). Inhibitors of APT1 activity,
such as Palmostatin B (PB) have recently been described by Dekker and
colleagues in 2010. Therefore we decided to use this compound as a tool to
investigate the role of palmitoylation in AMPAR modulation by CPT1C

protein.
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Figure 4.33. CPT1C interacts with recombinant GluA1l subunits when treated
with Palmostatin B (PB). Western Blot analysis from tsA201 membrane fraction
expressing GluA1+CPT1C-EGFP with or without PB treatment. This analysis was
done 3 times. Solubilized membranes of the transfected cells were
immunoprecipitated with anti-GFP antibody (IP: antiGFP) or with anti-GluA1-
NT antibody (IP: antiGluA1). Samples underwent SDS-PAGE separation followed
by WB analysis using ant-GluA1-NT (WB: antiGluA1) or anti-GFP (WB: antiGFP)
antibodies. Input samples (INPUT) show correct expression of used plasmids (left
panel). GFP recognizing antibodies could pull down GluAl when expressed
together with CPT1C-EGFP with and without PB treatment (upper middle
panel).

To do so, first we did a co-immunoprecipitation assay to check if this
compound affects AMPA-CPT1C interaction. For this purpose tsA201 cells
were transiently transfected with GluA1 and CPT1C-EGFP and 24 h later
were treated with Palmostatin B or DMSO during 24 h. Afterwards, the
compound was removed and the membranes of the transfected cells were
immunoprecipitated with anti-GFP or with anti-GIuA1-NT antibody and
subsequently analysed by Western blotting (n=3). The correct expression of
both proteins is shown (Figure 4.33, left panel). GFP recognizing antibody
could pull down GluA1 when expressed together with CPT1C-EGFP (upper
middle panel) treated with PB. The obtained results show that treatment

with Palmostatin B does not alter GluA1 and CPT1C interaction.
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4.5.8. Palmostatin B decreases the CPT1C effect on GluA1

induced currents

After confirming the interaction of GIuA1 and CPT1C with Co-IP
experiments, electrophysiological recordings were performed to evaluate
the possible effect of Palmostatin B on the GluA1 mediated currents when
co-expressed with CPT1C (Figure 4.34). As control, in non PB treated cells,
CPT1C increased GluA1 current density (73.21+ 15.56pA/pF for GIuA1 vs.
112 £ 10.55pA/pF for GIuA1+CPT1C; p=0.0054; Mann—-Whitney U-test; n =
22 and 19 respectively).
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Figure 4.34. Average normalized current density at -80 mV for GluA1 alone or
together with CPT1C with and without treatment with Palmostatin B (PB).
GluA1 current density (-pA/pF) was decreased when co-expressed with CPT1C in
cells treated with PB (*p=0.0054; Mann-Whitney U-test). In non PB treated cells,
CPT1C increased GluA1 current density (***p=0.0005; Mann-Whitney U-test).
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No statistical difference was found in GIluA1 current density when
expressed alone compared with the same condition but treated with PB
(73.21 £ 15.56pA/pF vs. 100.5 + 16.68pA/pF; p = 0.1401; Mann—-Whitney
U-test; n = 22 and 19 respectively). Interestingly, GIuA1 current density was
decreased when co-expressed with CPT1C in cells treated with PB when
compared with GIluA1 expressed together with CPT1C without PB
treatment (59.35 + 8.983pA/pF in Palm B treated cells vs. 112 %
10.55pA/pF for GIuUA1+CPT1C in non-treated cells; p = 0.0005; Mann—
Whitney U-test; n = 19 and 23 respectively). This experiment indicates that
Palmostatin B may alter GluA1 enhancing properties of CPT1C most
probably by inhibiting its PTE activity.

4.6. Functional studies of CPT1C on AMPARSs in

neurons

4.6.1. Synaptic transmission is reduced in CPT1C KO
animals

Data from the present work demonstrate that AMPAR function is modulated
by CPT1C. On the other hand study performed by Carrasco and colleagues
in 2012 showed that dendritic spine maturation was weakened in CPT1C
KO animals. Large mature spines have been shown to express AMPA
receptors abundantly (Matsuzaki et al., 2001) while small and immature
spines express a small number of AMPA receptors (Matsuzaki et al., 2004).
Given that, the next step within the present framework was to check if the
excitatory synaptic transmission was altered in animals lacking CPT1C
protein. To this end whole-cell voltage-clamp recordings were performed
using cultured hippocampal neurons to measure the AMPAR-mediated
miniature EPSCs (MEPSCs). Cells were recorded in solution containing
TTX to block synaptic transmission and avoid recording of spontaneous
EPSCs (sePSCs). D- AP5, 7-CK, and SR95531 were also added in the
recording solution to block NMDA and GABAAa receptors. The mEPSC
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recordings were performed accordingly to the settings described in the
Experimental procedures.

As it can be observed from the Figure 4.35 (and also in Figure 4.38),

representative traces reveal the decrease in the amplitude of AMPAR
mEPSCs.

A B

50ms 50ms

Figure 4.35. Representative traces of AMPA miniature EPSC recorded from the
hippocampal neurons from WT (A) and from CPT1C-lacking animals (B).

Statistical analysis showed that mEPSC amplitude was decreased in
neurons from CPT1C KO animals (Figure 4.36) when compared to WT
neurons (—18.96 = 0.95 pA for WT vs. —15.46 £ 0.99 pA for KO; n=26 and
n=18, respectively; p=0.0175; t-test).

30 7

mEPSCs (—pA)

WT CPT1C KO

Figure 4.36. Representative individual (black) and average mEPSCs (colored
traces), recorded from wild type (WT; red) and CPT1C lacking (CPT1C KO;

orange) neurons (left panel). Bar graph for average values for both conditions is
shown (right panel). Columns represent the mean + SEM.
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Cumulative amplitude histograms for mEPSCs (Figure 4.37) revealed that

the distribution of amplitudes in CPT1C KO neurons shifted towards smaller

values along the whole range, indicating a general decrease in the

amplitude of postsynaptic AMPARSs.
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Figure 4.37. Cumulative
probability distribution
in CPT1C lacking
animals (orange) shows
a shift when compared
with the wild type group
(red). Discontinuous thin
lines denote SEM.

