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Introduction

Genetic robustness is the ability of a living organism to keep its viability despite genetic
disruptions (El-Brolosy and Stainier, 2017). Variation in genes is present in evolution, as living
organisms need compensating systems to ensure similar development despite differences in

genetic background or environmental conditions (Mather, 1953; Waddington, 1959).

This concept is partially based in redundant genes, as one gene may compensate the lack of
another gene with equivalent functions and distribution pattern. This has been reported for
several mutants in different living organisms (Cohen et al., 1987; Hoffman, 1991; Tautz, 1992;
Cadigan et al., 1994; Gonzalez-Gaitan et al., 1994; Wang et al., 1996; Von Koch et al., 1997,
Nedvetzki et al., 2004; Santamaria et al., 2007). However, the individual compensation of a gene
is not the only event giving robustness to the genome, other forms of robustness have been
described in tightly regulated cellular networks such as metabolic, transcriptional or signalling
circuits. Impairment of a particular gene’s function in a network could change the expression of
other genes participating in the same network (Barabasi and Oltvai, 2004; Davidson and Levin,

2005).

The recent advances in genetic engineering have allowed a new range of genetic tools to modify
genes in living organisms. One of these advantages, the reverse genetic tools indeed, have
revealed underlying phenotypic differences between knockouts and knockdowns in a number
of different mutant systems. For instance, in mice (De Souza et al., 2006; Young et al., 2009;
Mclunkin et al., 2011; Daude et al., 2012), Drosophila (Yamamoto, 2014), zebrafish (Law and
Sargent, 2014) and in human cell lines (Karakas et al., 2007; Evers et al., 2016; Morgens et al.,
2016).

Bearing in mind that these changes could crop up in any mutant, in this study we aimed at
determining the changes that could arise in the endocannabinoid system components in mice

with a complete genetic deletion of the transient receptor potential vanilloid 1 (TRPV1) receptor.

1.1- Endocannabinoid system (ECS):

Cannabis sativa, better known as marihuana, has been used for medical practice throughout
recorded history for long time. The first documents referring to its medical use date from ancient
China around 5000 years ago, where herb extracts were used for amelioration of convulsions
and pain (Mechoulan, 1986). However, it was not until early 60’s that the first light was shed on

the matter by the discovery of Delta-9-tetrahydrocannabinol (THC), the main psychoactive
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component of approximately more than 70 phytocannabinoids identified in the plant (Gaoni and

Mechoulan, 1964; Kunos et al., 2006).

This milestone discovery led to the development of a variety of synthetic cannabinoids with
similar or distinct structures to phytocannabinoids, which finally led to the identification and
cloning of the cannabinoid receptor type 1 (CB:R) (Devane et al., 1988; Matsuda et al 1990).
Moreover, another cannabinoid receptor was identified and cloned later termed as the

cannabinoid receptor type 2 (CB;R) (Munro et al., 1993).

Despite the fact that one of the major neurotransmitter systems present in the brain was
discovered many decades ago, it remained unexplored until the early 1990s. This was due, on
one hand, to the lack of research on the plant cannabinoids, made difficult by legal constraints
and on the other hand, because even if cannabinoids had therapeutic potential, their
psychoactive effects largely limited their use in clinical practice (Zou and Kumar, 2018). Later on,
after becoming aware of the major physiological importance exerted by the ECS in body and
brain, the chemistry, metabolism, biochemistry, and pharmacology was extensively investigated

(Pertwee et al., 2010).

Even though CB1R and CB;R are widely-acknowledged as cannabinoid receptors (CBRs), several
other receptors, varying from other G protein-coupled receptors (GPCRs) to ion channels and
nuclear receptors, have been reported to interact with cannabinoids and therefore also termed
by some authors as cannabinoid receptors (Howlet et al., 2002; Kano et al., 2009; De Petrocellis
et al., 2017; Zou and Kumar, 2018). As so, it can be concluded that the ECS is composed of
cannabinoid receptors, as well as endogenous compounds known as endocannabinoids (eCBs)
that can target these receptors and the enzymes responsible for eCB biosynthesis and

degradation (Pertwee et al., 2010).

1.2- Cannabinoid receptors:

Due to their lipophilic nature, cannabinoids were initially thought to exert their biological effects
through disrupting the cell membrane in a non-specific manner. Nevertheless, after the
breakthrough discovery of THC molecule and subsequent development of chemically
synthetized cannabinoids, along with the identification and pharmacological characterization of

cannabinoids binding sites in the brain, it was revealed the existence of a putative cannabinoid
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receptor and its analogy to a GPCR (Gaoni and Mechoulan, 1964; Devane et al., 1988; Matsuda
et al 1990; Kunos et al., 2006; Pertwee, 2006).

The two major CBRs that have been expressed functionally (Matsuda, 1997), CB1R and CB;R,
belong to the GPCR family and are primarily coupled to Gi or Go proteins (Howlet et al., 2002).
Their activation inhibits adenylyl cyclase and certain voltage-gated calcium channels, while
activates several mitogen-activated protein kinases inwardly rectifying potassium channels, with
some variation depending on the cell type in which they are. Activation of these receptors
provokes a varied of consequences on cell physiology, including synaptic function modulation,

gene transcription and cell motility (Howlet et al., 2002; Lu and Mackie, 2016).

However, in the last years several evidences outlined that many of the CBR-mediated actions,
both at central or peripheral levels, could not be purely attached to the activation of CB4R and
CB3R since several important cannabimimetic actions were found in biological systems lacking
genes for these receptors such specific cell lines or transgenic mice (De Petrocellis et al., 2017).
For example, peripherally-induced antihyperalgesia persists in CB;R /CB3R knockout (KO) mice
(Zimmer et al. 1999; Akopian et al. 2008) or the neuroprotective effect of the CB;R antagonist

rimonabant in a model of cerebral ischemia independent of GPCRs (Pegorini et al. 2006).

The actions that could not be explained by classical processes of GPCRs led to the recognition of
a second family of CBRs (Akopian et al., 2009). Among these receptors, the family of transient
receptor potential channels (TRP channels) plays a key role. These channels compose a broad
family of ligand-gated ion channels that mediate the transmembrane flux of cations down their
electrochemical gradients leading to an increase of intracellular calcium and sodium

concentration (Montell, 2005).

1.2.1- Main cannabinoid receptors:

These were the first cannabinoid receptors being identified and included CB1R, CB;R, GPCR55
and peroxisome-proliferator-activated receptors (PPARs) (Matsuda, 1997; Sun and Bennett,
2007; Ryberg et al., 2007). In the brain, CB;R is primarily through the receptor that cannabinoids

exert their known actions.
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1.2.1.1- CB; receptor:

CB1R was first discovered in the brain. Later, by using autoradiography, in situ hybridization, and
immunohistochemistry, CBiR resulted to be the most widely expressed GPCR in the brain
(Mackie, 2005; Kano et al., 2009). Within it, the CB1R is highly expressed in the olfactory bulb,
hippocampus, basal ganglia and cerebellum, moderately expressed in the cerebral cortex,
septum, amygdala, hypothalamus, parts of the brainstem and the spinal cord dorsal horn, and

very low expressed in the thalamus and the spinal cord ventral horn (Mackie, 2005) (figure 1).
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Figure 1: Schematic representation of the main areas expressing CBiR. AMG, amygdala; CPu, caudate
putamen; Ctx, cortex; DRN, dorsal raphe nucleus; GP, globus pallidus; LC, locus coeruleus; NAc, nucleus
accumbens; NTS, nucleus of the solitary tract; OB, olfactory bulb; OT, olfactory tubercle; PAG,
periaqgueductal gray; SNr, substantia nigra pars reticulata; VTA, ventral tegmental area. Obtained from
Flores et al., 2013.