When we examined the frequency of AMPA-mediated mEPSCs we did not
find any significant differences (4.12+0.84 Hz for WT vs. 3.83+1.24 Hz for
KO; p=0.3519; Mann-Whitney test; Figure 4.38), indicating that no apparent

presynaptic alteration was present in CPT1C KO cells.
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Figure 4.38. AMPA-mediated mEPSCs frequency was not altered on CPTC KO
neurons when compared with the controls. A-B. Representative traces for a 20
seconds duration recording from a wild type (A) and CPT1C KO (B) animals.
Lower traces are expansion of 1 second for theses two cells where it can be
observed that despite the amplitude is decreased in KO animals, the frequency
remains the same. C. Bars represent Average and SEM of 25 and 18 cells
respectively; p>0.05.

We also measured the decay time constant for the recorded AMPAR-
mediated mEPSCs in WT and KO animals since a change in the kinetics of
AMPAR responses is indicative of alterations in their subunit composition
(Lomeli et al., 1994; Moscbacher et al., 1994). The results showed that
there were no changes in the decay time constant (3.67+£0.20ms for WT vs.
3.691£0.16ms for KO; p=0.9256; t-test; Figure 4.39), suggesting that no
alteration in AMPAR subunit composition takes place in CPT1C-deficient

neurons.
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Figure 4.39. A. Average of 160 mEPSCs events from a WT neuron recording
giving an amplitude of -21.25 pA and a weighted time constant (t) of 3.73ms
(black discontinuous line: fit to a double exponential) B. Same as A for a KO
neuron (153 events; -16.31pA and t=3.69ms) C. Kinetics of the recorded AMPAR
mEPSCs measured as the decay time constant with a double exponential (tw)
p>0.05.

In summary, the results obtained from these experiments demonstrated
that the number of AMPARSs in the synapses is clearly reduced and that

basal synaptic activity is compromised in CPT1C KO animals.
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5. DISCUSSION

AMPARs are key determinants in brain function since they mediate the
majority of neuron-to-neuron communication in the central nervous system.
Furthermore, they are important players in development, in glia-to-neuron
communication, in plasticity processes and they have been implicated in
neurological conditions. During the last 10 years, AMPAR field has been
transfigured by the gradual discovery of transmembrane proteins interacting
with AMPARSs that regulate and determine their function in the brain. Since
the finding in 2005 of the protein stargazin, which was shown to be crucial
in the gating and trafficking of AMPARs, dozens of papers have been
published describing how several of these proteins belonging to different
families modulate AMPAR function and plasticity in neurons and glia (for
review see Haering et al., 2014). More recently in 2012, a couple of works
analyzed in parallel for the first time the proteome of the AMPAR complex
and defined a new bunch of proteins that were able to interact with AMPAR
subunits thus increasing the array of possible modulatory partners of this
important class of glutamate receptor (Schwenk et al., 2012; Shanks et al.,
2012).

During the development of this thesis work we have described a novel role
of one of these defined proteins (carnitine palmitoyltransferase 1C —
CPT1C) in AMPA receptor function regulation. CPT1C increases the
surface expression of this ionotropic glutamate receptor subtype. Our
results show that glutamate-evoked currents of recombinant GIluA1
receptors are augmented by CPT1C co-expression and this effect is
specific of the CPT1C isoform, since CPT1A does not share the same
effect pattern, revealing a previously unknown physiological role for
CPT1C. Moreover, CPT1C shows an AMPA subunit preference, not
affecting GIuA2 homomeric AMPARs but acting however on heteromeric
GIuA1/GIluA2 receptors in a dominant fashion. The ER location of CPT1C

seems to be crucial in modulating AMPAR surface expression as miss-
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localization of CPT1C avoids this AMPAR modulation. Interestingly, our co-
localization studies confirmed that GIuA1-CPT1C interaction happens at ER
level but not at the cell surface. The later, together with the fact that gating
properties of GIuA1 are not altered by CPT1C, indicates that this interacting
protein is not acting as a “bona fide” auxiliary subunit and its role is focused
on modulating AMPAR number at the cell surface. Indeed, this hypothesis
is corroborated by our findings from the immunofluorescence experiments,
where surface expression of GIuA1 is increased in the presence of CPT1C
in heterologous expression systems and cortical neurons. In agreement
with a putative role of CPT1C in determining the AMPAR content at
synapse level, we have demonstrated that synaptic transmission is
diminished in CPT1C KO neurons. In parallel, we have shown that the
palmitoylable cysteine 585 of the GluA1 subunit is crucial for the CPT1C
enhancement of AMPA receptors trafficking although the palmitoylation
state of this residue does not determine AMPAR-CPT1C interaction. The
involvement of a depalmitoylation process in the increase of AMPAR
trafficking is supported by our data on the catalytic residue His469 from the
C-terminus of CPT1C and Palmostatin B — a palmitoyl thioesterase inhibitor
— where it is evident that CPT1C effect on AMPAR trafficking is avoided.

In summary, the work performed on this thesis unravels a novel regulation
of AMPA receptor function by the interacting protein CPT1C, which
modulates AMPA receptor trafficking and this effect depends on the
catalytic domain of C-terminal CPT1C acting on the cysteine 585 of GIuA1
AMPAR subunits.
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5.1. Role of CPT1C in normal synaptic transmission and
synaptic plasticity

AMPARSs are the principal mediators in rapid synaptic transmission in the
nervous system, using the 90% of our brain synapses glutamate acting on
AMPARs. Hence, any alteration in the normal AMPAR function and
trafficking would potentially translate in dysfunctions at synaptic level. Here
we have shown that CPT1C plays a role in modulating AMPAR trafficking
by enhancing its surface expression and probably acting as a “chaperone-
like” protein by depalmitoylating the channel at cysteine 585, a residue
previously reported as crucial in AMPAR trafficking (Hayashi et al., 2005).

An important role of CPT1C in synaptic transmission was evident from
previous studies where CPT1C knock-out mice had motor impairment,
coordination problems, and hypoactivity (Carrasco et al., 2012; Carrasco et
al., 2013). These motor impairments observed in the CPT1C KO mice
reflect a synaptic dysfunction at cerebellar level, a fact that makes sense
due to the high expression of CPT1C in cerebellum (Schwenk et al., 2014).
Interestingly, it has been shown that cerebelar Bergmann glia, known to
express only CP-AMPARs formed by GIuA1 and GluA4 subunits (lino et al.,
2001; Matsui et al., 2005), is required for fine motor coordination (Saab et
al.,, 2012). An impairment of GluA1-containing AMPARSs trafficking in the
CPT1C KO mouse at cerebellar level thus, might affect proper motor
function. However, CPT1C expression seems to be restricted to neurons
and it is not present in astrocyte glial cells (Sierra et al., 2007), although it
cannot be discarded that lower amounts of CPT1C are expressed and

might have not been detected by available techniques.

Another evidence for altered synaptic transmission in CPT1C deficient mice
is that these animals show poor dendritic spine maturation in hippocampal
neurons (Carrasco et al., 2012). It has been described that immature spines

possess a smaller number of AMPARs compared with larger spines, which
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have higher numbers of AMPARs (Matsuzaki et al., 2001; Matsuzaki et al.,
2004). Indeed, silence synapses were AMPARs are not present at all
correlate well with immature synapses (Petralia et al., 1999). Accordingly, it
has been shown that lack of CPT1C diminishes AMPARs at synapses in
hippocampal neurons (Fadé et al., 2015). In agreement with low AMPAR
content at synapse level, our electrophysiological data with KO animals has
proved that synaptic transmission is reduced in CPT1C deficient animals
(Figure 4.35-4.37). Since AMPAR-mediated mEPSCs in pyramidal
hippocampal neurons are diminished, in these animals the lack of CPT1C
probably translates into a less efficient synaptic trafficking. However, it has
been shown that the lack of CPT1C in neurons impairs AMPAR synthesis
as well (Fado et al., 2015). That would affect the amount of receptors at the
synapse as well. Anyhow, both mechanisms (impaired synthesis and
reduced trafficking) in the absence of CPT1C in the KO mice are not
mutually exclusive and are rather complementary. Conversely to an
absence of CPT1C, overexpression of CPT1C in cortical neurons increases
AMPAR content at dendrites in cortical neurons (Figure 4.25). All these
findings reveal an important relationship between CPT1C and AMPARS in
determining normal synaptic transmission. However these changes are not
dramatic since they suppose a ~20% decrease in mEPSCs amplitude
(Figure 4.36), which supports the fact that the viability of the KO mice is not
compromised (Wolfgang et al., 2006). This highlights a modulatory rather
than a mandatory role of CPT1C in contrast with other AMPAR interacting
proteins as for example stargazin, whose absence lead to a total lack of
AMPAR-mediated currents in cerebellar granule cells (Chen et al., 2000)
due to the fact that in these cells, stargazin is the only TARP expressed
(Tomita et al., 2003).

Regardless of the mechanisms, it is clear that CPT1C enhances surface
expression of AMPARs in neurons (this thesis work and Fadé et al., 2015).
These data showing that CPT1C modulates AMPAR trafficking might be
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relevant for synaptic plasticity processes, specially taking into account the
specificity of CPT1C over GIuA1. GIluA1-containing receptors are
maintained in reserve at the dendritic shaft and can be delivered to
synapses during LTP (Zamanillo et al., 1999). Normally, in dendritic spines,
there is an excess of GIuA1 readily available for generating LTP (Mack et
al., 2001). Thus any impairment in normal GIluA1 trafficking will translate in
a potential deficient learning. Indeed, the crucial role for GIuA1 in LTP is
evident by studies with mice lacking GIuA1, which show no LTP (Zamanillo
et al., 1999). Besides, point mutations in the PDZ-binding region of GluA1
or blocking the trafficking of GIuA1 prevent its synaptic delivery in LTP
(Piccini & Malinow 2002; Shi et al., 2001). CPT1C KO mice show poor
performance in the water morris maze (Carrasco et al., 2012), implying that
LTP might be compromised. Thus hippocampal plasticity is most probably
altered in CPT1C KO mice as basal synaptic transmission is. Future studies
of the physiological role of CPT1C in synaptic plasticity either in the
hippocampus or the cerebellum would be of great interest to better clarify
the role of CPT1C in the brain.

5.2. Subunit specificity of CPT1C modulation

Despite the clear effect of CPT1C on GluA1 homomeric receptors, GluA2
homomeric AMPARs seem not to be regulated by CPT1C (Figure 4.11,
412 and 4.24), while GluA2-containing AMPARs, which are the most
abundant form of AMPARSs in neurons, are also sensitive to CPT1C. It is
very interesting that our coimmunoprecipitation experiments showed direct
interaction of CPT1C with GIuA2 subunits as well (Figure 4.2) regardless
the lack of any evident effect. Perhaps, one possibility is that we have not
been able to detect CPT1C effect on GluA2. We have just studied if the
trafficking of GluA2 homomers was affected; yet we did not perform
experiments of whether biophysical properties of GIUA2 were somehow
changed by CPT1C. Nonetheless, the lack of modulation of the gating
properties of GluA1 by CPT1C (Figure 4.18) and the absence of co-
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localization of GIuA2 and CPT1C at plasma membrane (Figure 4.20) makes

that possibility pretty unlikely.

Why is then GluA1 affected by CPT1C and GIuA2 is not? Despite that
GIluA1 and GIluA2 subunits have a great homology they have distinct key
features in their structure, which translate into important functional
differences (Traynelis et al., 2010). The first and most important one is the
editing of GIuA2 at the Q/R site. While GIuA1,3 and 4 have a neutral
glutamine, GIuA2 has a bigger and positively charged arginine at the Q/R
site in the entrance of the pore. Although it seems improbable that the
functional consequences of CPT1C depends on the presence or absence
of this residue, it is of note that the important C585 palmitoylable residue in
GIluA1 (C610 in GIuA2) in the CPT1C effect is located just +3 aminoacids
from the crucial Q/R site (Traynelis et al., 2010). Whether editing of GIuA2
may avoid a putative depalmitoylation mediated by CPT1C is an incognita
but future experiments with non-edited versions of GIuA2 — GIuA2(Q) rather

than GIuA2(R) — might give clues about that issue.