CBiRs are highly concentrated in presynaptic terminals, which are activated by
endocannabinoids acting as retrograde signalling molecules travelling from postsynaptic
localizations to suppress the release of GABA, glutamate or other neurotransmitters (Tsou et al.
1998; Katona et al.,, 1999; Gerdeman et al., 2001). This has been proposed as a plausible
mechanism of the CB;R-mediated neuroprotection against excitotoxicity in neurological
disorders such as epilepsy and neurodegenerative diseases (Marsicano et al., 2003; Katona and
Freund, 2008; Chiarlone et al., 2014). Even though, the possible existence of the receptor in
postsynaptic sites is not fully excluded, as functional studies have shown self-inhibition of
neocortical neurons by endocannabinoids (Marinelli et al., 2008; Marinelli et al., 2009; Castillo

et al,, 2012).

Aside from the well-known plasma membrane localization of the CB4R, intracellular localizations

in transfected non-neuronal cells, undifferentiated neuronal cells and cultured hippocampal
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cells have been reported (Rozenfeld, 2011). Probably, part of the intracellular pool represents
the constitutive and agonist-induced internalization of CB:Rs located at plasma membranes
(Leterrier et al., 2004). Besides, a distinct pool of intracellular CB:Rs in acid-filled
endo/lysosomes does not contribute to the subpopulation expressed at the cell surface
(Rozenfeld and Devi, 2008; Grimsey et al., 2010) and is in charge to augment calcium release

from the endoplasmic reticulum and lysosomes upon receptor activation (Brailoiu et al., 2011).

Another CB1R subpopulation is expressed in organelles such as mitochondria. Previous studies
have reported the effect of THC on mitochondrial-associated enzymatic activity, and have
demonstrated the presence of the receptor and its direct involvement in cellular respiration in

hippocampal neurons (Bénard et al. 2012; Hebert-Chatelain et al. 2014a, b).
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Figure 2: Subcellular localization of the CB1R. Typically, the CB1R is located at cell surface and inhibits
cyclic adenosine monophosphate (cAMP) formation and calcium influx upon activation. Constitutive and
ligand-induced internalized CB1Rs mediate signalling pathways through B-arrestin. Intracellular-localized
CB1Rs do not translocate to plasma membrane. Instead, they form a subpopulation with pharmacological
properties distinct from their plasma membrane-localized counterparts. CB1Rs located on lysosomes can
increase intracellular calcium concentrations through the release of internal calcium stores, and increase
the permeability of lysosomes. Mitochondrial CB:Rs inhibit mitochondrial cellular respiration and cAMP
production, hence regulating cellular energy metabolism. Obtained from Zou and Kumar, 2018.

In addition to neurons, CB1Rs are expressed, although to a much lower extent, in glial cells like
astrocytes and oligodendrocytes, where modulate synaptic transmission (Navarrete and Araque
2008; 2010; Stela, 2009; 2010; Castillo et al., 2012; Gutierrez-Rodriguez et al., 2017). Moreover,
CB:Rs are also in astrocytic mitochondria where they seem to regulate astroglial glucose
metabolism and social interactions (Gutierrez-Rodriguez et al., 2018; Jimenez-Blasco et al.,

submitted to Nature).
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Because of the widespread distribution of the CB1R in the human body, it participates in a broad
spectrum of physiological functions (Pacher et al., 2006; Kano et al., 2009; Macarrone et al.,
2015; Di Marzo et al., 2015) and is involved in central neural processes and disorders, including
appetite, learning and memory, anxiety, depression, schizophrenia, stroke, multiple sclerosis,
neurodegeneration, epilepsy or addiction (Iversen, 2003; Pacher et al., 2006; Kano et al., 2009;

Di Marzo et al., 2015).

Concerning the intracellular signalling of CB1Rs, these were shown to be mainly coupled to Gai/o
proteins. The activation of these receptors inhibits adenylyl cyclase (AC)/cAMP/PKA/ERK
signalling (Jung et al., 1997; Demuth and Molleman, 2006). In addition, CB1R has been proved to
activate Gas proteins, and stimulate cAMP production (McAllister and Glass, 2002) and to
stimulate calcium release from internal stores in astrocytes and endothelial cells (Fimiani et al.,
1999). Phospholipase C and downstream cascades through the coupling of CB;R with Gg/11

proteins likely regulate this (Lauckner et al., 2005).

Whereas CBiR signalling through G-protein mediated pathways has been extensively
investigated, other putative CB;iR-binding proteins, classified as scaffolding or regulatory
proteins, have been identified as potential modulators of CB:R activity (Smith et al., 2010).
Cannabinoid receptor interacting protein 1a (CRIP1a) was discovered by the Deborah Lewis
laboratory when deleting the distal C-terminal amino acids which resulted in the enhancement
of the CB1R constitutive inhibition of the voltage-dependent calcium current in superior cervical
ganglion neurons. This finding suggested that the distal C-terminal domain was involved in an
inhibitory function (Nie and Lewis, 2001a; 2001b). Since the C-terminal binds to a regulatory
protein, the Lewis laboratory performed a yeast two-hybrid screen that identified CRIP1a as a

novel CB;R-associated protein (Niehaus et al., 2007).

1.2.1.2- CB; receptor:

Few years after the discovery of the first receptor, another GPCR was identified to interact with
cannabiboids in the spleen macrophages, CB,R (Munro et al., 1993). Follow up studies revealed
a predominant expression of this receptor in immune cells and a moderate expression in other
peripheral tissues, including the cardiovascular system, gastrointestinal (Gl) tract, liver, adipose
tissue, bone and reproductive system. In opposition, the presence of the CB,R was not observed
in the central nervous system (CNS), therefore this was referred as “the peripheral CBR” (Howlet

et al.,, 2002). Nevertheless, this has been challenged recently by numerous studies
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demonstrating the expression of the CB;R in the brain, even if to a much lower extent in
comparison to the one found in immune system or compared to the expression of CB:R (Gong
et al., 2006). Although the expression of the CBzR in the CNS and peripheral nervous system
(PNS) is comparatively limited, it is certain that the CB;R plays an active function in neurological
processes, such as nociception, drug addiction and neuroimflamation (Atwood and Mackie,
2010; Dhopeshwarkar and Mackie, 2014). Furthermore, recent studies discovered the
intracellular presence of CB;R in prefrontal cortical pyramidal neurons where it regulates
neuronal excitability through the modulation of calcium activated chloride channels (Den Boon

et al.,, 2012).

1.2.2- Other cannabinoid receptors:

In the last decade, some of the mammalian TRP channels have been linked to cannabinoid
system as pharmacological evidence has suggested that cannabinoids and endocannabinoids
target more than the classical metabotropic cannabinoid receptors (Morales et al., 20173;

Morales and Reggio, 2017b; 2018) .

TRP channel superfamily (figure 3) consists of six subfamilies: canonical (TRPC), vanilloid (TRPV),
polycystin (TRPP), mucolipin (TRPML), ankyrin (TRPA) and melastatin (TRPM) (Winter et al.,
2013). Despite the fact that 28 channels compose this family, just six of them can be activated
by a variety of endogenous, plant-derived or synthetic cannabinoids, apart from other physical
and chemical stimulus. These channels, that include TRPV1-TRPV4, TRPA1, and TRPMS, are
termed as the ionotropic cannabinoid receptors (ICR) (Muller et al., 2019). Among endogenous
and exogenous non-cannabinoid compounds that activate TRP channels there can be found

natural compounds like capsaicin and allicin, from chili peppers and garlic respectively.

Inside the cannabinoid molecules that counteract with these channels, the endocannabinoid
anandamide (AEA) was the first endogenous TRPV1 agonist identified during a study of the
vasodilator action of AEA (Zygmunt et al., 1999). N-arachidonyl dopamine (NADA) and AEA were
identified as the first endogenous antagonists of TRPM8 (De Petrocellis et al., 2007). THC acts
most potently at TRPV2; moderately modulates TRPV3, TRPV4, TRPA1, and TRPMS; but does not
appear to modulate TRPV1 (De Petrocellis et al., 2011). Cannabidiol (CBD) that has been shown
to have many beneficial properties, including anti-inflammatory action, has little affinity for the
CB; and CB, receptors, but is reported to be most potent at TRPV1 and TRPMS8 channels (De

Petrocellis et al., 2011). Synthetic cannabinoids also act through these receptors, for instance, a
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CB1R agonist, WIN55,212-2, has been found to exert analgesic effects by desensitizing both
TRPV1 and TRPA1 (Ruparel et al., 2011).
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Figure 3: Mammalian TRP family tree. Obtained from Clapham 2003.

1.2.2.1-TRPV1

TRPV1 also known as the capsaicin receptor because of its affinity for this compound, is a
polymodal, non-selective cation channel expressed by major classes of nociceptive neurons in
PNS and is important for the detection of noxious stimuli (Vay et al., 2012; Caterina, 2014). lon
channels, including TRPV1, are typically found in the plasma membrane and form a passage from
outer side of the membrane to inner one (De Petrocellis et al., 2017). After being activated, the
transmembrane pore of TRPV1 opens and allows cations to pass from one side to the other.
TRPV1 can be activated by a number of endogenous and exogenous stimuli including heat, low
pH, N-acyl amides, arachidonic acid (AA) derivatives, vanilloids, capsaicin, protons and, of
course, cannabinoids (De Petrocellis et al., 2017), although in the CNS under physiological

conditions TRPV1 is unlikely to be activated by heat or low pH.

Capsaicin and resiniferatoxin (RTX), two agonists that strongly activate TRPV1, evoke strong
burning sensations. Upon activation, calcium moves through the pore and enters the cell. This

stimulates a series of calcium-dependent processes that finally lead to desensitization of the

10



Introduction

channel. In this period, the channel enters a refractory period in which it can no longer respond
to further stimulation, leading to the paradoxical analgesic effect of these compounds (lannotti

et al., 2014).

Respect to its distribution in the PNS, TRPV1 is present in about half of all somatic and visceral
sensory neurons, restricted to neurons of small to medium size in the dorsal root, trigeminal and
vagal ganglia (Caterina et al., 1997; Helliwell et al., 1998). TRPV1 is also expressed in the central
projections of sensory neurons in the dorsal horn of the spinal cord, trigeminal nucleus caudalis

and the nucleus of the solitary tract (Tominaga et al., 1998; Szallasi and Blumberg, 1999).

Even if it was controversial, TRPV1 has been shown to be also present in the CNS, notably in the
preoptic area of the hypothalamus, where it is essential for thermoregulatory responses to avoid
hyperthermia (Jancso-Gabor et al., 1970; Szolcsanyi et al., 1971). In situ hybridization has further
indicated the presence of TRPV1 in several brain nuclei (Mezey et al., 2000). Moreover, specific
antibodies and mRNA approaches revealed TRPV1 expression in many cells and brain areas, such
as dopaminergic neurons of the substantia nigra, cortical and hippocampal pyramidal neurons,
the hypothalamus and the locus coeruleus, olfactory cortex or lateral and dorsal septal nuclei
(Mezey et al., 2000; Cortright et al., 2001; Sanchez et al., 2001; Szabo et al., 2002; Roberts et al.,
2004; Téth et al., 2005; Cristino et al., 2006) (figure 4). Apart from being localized in neuronal
membranes, the expression of TRPV1 channels has also been reported in astrocytes (Doly et al.,
2004; Chen et al., 2009; Huang et al., 2010; Ho et al., 2012; Mannari et al., 2013). Furthermore,
it was reported to be in rodent and human microglial cells but mainly located in the
hippocampus, cortex, hypothalamus, cerebellum, substantia nigra, olfactory system,
mesencephalon, and hindbrain (Téth et al., 2005; Sun et al., 2013; Hironaka et al., 2014; Huang
et al., 2014; 2015; Marrone et al., 2017).

TRPV1 functions were also described in intracellular organelles, including the mitochondria,
endoplasmic reticulum (ER), lysosomes, and Golgi apparatus (Huang et al., 2010, Miyake et al.,
2015; Stueber et al., 2017). At the ultrastructural level, it was confirmed the expression of the
receptor mostly at postsynaptic sites of glutamatergic and GABAergic synapses in the molecular
layer of the hippocampal dentate gyrus (Puente et al., 2015; Canduela et al., 2015) and at the

excitatory Schaffer collateral terminals in the CA1 hippocampus (Bialecki et al., 2020) .
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Figure 4: Schematic representation of the main areas expressing TRPV1. SNc, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata. Modified from Silvin et al., 2018.

With regard to its functionality, as it is primarily present in the peripheral sensory nerve
terminals, this receptor acts as a polymodal receptor that modulates synaptic transmission at
the first sensory synapse (Tominaga et al., 1998). Several studies focus the attention on the
function of TRPV1 channels in the brain and on their role in the regulation of synaptic
transmission, since activation of TRPV1 has been shown to regulate synaptic transmission by
pre- and postsynaptic mechanisms. For instance, the activation of presynaptically located TRPV1
on afferents to the locus coeruleus potentiates the release of glutamate and
adrenaline/noradrenaline (Marinellli et al., 2002) and the effect on glutamatergic transmission
was also shown to be presynaptic in striatum (Musella et al., 2009). Presynaptic TRPV1 has been
proved to mediate glutamate release at the Schaffer collaterals synapses in CA1 hippocampus
as this effect was absent in TRPV1-KO and prevented by capsazepine (Bialecki et al., 2020). In
contrast, TRPV1 suppressed the excitatory transmission in rat and mouse dentate gyrus via
postsynaptic calcium-calcineurin and clathrin dependent internalization of AMPA receptors
(Chavez et al., 2010). In the nucleus accumbens, TRPV1-mediated depression of the excitatory

transmission is also due to a postsynaptic endocytosis of AMPA receptors (Grueter et al., 2010).