Another significant difference between both GluA subunits is the C-terminal
domain. While GIuA1 is 81 aminoacids long, GIuA2 has a C-tail of 50
aminoacids and both tails differ considerably in their sequences (Malinow
and Malenka, 2002). Interestingly, variations in the C-tails (and also the
Q/R site) between both isoforms determine different trafficking properties of
GluA1 and GIuA2 (Greger et al., 2002; Henley & Wilkinson, 2013), as well
as different type of interactions with other proteins and a differential
regulation of their delivery to the membrane, stability and endocytosis
(Malinow and Malenka, 2002). It is worth noting about the existence of a
long form of GluA2 generated by alternative splicing (GIuA2L) retaining a
long C-tail that resembles those of GIuA1 and GluA4 (Hollmann and
Heinemann, 1994; Wisden and Seeburg, 1993). C-tail deletions of long-
tailed AMPAR subunits and the use of GluA2L might help elucidating the
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molecular mechanisms related with the subunit specificity of CPT1C effect
on trafficking. This way it could be tested if the differential C-tail is an
important determinant of CPT1C modulation as the different C-tail does not
seem critical in CPT1C interaction from our results (GIuUA1 & 2 co-
immunoprecipitation with CPT1C). These future works should also allow
unmasking if the GIuUA-CPT1C interaction depends on a common motif
located in that C-terminal part of the GIuA subunits. Thus, it could be
possible that the differential modulation by CPT1C on GIuA1 and GIluA2
was dependent on the C-tail length, on the specific C-terminal aminoacid
composition, on Q/R site editing state of AMPAR subunits or a combination
of any of these factors. To gain insight into CPT1C selective subunit
modulation of AMPAR it would be important to elucidate also the domains
of CPT1C participating in the interaction. The topology of CPT1A shows
that N- and C-terminal domains face the cytoplasm (Fraser et al., 1997).
Presumably CPT1C displays the same topology thus restricting the
interaction with AMPAR subunits to their C-terminal tail or transmembrane
domains (Thesis Esther Gratacos-Batlle). But independently of the
molecular determinants, it is quite surprising that despite CPT1C interacts

with GIuA2, no evident effect has been found in this thesis.

Notably, the majority of AMPARSs in the CNS are heteromeric combinations
(Lu et al., 2009; Traynelis et al., 2010) and this prompted us to study these
AMPAR forms as part of this thesis. In general, the gating and trafficking
properties of the subunits are dependent on their C-terminal domains, with
the long form GIuA1 subunit dominant over the short form GIuA2
(Passafaro et al., 2001; Barry and Ziff, 2002; Henley & Wilkinson, 2013).
For example, phosphorylation of the C-tail of native GIuA1 subunits at
different serine residues (S831 by PKC or CamKIll and S845 by PKA)
directly modulates the receptors properties by increasing single channel
conductance and mean open probability (Mammen et al., 1997; Barria et
al., 1997; Roche et al., 1996; Banke et al., 2000). However, there is an
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exception: heteromerization of GluA1 with GIuA2 abolishes channel-
conductance increase of GluA1 S831 phosphorilation (Oh and Dekarch,
2005). However, the dominant effect of GluA1 S831 phosphorilation is
restored in the presence of TARPs (Kristensen et al., 2011). Since the
majority of AMPARSs in neurons are always together with some member of
the TARP family (Jackson and Nicoll, 2011), the work by Oh and Deckarch
does not rule out the long form dominant effect hypothesis. More clearly,
phosphorylation of GIluA1 has been shown to regulate GluA1-containing
receptors incorporation in synapses (Hayashi et al., 2000). Our results are
in line with this dominant effect of long forms since CPT1C modulates

GIuA1/GIuA2 in a similar direction as GluA1 homomers.

Our observations show that the effect of CPT1C on GluA2-containing
heteromeric AMPARs and native AMPARs - mostly heteromeric
combinations containing GIuA2 — is less pronounced than the one observed
for GluA1 homomeric AMPARSs (i.e. Figure 4.4 and 4.14). Perhaps the 2-
fold enhancement of GluA1 density at the cell membrane could be partially
occluded in GluA2-containing receptors due to generally better trafficking
properties of heteromeric combinations. Indeed, the current density values
we obtained for heteromeric receptors were higher than for homomeric
receptors (either GluA1 or GIluA2) despite they have lower channel
conductance (~5pS; Jackson et al., 2011) than GIuA1 homomers (~20pS;
Soto et al., 2014b). This reflects the fact that heteromeric combinations of
AMPARs are favored at the expense of homomeric receptors when both
subunits are present during the synthesis process at the ER (Cull-Candy et
al., 2006). The enhanced trafficking of heteromeric combinations might
translate into a less evident CPT1C influence on GluA2-containing
receptors. Alternatively, stoichiometry might be an important determinant in
CPT1C effect. We have seen in this thesis that this is an important
parameter (Figure 4.6). Maybe different AMPAR combinations need

different amounts of CPT1C on their complex to have a comparable effect.
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It has been demonstrated that depending on the stoichiometry of AMPARSs
and other interacting proteins the modulatory outcome is different. TARPs
for example can be present from 1 up to 4 molecules per AMPAR complex
conferring distinct effects on AMPARs (Shi et al., 2009; Kim et al., 2010;
Hastie et al., 2013).

Regardless a minor effect of CPT1C on heteromeric AMPARSs, the fact that
CPT1C mouse have some motor coordination problems (Carrasco et al.,
2013) strengths the role of CPT1C on heteromeric combinations since
GIuA2/GluA4 and GIuA2/GIUA3 are the main AMPAR combination in
granule and Purkinje cells cerebellar neurons respectively (Lambolez et al.,
1992; Martin et al., 1993; Breese et al., 1996; Day et al., 1995). These cells
are essential in cerebellar function: granule cells are the predominant type
of neuron in the cerebellum while Purkinje cells are the sole output from the
cerebellar cortex (Purves et al.,, 2001). Alterations in AMPAR function in
these cells lead to motor problems, being as a clear example the severe
ataxic problems of stargazer mouse were granule cells are devoid of
AMPARSs at all (Chen et al., 2000). Although at present the effect of CPT1C
over these specific combinations of heteromeric AMPARSs is unknown, the
motor coordination problems of CPT1C-KO mice point to a possible
regulation of the trafficking of cerebellar AMPARs by CPT1C.

5.3. CPT1C is not a genuine auxiliary subunit of AMPARSs

Globally from our data, it looks like that this new AMPAR interactor has a
precise role in the delivery of AMPAR subunits to the cell surface without
affecting any gating characteristic. It has been described that many other
AMPAR interacting proteins control AMPAR trafficking (Palmer et al., 2005;
Anggono & Huganir 2012; Lu & Roche, 2012). This is the case as well for
auxiliary AMPAR subunits such as TARPs that play an important role in
surface trafficking while also altering the channel properties of AMPARSs
(Nicoll et al., 2006). CNIH proteins also increase AMPARs surface
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expression (Schwenk et al., 2009) and modify the behavior of AMPARSs
both in expression systems and in neurons (Coombs et al., 2012; Kato et
al., 2010). But this is not the case for CPT1C, as we have shown that this
protein does not alter GluA1 channel properties. This fact is supported by
the confocal imaging experiments where we did not see any co-localization
between CPT1C and surface GluA1. Consequently, CPT1C cannot be
considered a TARP-like real auxiliary subunit and it seems that its role is

restricted to controlling AMPARSs trafficking.

5.4. Glucose dependence on CPT1C modulatory effect on
AMPARs

In Figure 4.15, we show that the increase in GIuA1 glutamate-mediated
currents was more evident in cells treated in low-glucose conditions. This
indicates clearly that the metabolic energetic state of the cell determines a
major effect of CPT1C. What could be the link between energetic balance,
CPT1C and AMPARs? Conditions of glucose deprivation (as for example
ischemia) have been shown to generate among others, an increase in CP-
AMPARSs expression in neurons (Pellegrini-Giampietro et al., 1992; Opitz et
al., 2000; Tanaka et al., 2002;Noh et al., 2005; Blanco-Suarez and Hanley,
2014;). However, these mechanisms clearly rely on NMDAR, ASICs and
VGCCs and most probably are a combination of all of them (Quintana et al.,
2015). Moreover, the protocols used in literature are a combination of
oxygen-glucose deprivation. In our experiments, a moderate decrease in
glucose (form 3.15g/L to 1g/L) did not change basal GIuA1 current density
of HEK293 cells ruling out a direct link between low glucose and enhanced
expression. However, CPT1C-dependent current increase of GIuA1 was
more evident in low glucose conditions. Low glucose inhibits FA
biosynthesis, thus decreasing malonyl-CoA levels (Lopez et al., 2007), a
potent endogenous inhibitor of CPT1A and CPT1B (Swanson et al., 1998;
Zammit, 1999). Although it is unknown if CPT1C is inhibited by malonyl-
CoA principally due to a lack of CPT1 activity, CPT1C can bind malonyl-
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CoA (Price et al., 2002; Wolfgang et al., 2006; Sierra et al., 2008), hence
potentially inhibiting its function. Low glucose levels would translate then
into a putative dis-inhibition of CPT1C and an enhanced effect of this
protein. Despite a more evident effect of CPT1C on AMPARs surface
expression in low glucose conditions, in this thesis we decided to carry all
the experiments in 3.15 g/L glucose since cells grown in low glucose were

very unhealthy (showing a high amount of vacuoles).

5.5. What about other subunits?

From this work, two questions arise regarding the functional interaction of
CPT1C and other subunits of glutamate receptors, either pore-forming
(GluK and GluN subunits) or auxiliary proteins (e.g. TARPSs): firstly, does
CPT1C modulate other glutamate receptors — namely KARs or NMDARs?
And secondly, what happens when CPT1C exert its effect on an AMPAR
that contain well-known auxiliary subunits — as for example TARPs or
CNIHs?

The proteomic studies where the array of partners for AMPARs were
described provided information for all four GIuA pore-forming subunits and
all of them were able to interact with CPT1C (Schwenk et al., 2012; Chen et
al., 2014). However, a previous proteomic study focused on GluA4 subunit
interacting proteins in rat cerebellum that found 17 subunit partners — most
of which were novel interactors — did not show CPT1C as a protein capable
of interacting with GluA4 (Santos et al., 2010). Still, this work did neither
show GIuA2 as a companion of GluA4 and it is well-known that cerebellar
granule cells express mainly that combination of AMPAR subunits (Day et
al., 2005). It is almost certain that CPT1C can bind GIluA4 subunit (as
shown in Schwenck et al) and specially taking into account that the
cerebellum is very rich in both GluA4 and CPT1C protein expression
(Schwenk et al., 2014).
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The great homology between iGIuR subunits opens the question of whether
CPT1C could be conferring a similar trafficking properties to different
ionotropic glutamate subunits others than GluAs. A proteomic analysis
similar than the ones performed for GIUA subunits (Santos et al., 2010;
Schwenk et al.,, 2012; Chen et al., 2014; Schwenk et al., 2014) has not
been done for the constituents of KAR or NMDAR subunits. In general
interacting proteins of glutamate receptors seem to be mildly subunit
specific. PICK1 or GRIP/ABP interact with GluA2 and GIuA3 (Srivastava et
al., 1999; Dev et al., 1999) or TARP y-5 with interacts with long forms of
AMPAR subunits (Soto et al., 2009). Some proteins, as the majority of
TARPs and CNIHs can be together and modulate all AMPAR subunits
(Diaz, 2010). But there are proteins capable of interacting with different
subfamily subunits. This is the case for Neto-1, a protein that clearly act as
auxiliary subunit of KARs (Straub and Tomita, 2012) that it has also been
shown to interact with NMDAR subunit GIuN2A and 2B (Ng et al., 2009).
SAP97 bind specifically GIuA1 (Leonard et al., 1998) and not other GluAs
but can interact with GluK2 (Garcia et al., 1998). NSF binds GIuA2 and
GluK2 (Nishimune et al., 1998; Coussen et al., 2005), Another example is
4.1N, which interacts with GluA1 and GIuK2 (Shen et al., 2000; Coptis and
Swanson, 2013). So the possibility that CPT1C might be interacting and
thus modulating KARs could not be discarded at all. Determining the motifs
of AMPAR and CPT1C important for the interaction would help to elucidate
if CPT1C can interact with other iGIuR subunits. We have studied in this
thesis whether the absence of palmitate groups in the AMPAR subunits
prevents the interaction (Figure 4.29) and our results indicate that
apparently, more motifs are involved in GIUA-CPT1C “bridal”. But, on the
other hand, some evidences from our studies with miniature events does
not support a role of CPT1C in KARs trafficking. KARs are expressed
preferentially at presynaptic level were they modulate synaptic release.
When we studied miniature events (MEPSCs) we did not observe a change