Apart from being implicated in glutamatergic transmission, TRPV1 has been proved to be also
involved in the modulation of GABAergic transmission (Drebot et al., 2006). Channel activation
by either capsaicin or AEA has been shown to depress inhibitory GABAergic transmission in the
dentate gyrus by a postsynaptic mechanism (Chavez et al.,, 2014). Furthermore, TRPV1
participates in spike-timing-dependent long-term potentiation (tLTP) in neocortical pyramidal
cells, suggesting that this receptor may be of importance for acquiring new associative

memories (Cui et al., 2018). On the other hand, the TRPV1 block resulted in a reduction of

12



Introduction

glutamatergic inputs to oriens-lacunosum-moleculare (OLM) interneurons in the hippocampus

(Hurtado-Zavala et al., 2017).

TRPV1 is present in a number of areas related to pain like primary afferent neurons, dorsal root
ganglia (DRG) and the dorsal horn of the spinal cord. However, in terms of pain modulation, it is
notable that this channel is not the only player as numerous evidence indicate complex
interactions with cannabinoid and opioid receptors. These interactions with other
neuromodulatory systems can be bidirectional, inhibitory or excitatory, acute or chronic and can
arise structurally and functionally at the molecular level in physiological or pathological

processes (Zador and Wollemann, 2015).

Regarding its function in the PNS, even though TRPV1 involvement is compelling in thermal
sensory perception, its distribution in regions not specifically involved in temperature regulation
indicates that this receptor plays a role in other functions too. Thus, TRPV1 expression in the
smooth muscle of blood vessels and bronchi causes vasodilatation and bronchoconstriction
(Mitchell et al., 1997; Zygmunt et al., 1999), while its presence in the urothelium supports its
role in micturition (Birder et al., 2002). It has also been proposed that the temperature-sensitive
property of TRPV1 may play an important role in regulating cough reflex (Lee et al., 2011) and
airway disease (Wortley et al., 2016).

1.3- Endocannabinoids (eCBs):

The successful identification and cloning of the CB1R elicited the discovery of its first endogenous
agonist, N-arachidonoylethanolamine, better known as anandamide or AEA (Devane et al.,
1992). Followed by the discovery of another cannabinoid receptor interacting endogenous
molecule, 2-arachidonoylglycerol or 2-AG, as AEA could not fully reproduce the effects induced
by THC administration (Sugiura et al., 1995; Mechoulam et al., 1995). The majority of the studies
on the ECS focuses its attention on these two eCBs, despite the existence of other CB;R
interacting peptides and a series of AA derivatives that generate endocannabinoid-like effects

(Di Marzo and De Petrocellis, 2012).

These two well-studied eCBs have been pharmacologically characterized and were found to own
distinct properties towards CB;R. AEA yielded to be a high-affinity molecule, that acts as partial
agonist of CBiR, and almost inactive at CB,R; whereas 2-AG acts as a full agonist at both

receptors with moderate to low affinity (Pertwee, 2010; Di Marzo and De Petrocellis, 2012).
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Interestingly, both eCBs counteract with many other receptors. Among those, TRPV1 receptor,
which is activated by AEA, is the best documented for its significant role in synaptic transmission
and pain regulation, whereas the interaction of 2-AG and non-cannabinoid receptors has

emerged more recently (Di Marzo and De Petrocellis, 2012).

Even though, these two eCBs have significant differences in terms of receptor selectivity, both
are produced on demand in the postsynaptic zone in response to an increased intracellular
calcium concentration (Katona and Freund, 2008; Kano et al., 2009; Castillo et al., 2012).
Nonetheless, AEA and 2-AG are synthesized, transported and metabolized on a different way.
The biosynthesis of AEA from its precursor, N-arachidonoyl-phosphatidylethanolamine (NAPE),
is launched upon neuronal depolarization or activation of ionotropic receptors, and is catalysed
from NAPE by a specific phospholipase D (NAPE-PLD). 2-AG, in contrast, is originated from the
metabolism of triacylglycerols by the activity of diacylglycerol lipase (DAGL) a or B, in response
to activation of metabotropic receptors coupled to the 1-Phosphatidylinositol-4,5-bisphosphate
phosphodiesterase beta enzyme (PLCB) such as group | metabotropic glutamate receptors
(mGIuR1/5) or muscarinic acetylcoline type 1 (M1) or type 3 (M3) receptors (Araque et al., 2017).
Formation of NAPE and DAG precursors is the calcium-sensitive and restricting step in eCB
production. These compounds are converted from phosphatidyl-ethanol-amine by N-
acyltransferase and phosphoinositides by phospholipase C, respectively (Pacher et al., 2006;
Murataeva et al., 2014).

Once synthetized, the eCBs are released from postsynaptic neurons to the synaptic cleft but due
to their uncharged hydrophobic nature, endocannabinoids are unable to diffuse freely like other
neurotransmitters, and although it has not been yet identified, several models have been
proposed to elucidate the transport of AEA (Nicolussi and Gertsch, 2015). For instance, simple
diffusion generated by differences in concentration gradients generated from enzymatic
degradation, endocytosis involving caveolae/lipid rafts or through transport proteins such as
fatty acid binding proteins or heat shock protein 70 (HSP70) (Kano et al. 2009). For the case of
2-AG, same transport systems as AEA have been proposed, but it is not well understood either
(Huang et al., 2016). After eCBs are taken up by neurons, these can be metabolized through
hydrolysis or oxidation. AEA is degraded by fatty acid amide hydrolase (FAAH) into free AA and
ethanolamine (Ahn et al.,, 2008; Di Marzo, 2009), while 2-AG is mostly hydrolyzed by
monoacylglycerol lipase (MAGL) into arachidonic acid and glycerol (Blankman et al., 2007;
Rouzer and Marnett, 2011). Other enzymes like o/B-Hydrolase domain-containing 6 (ABHD6)

are also involved but in a minor proportion (Dinh et al., 2002; Marrs et al., 2010).
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As mentioned before, eCBs are synthetized on demand in postsynaptic neurons in response to
physiological or pathological stimuli (Kano et al., 2009; Castillo et al., 2012; Katona and Freund,
2012; Araque et al., 2017). Even though, there is also evidence that both 2-AG activating
postsynaptic CB1R or CB;R and AEA through TRPV1 can act in a non-retrograde manner (Castillo
etal., 2012). Furthermore, eCBs released by neurons can modulate presynaptic and postsynaptic
circuits through the activation of CB1R expressed on astrocytes (Navarrete et al., 2014; Metna-

Laurent and Marsicano, 2015) (figure 5).
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Figure 5: Representative image of ECS compounds distribution in neurons and glial cells. Arrows
represent the role of TRPV1 in eCB signalling. AEA may serve as an endogenous ligand for both CB:R and
TRPV1, with activation of CBiR on presynaptic terminals leading to attenuated transmitter release.
Activation of TRPV1 leads to enhanced transmitter release (if expressed presynaptically) or promotes
depolarization of the postsynaptic terminal (if expressed postsynaptically). The relative roles of TRPV1
and CB:R on glutamatergic versus GABAergic terminals may depend on the concentration of the ligand.
Obtained from Patel et al., 2017.