in the frequency of such events (Figure 4.38). It is well established that
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presynaptic alterations can be tracked by means of mEPSCs frequency
changes. However, mEPSCs experiments in KO mice did not show any
change in frequency. It could exist the possibility that presynaptic KARs are
depicted of some modulatory effects of proteins when present at
presynaptic compared with postsynaptic level, but it has been shown that
even presynaptic AMPARs are subjected to modulatory effect of auxiliary
subunits (Rigby et al., 2015) as postsynaptic AMPARs are. More
experiments overexpressing CPT1C in neurons would give clues about a
putative effect of CPT1C on KAR trafficking.

Regarding the effect of CPT1C together with TARPs at the same AMPAR
complex, during the realization of this thesis, although not been shown, the
effect of CPT1C on GIuA1 homomeric receptors together with the
prototypical TARP y-2 (stargazin) was tested. The aim of such experiments
was to determine if the trafficking enhancement effect seen by CPT1C was
additive to that of y-2 since it has been thoroughly demonstrated that this
TARP enhances the trafficking of AMPARs by ~ 3 to 10-fold (Chen et al.,
2003; Turetsky et al., 2005; Tomita et al., 2005). The proteomic work
describing for the first time AMPAR subunits-CPT1C interaction gave
information about the putative location of CPT1C into the complex.
Specifically, CPT1C would interact in the periphery of the complex while
TARPs would be present in the core of such complex (Figure 1.6; Schwenk
et al., 2012). Given that TARPs and CPT1C do not compete for the same
site it exist the possibility of a combined effect of both interacting proteins
once both are bound to GluA subunits. However, when we performed
whole-cell patch clamp experiments to measure glutamate-evoked currents
we could not achieved good recordings from cells transfected with GluA1
plus CPT1C (in a CPT1C-EGFP vector) and y-2 (in a mCherry pIRES
vector). The principal problem we faced was that cells were too unhealthy,
possibly due to an excessive activation from a higher number of AMPARs

expressed on those cells. We tried to circumvent that problem with an
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AMPAR blocker (NBQX) added to the media. Indeed, as stated in
“‘Experimental Procedures”, along this thesis, we have tried to minimize
excitotoxicity of transiently transfected cells by using 50uM NBQX on the
media to avoid receptor activation and cytotoxic effects before recordings
(Coombs et al.,, 2012). However, notwithstanding NBQX presence, this
group of cells was specially damaged and even when the cells could be
patched, they died before the end of the recording. Whether too much Ca**
entry through GluA2-lacking CP-AMPARs (we used GIuA1 homomeric
receptors for these experiments) or another unidentified factor was
responsible for the detrimental of the cells is not known at this stage.
Supporting the latest hypothesis, it has been described that some specific
combinations of AMPARSs are lethal to heterologous HEK293 cells, as for
example GluA2flip/GluA4flip despite this combination is Ca?* impermeable
(lizuka et al., 2000). Future experiments in the presence of CPT1C and
TARPs could be performed with CI-AMPARs (GluA1/GIluA2) to elude that
possibility but taking into account the lethal expression issues (lIzaki et al.,

2000) by using flop forms.

5.6. CPT1C palmitoyl thioesterase activity on C585 at ER
level

This thesis data has shed light on a role for the enigmatic CPT1C protein:
enhancing plasma membrane delivery of GluA1-containing AMPARs most
probably by depalmitoylating cysteine residue 585 (in GluA1) at

endoplasmic reticulum level.

Even though CPT1C does not associate with AMPAR subunits at the
plasma membrane level, it is clear that both proteins interact at some
stages during AMPAR synthesis and trafficking pathway (Schwenk et al.,
2012 and Figure 1 and 4). The fact that CPT1C shows a clear ER pattern
(Figure 4.8; Sierra et al., 2008; Carrasco et al., 2012) makes this organelle

a meeting point for both proteins where CPT1C seems to post-
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translationally modify AMPARs accounting for the increased traffic to
plasma membrane. Additionally, CPT1C does not seem to interact with
GluA1 outside of the ER at all, as CPT1C does not co-localise with the
Golgi Apparatus marker GM-130 (Figure 4.21) or at the plasma membrane
level. Thus, the effect of the interaction of CPT1C/GluA1 takes place
exclusively at the ER level and it seems that CPT1C dissociates from the
AMPAR complex at some stage before AMPARs subunits move forward to

the Golgi during their biosynthesis.

Amongst the several post-translational modifications that AMPAR subunits
undergo during biosynthesis and that affect the trafficking of the receptors
to the cell surface, an important one is the reversible palmitoylation of
AMPARs. Each AMPA receptor subunit is palmitoylated at two conserved
sites, (i.e. C585 and C811 in GluA1) and palmitoylation/depalmitoylation of
these two residues determine AMPARSs trafficking properties (Hayashi et
al., 2005, Yang et al., 2009, Lin et al., 2009). More evidence from the
literature supporting that depalmitoylation raises AMPARs surface
expression comes from some study where it was shown that cocaine
induced an increment of GIuA1 and GIuA3 palmitoylation in the nucleus
accumbens from rats, increasing the intracellular location and decreasing
surface expression of these AMPAR subunits (Van Dolah et al., 2011).
Given that CPT1C can bind palmitoyl-CoA and can form palmitoylcarnitine
(Sierra et al., 2008) it seemed plausible to consider whether CPT1C could
bind a palmitoylated protein and form palmitoylcarnitine thus
depalmitoylating the protein, which would explain AMPARs increase in
surface expression. In this thesis we have explored that possibility. Our
data by using a catalytic deprived version of CPT1C — CPT1C(H469A) —
and a putative inhibitor of CPT1C depalmitoylating activity — palmostatin B