1.4- Hippocampal formation:

The hippocampal formation (HF) consists of the hippocampus proper and the neighbouring
areas from the brain cortex that connect with it. The hippocampus proper includes the ‘cornu
ammonis’ (CA) fields: the most studied are CA1 and CA3 fields and the smaller, less investigated,

CA2 field. Altogether, the hippocampal formation is formed by the entorhinal cortex (EC),
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divided into lateral and medial EC, dentate gyrus (DG), CA1, CA2, CA3, subiculum, presubiculum

and parasubiculum.

The hippocampal formation and its connections are quite unique and allowed a good
identification of the elements present in the circuitry (Cajal, 1955). When compared with
neocortex, the simplicity of the hippocampus encouraged the early researchers of memory to
study synaptic plasticity (Bliss and Lomo, 1973) and functional capacities (Marr, 1971; Gardner-
Medwin, 1976). Remarkably, one of the features that makes unique this structure is that it
contains largely unidirectional projections, a crucial detail for those early experiments (Andersen
et al., 2006) (figure 6). The main projection from cortical areas that enters the information into
the hippocampus comes from the superficial layers of the EC forming the well-known perforant
path (PP), whereas the deep layers and the subiculum provide the necessary output from the

hippocampus to the rest of the brain (Harley et al., 2014).

Figure 6: Representatives images of the hippocampal organization. a) Schematic representation of the
hippocampal main connectivity. b) Cajal’s drawing of the human hippocampus. Modified from
Hippocampus anatomy by David S. Touretzky, 2015.

The PP is commonly subdivided in the lateral perforant path (LPP) and the medial perforant path
(MPP) that project from the lateral and medial EC, respectively (Hjorth-Simonsen, 1972) (figure
7). These two PP parts show differences in the anatomical organization. Hence, Timm’s stained
brain sections showed denser staining in the LPP than MPP (West and Andersen, 1980; Fredens,
1981) and Witter and colleagues (1989) found differences in physiology and histochemical

organization.
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Figure 7: The hippocampal circuitry. The dentate gyrus (DG) receives most of its inputs from layer Il of
the entorhinal cortex through the medial and lateral perforant path (MPP and LPP, respectively). The
axons of the granule cells extend towards the pyramidal cells of the cornu ammonis (CA) 3 region, forming
the glutamatergic mossy fibres. The projections of the CA3 pyramidal cells form the Schaffer collaterals,
which make excitatory synapses with CA1 pyramidal cell dendritic spines. Finally, CA1 neurons complete
the hippocampal circuitry by projecting their axons to the deep layers of the entorhinal cortex. CA1 also
receives direct input from layer Ill of the entorhinal cortex through the temporoammonic pathway (TA).
Obtained from Pinar et al., 2017.

1.4.1- ECS and dentate gyrus:

The dentate gyrus (DG) is composed primarily of the glutamatergic granule cells (GC), and differs
from other hippocampal areas because it contains an additional glutamatergic cell type, the
mossy cells. Mossy cells are termed for their characteristic ‘mossy’ appearance after being
stained with the Golgi technique, which also reveals clusters of complex spines on their proximal
dendrites, known as thorny excrescences. Mossy cells have been shown to be implicated in
numerous pathological conditions, but their physiological functions remain unclear (Scharfman,

2016).

The granule cells are oriented in a stereotypical manner. Thus, their dendrites are in the
molecular layer (ML) and their cell bodies form the adjacent granule cell layer (GCL). Between
the GCL and CA3, there is a polymorphic layer called the hilus, which contains the mossy cells.
The molecular layer is subdivided into the outer molecular layer (OML), the middle molecular
layer (MML) and the inner molecular layer (IML). This anatomical organization is similar in
rodents and primates (Scharfman, 2016). The main cortical input that enters into the DG comes
from the glutamatergic PP arising in the entorhinal layer Il. This projection is responsible for
most of the afferent inputs to the OML (LPP) and MML (MPP) (Steward and Scoville, 1976;

Amaral et al., 2007; Witter, 2007). Furthermore, the axons of the hilar mossy cells are the
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primary afferents to the IML (Ribak et al., 1985; Buckmaster et al., 1996; Scharfman and Myers,
2013). The GC axons (mossy fibres) project to the CA3 pyramidal neurons and send collaterals

to the mossy cells (Amaral et al., 2007).

Concerning the ECS, several studies have demonstrated the immunohistocheminal localization
of the major metabotropic and ionotropic receptors in the brain and appear to be co-expressed
in membranes of cell bodies, axons and dendrites of several brain regions. Indeed, two general
patterns of neuronal CBi/TRPV1 localization were observed, one in which both receptors
expression is overlapped in plasma membranes and perinuclear compartments, and another
where the two receptors are co-expressed on perikaryal membranes and cell processes
(perisomatic and axonal labelling). The first pattern was in interneurons of the hippocampal
formation, thalamic and hypothalamic neurons and in neurons of the cerebellar nuclei. The
second distribution pattern was usually found in hippocampal pyramidal neurons, basal ganglia
neurons, Purkinje cells and ventral periaqueductal gray (PAG) neurons (Cristino et al., 2006). The
HF is one of the structures with the highest CB;R immunoreactivity in the brain. Several studies
have described the CB;R pattern in the hippocampus (Herkenham et al., 1990; Mailleux and
Vanderhaeghen, 1992; Matsuda et al., 1993; Tsou et al., 1998; Marsicano and Lutz, 1999;
Egertova and Elphick, 2000; Katona et al., 2006; Kawamura et al., 2006; Ludanyi et al., 2008;
2011; Katona and Freund, 2008; 2012; Steindel et al.,, 2013; Hu and Mackie, 2015). CB;R
localization is mostly, but not exclusively, in membranes of GABAergic and glutamatergic
presynaptic axon terminals (Gutierrez-Rodriguez et al., 2017), being highly expressed in the
glutamatergic mossy cell terminals in the IML and to a lesser extend in the rest of the ML
(Kawamura et al., 2006; Monory et al., 2006; Katona and Freund, 2008; 2012). Also, CB;Rs are
localized in astrocytic processes (Bosier et al.,, 2013; Gutierrez-Rodriguez et al., 2018) and
mitochondrial membranes of the hippocampus (Benard et al., 2012; Hebert-Chatelain et al.,

2014a,b).

With respect to TRPV1, immunohistocheminal studies revealed its localization in synapses
mainly, but not exclusively, in postsynaptic dendritic spines of several rat central neurons (Téth
et al., 2005). Furthermore, using a highly sensitive preembedding immunogold method for
electron microscopy, TRPV1 was shown at inhibitory and excitatory synapses in the dentate
gyrus (Canduela et al., 2015; Puente et al., 2015). Hence, about 30% of the inhibitory synapses
are TRPV1 immunopositive in the ML being mostly localized perisynaptically at postsynaptic
dendritic membranes receiving symmetric synapses in the IML (Canduela et al., 2015). As to its

presence at excitatory synapses, TRPV1 immunopaticles are highly concentrated in postsynaptic
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dendritic spines receiving PP synaptic terminals in the outer 2/3 of the ML (Puente et al., 2015).
Finally, our laboratory has very recently demonstrated the presence TRPV1 in presynaptic CA1
Schaffer collateral terminals (Bialecki et al., 2020) which confirms previous reports describing
similar presynaptic TRPV1 localization in other brain areas (Marinelli et al., 2002; Musella et al.,
2009; Kawahara et al., 2011). Also, we observed a high accumulation of TRPV1 particles in the
cytoplasm of granule cells (Canduela et al., 2015) as shown in several brain regions (Téth et al.,
2005; Cristino et al., 2006; 2008). However, it is not yet clarified the role of intracellular TRPV1:
there might be involved in calcium release from intracellular stores required for glutamatergic

synaptic plasticity (Chavez et al., 2010) and mitochondrial viability (Athanasiou et al., 2007).

Concerning possible functional interactions between CB; and TRPV1 receptors, some authors
have previously shown functional cross talks between both receptors when they are expressed
in the same cell. For example, CB; and TRPV1 activation exerts opposing effects on intracellular
calcium concentrations (Szallasi and Di Marzo, 2000). Thus, some dual agonists, like AEA or
NADA, can cause opposite effects on neurotransmitter release depending on the activated
receptor. This has been already demonstrated in the substantia nigra pars compacta for
glutamate release (Marinelli et al., 2003). In the hippocampus, activation of CB; and TRPV1
receptors also elicits opposing effects on both excitatory and inhibitory neurotransmission in
principal neurons and interneurons, respectively (Tahmasebi et al., 2015). The data suggest that
the opposing actions occur for GABA in the context of paired-pulse depression (Al-Hayani et al.,
2001). In vivo administration of AEA and NADA can also produce similar behavioural effects
through both receptors, i.e., hypolocomotion due to the co-localization of CB; and TRPV1
receptors in the basal ganglia (Di Marzo et al., 2001; de Lago et al., 2004). The co-localization of
both receptors in brainstem nuclei controlling emesis (area postrema and nucleus of the solitary

tract) may explain the potent anti-emetic effects of dual agonists (Sharkey et al., 2007).

It is likely, therefore, that interactions between CB; and TRPV1 receptors expressed in the same
cell might promote reciprocal influences on gene expression. In fact, TRPV1 expression
decreased in the DG and increased in the cerebellar granule cell layer in CB;R-deficient mice

(Cristino et al., 2006) suggesting that CB;Rs exert a basal regulation over TRPV1 expression.
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1.5- ECS and synaptic plasticity:

Synaptic plasticity is an essential process occurring in the brain for the adaptation and learning
relative to experiences of neuronal circuits. It is also an indicative of normal brain functioning.
From embryonic phase to adulthood, environmental stimuli provoke changes of synaptic
function and individual experiences are imperative for learning new memories, develop new
abilities or generate new conducts that would end in a better adaptation. The ECS has
demonstrated to participate as a key modulator of synaptic transmission; thus, its participation

in synaptic plasticity is undeniable.

Synaptic transmission regulation produced by eCB mobilization occurs both in the short and long
term. Those synaptic changes that occur within seconds are eCB-mediated short-term changes
and include depolarization-induced suppression of excitation (DSE) and inhibition (DSI)
depending on whether eCBs affect glutamatergic or GABAergic terminals, respectively (Kano et
al., 2009; Castillo et al., 2012). Long-term synaptic changes, those occurring from minutes to
hours, can occur in response to different forms of pre- or postsynaptic activity also in both types
of terminals (Araque et al., 2017). Therefore, eCBs are powerful mediators of synaptic function
through the brain and have proved to be able to modulate a number of brain functions, including
cognition, motor control, emotion, reward and feeding behaviours. Dysregulation of the ECS has
been linked to neuropsychiatric disorders, such as depression, autism, schizophrenia, addiction,
stress or anxiety (Hillard et al., 2012; Mechoulam and Parker, 2013; Parsons and Hurd, 2015;
Volkow et al., 2017).

eCBs regulate synaptic function through activating CB1Rs in GABAergic and glutamatergic
terminals (Kano et al., 2009; Castillo et al., 2012). Within the HF, as CB;Rs are mostly expressed
at inhibitory terminals (Freund et al., 2003), eCBs exert a robust effect on inhibition, decreasing
GABA release in a short-term (Wilson and Nicoll, 2001) or long-term manner by triggering long-
term depression (LTD) of inhibition (iLTD) (Chevaleyre and Castillo, 2003). This inhibition of
GABA release can profoundly affect the excitatory-inhibitory balance in the circuitry and
contribute to associative learning (Letzkus et al., 2015). When interneuron are inhibited, eCBs
facilitate the generation of excitatory long-term potentiation (LTP) at Schaffer collateral (SC)-

CA1 pyramidal cell synapses (SC-CA1) (Carlson et al., 2002; Chevaleyre and Castillo, 2004).

In the circuit formed between the EC and the HF, eCBs have been implicated in input-timing-

dependent plasticity (Xu et al., 2012; Basu et al., 2013), a form of heterosynaptic plasticity at SC-
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CA1 synapses that is generated by pairing SC and PP inputs from the EC (Dudman et al., 2007).
This plasticity involves both eCB-iLTD from cholecystokinin (CCK) positive interneuron (CB;
positive) and the previously mentioned SC-CA1 LTP (Carlson et al., 2002; Chevaleyre and Castillo,
2004; Basu et al., 2013). Precise timing of both SC inputs onto CCK interneurons and PP inputs
to postsynaptic CA1 pyramidal cells is needed for this plasticity. Presynaptic eCB-iLTD of
feedforward inhibition in CCK interneurons may facilitate activation of CA1 pyramidal cells (Basu
et al., 2013). In the mouse neocortex, eCBs mediate spike timing-dependent LTD at excitatory
synapses (eLTD), which is typically induced by pairing induction protocols (Caporale and Dan,
2008; Heifets and Castillo, 2009). A form of eCB mediated LTD was also found in the nucleus
accumbens (Grueter et al., 2010) and in the bed nucleus of the stria terminalis (BNST) (Puente
et al.,, 2011). eCB-mediated short-term plasticity (DSI/DSE) is based on the CB;R-mediated
inhibition of presynaptic calcium influx through voltage-gated calcium channels (Kano et al.,

2009).

How CB;R activation leads to long-lasting suppression of transmitter release (eCB-LTD) still
needs to be understood (Castillo et al., 2012; Araque et al., 2017). In the mouse DG, our group
recently found a long-lasting CB;R-dependent depression of MPP-GC excitatory synapses
(Pefiasco et al., 2019). The stimulation protocol used for eCB-eLTD induction in this work was
previously used to consistently induce eCB-dependent eLTD in other brain regions such as
prefrontal cortex or BNST (Lafourcade et al., 2007; Puente et al., 2011). In this form of plasticity,
the magnitude of eCB-eLTD was unchanged after bath application of the NMDA receptor
antagonist D-APV. This suggests that, unlike in other synapses, NMDA receptors are not involved
in this form of eCB-eLTD at the MPP synapses (Bender et al., 2006; Sjostrom et al., 2003). We
further found that this LTD was 2-AG dependent through activation of presynaptic CB1Rs located
on excitatory terminals (Pefiasco et al., 2019). Interestingly, although the CB1R expression in the
IML is very high in glutamatergic terminals due to the excitatory input coming from the hilar
mossy cells (Katona et al., 2006; Kawamura et al., 2006; Monory et al., 2006; Gutiérrez-Rodriguez
et al., 2017), the stimulation protocol inducing eCB-eLTD at the MPP synapses was unable to
induce eCB-eLTD at mossy cell-granule cell synapses (Chiu and Castillo, 2008; Pefiasco et al.,

2019).
Within the DGML, other forms of synaptic plasticity have been characterized. For instance, the

TRPV1-dependent LTD at the MPP synapses was shown to require mGIuR5 activation, but not

mGIuR1, increased AEA synthesis and involved postsynaptic AMPA receptor internalization
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(Chavez et al., 2010). A similar TRPV1-LTD was induced by the same stimulation protocol in the

BNST, which also required activation of postsynaptic mGIuR5 receptors (Puente et al., 2011).