— seems to confirm this depalmitoylating role of CPT1C.
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When studying the role of AMPAR cysteine residues in CPT1C effect, we
found that C585S mutation alone increased whole-cell currents and surface
expression of GluA1 by ~2-fold. These results are in accordance with
previous ones demonstrating that depalmitoylation of AMPARs at C585
acts as a triggering signal for receptor forward trafficking (Hayashi et al.,
2005). Interestingly, in the presence of CPT1C, GIuA1(C585S) no longer
increased receptor trafficking. This points towards a crucial role of C585
residue in the CPT1C effect. This was confirmed by the fact that the
GIuA1(C811S) mutant is modulated by CPT1C to the same degree as
GIuA1 ruling out the involvement of C811 residue. Moreover the fact that
CPT1C increases GIuA1(C811S) trafficking to the same extent as
GIuA1(C585S) alone or with CPT1C suggests that the effect of CPT1C is
dependent solely on the C585 residue. Our findings show that
GIuA1(C811S) increases surface expression when detected by
immunofluorescence but current density is not increased in the same
extent. This might be explained due to a different number of cells analyzed
with each technique. Despite that discrepancy, the significant increment in
both parameters when CPT1C is together with GIluA1(C811S) indicates that
GIluA1 C811 is not crucial for the CPT1C effect.

It is striking that no changes in palmitoylation could be detected (Figure
4.30) when indirect experiments are pointing towards a clear
depalmitoylation of GIuA1 accounting for the surface expression
enhancement. The fact that CPT1C produces an increase in GluA1 surface
expression to the same extent as the non-palmitoylable form of
GIuA1(C585S), indicates that the effect of CPT1C on GluA1 subunits might
be via depalmitoylation of C585. Moreover, the mutation of the catalytic
histidine residue 469 of CPT1C, avoided the increase in AMPAR surface
expression mediated by CPT1C. This specific residue is crucial in CPT1A
and B for catalysis (Morillas et al., 2001). It seems plausible that the CPT1C

homologue histidine could be related in the unbinding of palmitate groups
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from AMPARSs. Besides, Palmostatin B, a compound known by its specific
inhibition of thioesterase activity of APT1 (Dekker et al., 2010) was able to
preclude the increment in AMPAR-mediated responses (Figure 4.34)
strongly suggesting that CPT1C acts as a depalmitoylating enzyme.
However, when detecting palmitoylation levels with the ABE assay, we
could not observe changes in GluA1 palmitoylation levels by co-expression
with CPT1C. A possible issue with this methodology might be that the ABE
assay not only detects palmitoylation but also other S-acylation
modifications of GIuA1, which might have not yet been described. Another
possibility is that C811 might be depalmitoylated by CPT1C regardless of a
functional effect. In neurons palmitoylation in that cysteine prevents the
binding of GluA1 to 4.1N protein thus increasing its internalization (Lin et
al., 2009). Since we have carried out most of the work in expression
systems (presumably lacking neuronal form of 4.1 protein), it is plausible
that a depalmitoylation can occur by CPT1C in C811 without any functional
effect. Therefore other techniques might be necessary to detect the
palmitoylation levels of GIuA1 C585 unambiguously. Alternatively, important
depalmitoylation process performed in the ER by CPT1C could be
counteracted by additional palmitoylation of the receptor at other cell
locations, thus making it difficult to detect changes in the final palmitoylation
state. Therefore, this hypothesis should be closely examined with future
specific refinements of palmitoylation assays. Another possibility to take
into account is that other cysteines in the GIuA1 subunit could be
palmitoylated (by APTs) or depalmitoylated (by CPT1C or PTEs) and
masking the depalmitoylation of AMPARs thus making ABE assay difficult
to interpret. In this regard, there has been shown the existence of another
cysteine in GluA1 tail (C875) that it can be S-nitrosilated (Selvakumar et al.,
2013). Since C811 is susceptible of S-nitrosilation as well, we cannot rule
out a putative C875 palmitoylation thus affecting a reliable read out on ABE

assays.
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Beyond AMPARSs, and expanding the hypothetic depalmitoylation effect of
CPT1C to other iGluRs, it is worth mentioning that GluK2 KAR subunit can
be palmitoylated at cysteine residues in the C-tail (Pickering et al., 1995). It
has been shown that the palmitoylation state determines its association
with 4.1N protein and forward trafficking to surface membrane (Coptis and
Swanson, 2013). However this regulatory mechanism works in the opposite
direction than in AMPARSs, where GIuA1 palmitoylation at C811 prevents its
association with 4.1N and decreases AMPAR surface expression by an
enhanced activity-dependent endocytosis (Hayashi et al., 2005; Lin et al,;
2009). This might be explained by the fact that different cysteine residues
are involved in this regulation (no analogous C811 exists in GluK2). In any
case, we have found that C811 is not important in CPT1C on AMPAR
trafficking effect, probably because that modification occurs at plasma
membrane of neurons in an activity manner, and we have demonstrated
that CPT1C is not localised at plasma membrane (Figure 4.19). However,
these data by Coptis and Swanson reveals the importance of KARs
regulation by palmitoylation processes and suggest that AMPA and kainate
receptors share common signaling pathways resulting from this transient
modification that differentially regulates their insertion and stabilization at
plasma membrane. The fact that our data shows that CPT1C exerts its
modulatory effect on trafficking by depalmitoylating C585 points to a
possible similar regulation in KARs although no indications have been
found (see “What about other subunits?” section of the present discussion).
Finally, NMDA receptor subunits GIuN2A and GIuN2B are also regulated by
palmitoylation at their C-terminal region leading to enhanced or reduced
NMDAR surface expression depending the residue that is palmitoylated
(Hayashi et al., 2009) and making them potential depalmitoylating targets of
CPT1C.
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5.7. AMPARs and CPT1C in neurological diseases

Many studies have demonstrated the implication of AMPARs in
neurological diseases (Cull-Candy et al., 2006; Zarate et al., 2008; Chang
et al., 2012; Henley and Wilkinson 2013). On the other hand, some studies
show the implication of CPT1C in conditions that affect neurons and glia
(Rinaldi et al., 2015; Cirilio et al., 2014).

Age related deterioration in cognitive faculties is one of the most
challenging aspects of research. This decline is related in part to a reduced
synaptic plasticity due to changes in postsynaptic membrane constituents,
such as AMPA receptor number and function. The aberrant AMPAR
trafficking and consequent abnormal changes in synapses are a core
feature in age-dependent cognitive decline (Henley and Wilkinson, 2013).
Interestingly this correlates with a decline in CPT1C expression with age
(Carrasco et al.,, 2013). A recent study showed that AMPA receptor
synthesis is regulated by CPT1C in the hippocampus (Fadé et al., 2015). In
this thesis we showed that AMPA receptor trafficking is increased in the
presence of CPT1C and also that CPT1C deficiency translates into a less
efficient synaptic transmission. CPT1C would be a part of the normal
AMPAR cycle and lack of CPT1C might be associated to aging-related
problems although this idea has not been tested. Interconnected with
ageing problems, another challenging condition that affects an important
percentage of the population is Alzheimer disease (AD; Alzehimer’s
association, 2014). One of the first symptoms of AD is spatial-learning
problems, a function that clearly depends on the hippocampus (Burgess
and O’Keefe, 2014; Bannerman et al., 2014). Remarkably, CPT1C is highly
expressed in that area (Schwenk et al., 2014), where it seems to be
involved in learning processes (Carrasco et al., 2012) suggesting a possible
relationship between CPT1C, AMPARSs and AD related symptoms.
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On the other hand, an important neurological condition is Amyotrophic
lateral sclerosis (ALS), a disease that affects motorneurons. The correlation
between ALS and a deficient editing at the Q/R site has been demonstrated
(Takuma et al., 1999; Kawahara et al., 2004b). Specifically, ALS patients
have virtually no editing at the Q/R site and GluA2-containing AMPARSs
render permeable to Ca?* ions. Thus an increment of Ca** permeability
seems to be the source of motorneuron death in ALS disease. We have
shown in this thesis that Ca?*-permeable AMPARs are trafficked more
efficiently to plasma membrane in the presence of CPT1C than those Ca?*-
impermeable (GluA2-containing). Since the molecular determinant of that
differential trafficking has not yet been unraveled, one could hypothesized
that this increment in CP-AMPARs would be more susceptible of enhanced
trafficking in a neuron containing CPT1C thus increasing the degree of
cytotoxicity in ALS patients motorneurons regardless of the intrinsic
elevation in Ca®* entry to the cells. Indeed, CPT1C play an important role in
motorneurons as recently explained in a paper describing for the first time a
direct correlation of de novo CPT1C mutation with a disease (Rinaldi et al.,
2015). Specifically, CPT1C R37C mutation resulted in hereditary autosomal
dominant spastic paraplegia (SP), a disease affecting corticospinal
motorneurons and resulting in lower-extremity spasticity. This mutation is
located in the regulatory domain of CPT1C. Although this study by Rinaldi
et al. shows that CPT1C interacts with atlastin-1 (a frequently mutated
protein in SP), a possible role in AMPAR malfunction cannot be discarded

given the role of CPT1C on these glutamate receptors.

Even though CPT1C expression is restricted to the brain in healthy
individuals, it functions as a stress-responsive gene under a variety of
conditions, as its mRNA is up-regulated in cell lines from several different
tissues as well as in mice following exposure to any one of a number of
p53-activating stresses (Zaugg et al.,, 2008; Reilly and Mak, 2012).

Therefore, it is suggested that CPT1C promotes cancer cell survival and
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tumour growth and it has been proposed as a new therapeutic target in
cancer treatment. It is noteworthy that recent studies report an aberrant
expression of CPT1C in gliomas (Cirillo et al., 2014; Wakamiya et al., 2014)
where CP-AMPARSs are expressed (Ishiuchi et al., 2002). These findings
highlight the importance of unravelling the molecular mechanisms of
CPT1C, which could be of great interest across a range of fields, for
example in the study of new anticancer therapies and new diagnostic or
prognostic markers. Further understanding of the mechanisms that underlie
the regulation of AMPA receptors by CPT1C may bring new therapeutic
strategies for different diseases associated with both AMPARs and CPT1C.
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6. CONCLUSIONS

The design of this thesis work was set out to explore the consequences of the
CPT1C induced modulation on AMPAR mediated responses. The experiments in
the present thesis framework have also sought to characterise the molecular
mechanism of AMPAR-CPT1C interaction.

The main conclusions are:

1. GluA1 and GIuA2 coimmunoprecipitate with CPT1C in heterologous systems.

2. CPT1C increases GIuA1 homomers whole-cell currents and this effect is
stoichiometry dependent.

3. The effect of this interacting protein on GluA1 induced currents is specific of
CPT1C isoform and depends on H469 residue located in the catalytic domain of
the C-terminal.

4. CPT1C increases whole-cell currents of GIuA1/GluA2 heteromeric AMPARSs
and has no effect on GluA2 homomers-mediated whole cell currents.

5. AMPARs gating properties are not modified by CPT1C.

6. CPT1C co-localises with AMPAR subunits at the ER and the subcellular
localization of CPT1C determines its effect on AMPAR currents.

7. The functional effect of CPT1C on GluA1 is dependent on the metabolic state of
the cell.

8. Surface expression of GIuA1 is increased in the presence of CPT1C in
heterologous systems and neuronal cultures.

9. GIluA1 C585 mediates surface expression enhancement by CPT1C and this
residue is critical for the enhancement of current density by CPT1C. GIuA1 and
CPT1C interaction does not dependent on palmitoylation of C585.

10. CPT1C does not affect GIuA1 subunit palmitoylation state although inhibition
of depalmitoylation activity by Palmostatin B prevents CPT1C enhancement of
GluA1 currents.

11. Synaptic transmission is reduced in CPT1C deficient animals and the effect

seems to be only postsynaptic.
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7. ABBREVIATIONS
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