Studies have shown that eCBs can also mediate LTP by unconventional mechanisms in both the
hippocampus and neocortex. Thus, at the SC-CA1 synapses, eCBs trigger LTP of glutamate
release through stimulation of the astrocyte-neuron signalling (Navarrete and Araque, 2008;
Gomez-Gonzalo et al., 2015). In the DG, high frequency LPP stimulation in vitro triggers a
presynaptic form of LTP that requires postsynaptic NMDAR and mGluR5-dependent calcium rise,
postsynaptic 2-AG mobilization and activation of presynaptic CB;Rs (Wang et al., 2016). How
exactly CB4R activation leads to a long-lasting increase in glutamate release is unclear but it could

involve reorganization of the presynaptic actin cytoskeleton in LPP terminals (Wang et al., 2018).
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Rat

Rat

Rat

Rat

Rat,
mouse

Rat,
mouse

Rat,
mouse

Mouse

Synapse type

MCF inputs to dentate granule cells (DGC)/
(MCF-DGC synapses)

MCF inputs to DGC/(MCF-DGC synapses)

GABAergic inputs to DGC/(GABAergic-DGC
synapses)

GABAergic inputs to hilar mossy cells (HMC)/
(GABAergic-HMC synapses)

MPP inputs to DGC/(MPP-DGC synapses)

LPP inputs to DGC/(LPP-DGC synapses)

LPP inputs to DGC/(LPP-DGC synapses)

MPP inputs to DGC/(MPP-DGC synapses)

Induction protocol

Depolarization step (from =70 mV to o mV) of 3-s

Theta-burst stimulation or high frequency

stimulation or spike-timing dependent plasticity

Depolarizing step of 1-3 s or a series of short
(500 ms) repetitive depolarizations

Depolarization step of 5-s

Brief postsynaptic depolarizations (1 Hz)

2 trains of 100 Hz, each lasting 1s

1 or 2 trains of 100 Hg, lasting 1s

1 train of 10 Hz, lasting 10 min

Induction requirement

eCB-DSE, calcium-dependent, modulated
by cholinergic and group | mGIuRs, DAGL
independent

No eCB-LTD

eCB-DSl, calcium dependent, involves
ryanodine receptor (RyR)-mediated Ca2+
release

eCB-DSI, confined to very small spaces
(e.g., €20 um), Ca2+ dependent and
facilitated by activation of mAChRs

Anandamide-mediated TRPV1-LTD in a CB1
receptor-independent manner, Ca2+
calcineurin and clathrin-dependent
internalization of AMPA receptors

2-AG-mediated CB1-LTP via small GTPases
and the assembly of latrunculin A-sensitive
actin filaments

2-AG-mediated CB1-LTP involving 1
integrins and presynaptic actin regulatory
signaling

eCB-LTD, is group | mGluR-dependent
and requires intracellular calcium influx
and 2-AG synthesis

Reference

Chiu and Castillo-2008

Chiu and Castillo-2008

Isokawa and Alger-2005

Hofmann et al. (2006)

Chavez et al., (2010)

Wang et al. (2016)

Wang et al. (2018)

Pefiasco et al. (2019)

Table 1: Different forms of eCB dependent-synaptic plasticity in DG glutamatergic and GABAergic synapses. Adapted from Pefiasco et al., 2019.
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1.6- ECS and epilepsy:

Epilepsy is a common neurological condition that affects approximately 1 % of the adult
population (Hauser and Hesdorffer, 1990) and diverse groups of seizure disorders are included,
varying in their onset region, age, pathophysiological symptoms, and underlying mechanisms.
Generally, half of the epileptic disorders are classified as acquired epilepsy (AE), where an insult
in the brain, such as stroke, status epilepticus (SE) or head trauma, results in a permanent
neuronal plasticity shift (Hauser and Hesdorffer, 1990). Although epilepsies can be subdivided
into many different pathological disorders, all of them come along with spontaneous recurrent
seizures (SRS) discharges, resulting from the synchronous firing of a certain neuronal population
due to an imbalance between excitatory and inhibitory neuronal transmission (Lothman et al.,
1991; Scharfman, 2007; Badawy et al., 2009a; 2009b). In recent years, although there are a wide
range of antiepileptic drug (AED) treatments available, it has been predicted that between 25%
and 40% of newly diagnosed epileptic patients will suffer from refractory seizures resistant to
current therapies (Schmidt and Sillanpaa, 2012). This is the reason why it is emphasized the need
for new therapeutic targets in this disease for a better control of seizures (Wilcox et al., 2013).
As already stated before, ECS plays a key role in the brain through its modulation of several
processes in both physiological and pathological conditions (Di Marzo et al., 1998; Alger, 2006;
Mackie and Stella, 2006; Kano et al., 2009; Castillo et al., 2012). Taking into account that SRS
display intermittent activity, it is suggested that a transient dysregulation of synaptic
transmission within either a certain brain region (focal seizures) or affecting more than one brain
region (generalized seizures) takes place. Many studies have focused their attention on
understanding the potential role that the ECS function and dysfunction could have controlling

or provoking epileptic seizure discharge (Blair et al., 2015).

Animal models have demonstrated that activation of CB:Rs decreases seizure severity.
Conditional mutant mice lacking CBiRs in principal forebrain excitatory neurons (but not in
interneurons) showed more severe kainate (KA)-induced seizures compared to wildtype
controls (Marsicano et al., 2003). In the hippocampus, CBiR expression in hippocampal
glutamatergic, but not GABAergic inputs, was necessary and sufficient to protect against KA-
induced seizures (Monory et al., 2006). Furthermore, overexpressing CB;Rs with viral vectors
resulted in a reduced KA-induced seizure severity in the hippocampus and reduced mortality
(Guggenhuber et al., 2010). Together, these results demonstrate that CB;Rs could control
epileptic seizures and protect neurons from resulting cell death and reactive gliosis (Rosenberg

etal., 2015). In addition, TRPV1 activation was found to inhibit calcium influx and decrease GABA
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release from hippocampal synaptosomes, consequently increasing the excitability of pyramidal
cells (Kofalvi et al., 2006; Gibson et al., 2008). However, activation of presynaptic TRPV1
inhibited CA1 pyramidal neurons by enhancing the GABAergic trasnsmission (Al-Hayani et al.,
2001; Kofalvi et al., 2006). The increased epileptiform activity and hyperexcitability in the
hippocampus after TRPV1 agonist stimulation was suppressed by vanilloid receptor antagonists
(Chen et al., 2007; Bhaskaran and Smith, 2010; Gonzalez-Reyes et al., 2013). Furthermore, the
pro-convulsant activity of the TRPV1 agonist capsaicin (CAP) was blocked by the antagonist
capsazepine (CPZ) which was also able to prevent pentylenetetrazole (PTZ)-induced seizures
(Manna and Umathe, 2012) as it occurs in TRPV1 knockout (TRPV1-KO) mice (Kong et al., 2014).
Interestingly, the TRPV1 expression significantly increased in the hippocampus and cortex of
rodents and patients with temporal lobe epilepsy (Bhaskaran and Smith, 2010; Sun et al., 2013).
Altogether, these data suggest that hippocampal TRPV1 plays an important role in epilepsy with
TRPV1 activation accelerating epileptogenesis while TRPV1 antagonism having beneficial effects

(Fu et al., 2009).
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More than two decades have passed since the two main cannabinoid receptors (CB:R and CB3R)
and their mediating pharmacological mechanism were identified (Matsuda, 1997; Howlet and
Mukhopadhyay, 2000). In addition, numerous cannabinoid effects have been described and well
characterized, both at central and peripheral tissues. Nevertheless, some of the pharmacological
actions could not be explained only by the activation of these two receptors, since in cell lines
or mutant mice lacking genes of one or both receptors, several cannabinoid-like actions were
found. In line with this, cannabinoids have been shown to modulate ligand-gated ion channels
and ion-transporting membrane proteins (De Petrocellis et al., 2017), thereafter been named as

ionotropic cannabinoid receptors (ICRs) (Akopian et al., 2009).

Within ionotropic cannabinoid receptors (ICRs), the members from the family of transient
receptor potential (TRP) channels play a major role compared to others, including channels from
TRPV, TRPM and TRPA subfamilies (De Petrocellis et al., 2017). These channels regulate the
transmembrane flux of cations throw electrochemical gradients, increasing intracellular
concentrations of calcium and sodium (Montell, 2005). One of the first channels identified in
mammalian cells, and therefore one of the most extensively investigated, was TRPV1 (Nilius and
Szallasi, 2014). Numerous evidence have outlined the complexity of the interactions between
this channel and the cannabinoid receptors, defining them as bidirectional, inhibitory or
excitatory, acute or chronic, that happen at the ultrastructural level affecting also functionality

(Zzador and Wollemann, 2015).

In the dentate gyrus molecular layer, CB; receptors are present in glutamatergic and GABAergic
synaptic terminals, mainly presynaptically but not exclusively, and in astrocytes (Gutierrez-
Rodriguez et al., 2017; Bonilla-Del Rio et al., 2019), and TRPV1 receptors are mainly postsynaptic
at glutamatergic and GABAergic synapses (Puente el al., 2015; Canduela et al., 2015). Moreover,
both CB; and TRPV1 receptors mediate different types of synaptic plasticity in DGML (Chavéz et
al., 2011; 2014; Pefasco et al., 2019). Taking into account that also both receptors interact with
some same molecules, our working hypothesis in this thesis work was that the absence of either
receptor should be accompanied by some compensatory mechanisms in the structure of the
endocannabinoid system that should have an impact on the information processing by neural

circuits in physiological conditions.

We tested this hypothesis in a mouse model carrying the genetic deletion of TRPV1. We have
made use of biochemical tools to determine protein expression of the endocannabinoid system,

immunohistochemical analysis for keeping up ultrastructural rearrangements in CB; receptor
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distribution, electrophysiological evaluation of synaptic transmission and plasticity, and
behavioural tests to assess hippocampal-linked behaviours. Finally, we have also evaluated the

response of the TRPV1-KO mice to the KA-induced model of epilepsy.
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Objectives

The main goal of this work was to determine the impact of the genetic ablation of the TRPV1
receptor on the CB4R expression and function in the DGML. For this investigation, we planned
an interdisciplinary strategy combining a wide range of techniques of molecular biology,

biochemistry, anatomy, electrophysiology and behaviour.

The specific objectives of the doctoral thesis were to:

1. Analyse the overall expression pattern of compounds of the endocannabinoid system in
the hippocampus of TRPV1-KO mice by an immunoperoxidase method for light
microscopy and western blot analysis.

2. Establish the CB1R distribution in cellular and subcellular locations in the dentate gyrus
molecular layer of TRPV1-KO mice by means of an immunogold method for electron
microscopy.

3. Characterize changes in synaptic plasticity and their mechanisms in the dentate gyrus
molecular layer of TRPV1-KO mice by field excitatory post-synaptic currents
electrophysiology.

4. Assess hippocampal-related behaviours in TRPV1-KO mice by behavioural tests.

5. Evaluate the effect of the kainic acid model of excitotoxic seizures in TRPV1-KO mice.

33



34



Materials and Methods

4- Materials and Methods

35



Materials and Methods

36



Materials and Methods

4.1- Animals:

The experiments were performed in the Laboratory of Ultrastructural and Functional
Neuroanatomy of the Synapse, Department of Neurosciences, University of the Basque Country
UPV/EHU. All protocols were approved by the Committee of Ethics for Animal Welfare of the
University of the Basque Country (CEEA/M20/2015/105; CEIAB/M30/2015/106) and were in
accordance to the European Communities Council Directive of 22nd September 2010
(2010/63/EU) and Spanish regulations (Real Decreto 53/2013, BOE 08-02-2013). All efforts were
made to minimize pain and suffering and to reduce the number of animals used. Adult male
TRPV17" mice aged 6-8 weeks and their wild type littermates (WT) were used to perform
experiments. These mice were derived from heterozygous breeding pairs generated by crossing
of B6.129X1-Trpvltm1Jul/J mice (The Jackson Laboratory) with C57BL/6j mice (Janvier-labs) in
the animal facilities located in the campus of Leioa (EHU/UPV). Every animal used was

genotyped in the General Service “Genomics and Proteomics” of the University.

Mice were housed in pairs or groups of maximum three littermates in standard Plexiglas cages
(17 cm x 14.3 cm x 36.3 cm) and before experiments were conducted, they were allowed to
acclimate to the environment for at least 1 week. Animals were maintained at standard
conditions with food and tap water ad libitum throughout all experiments and in a room with
constant temperature (22 °C). Mice were kept in a 12 h: 12 h light/dark cycle with lights off at 9
p.m. Behavioural experiments were conducted during the light phase of mice between 9:30 a.m.

and 3 p.m.

4.2- Antibodies:

The primary antibodies were used in combination with the corresponding secondary antibodies
for the techniques of: immunoperoxidase for light microscopy (LM); combined preembedding
silver intensified immunogold and immunoperoxidase for electron microscopy (EM) and

western blotting (W.B).
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4.2.1- Primary antibodies: (TABLE 1)

Manufacturer; species; catalogue

Antibody [Concentration]
number; RRID
2 ug/ mlIHC Frontier Institute co., Itd; goat
Anti-cannabinoid receptor type-1 (CB;)
polyclonal; CB1-Go-Af450;
AB_2571592
0.2 ug/ mW.B Frontier Institute co., Itd; rabbit
Anti-cannabinoid receptor type-1 (CB;) polyclonal; CB1-Rb-Af380;
AB_2571591
20 ng/ ml IHC Sigma-Aldrich; mouse
Anti-glial fibrillary acidic protein (GFAP) monoclonal; G3893;
AB_257130
4 pl/ mlIHC Synaptic Systems; mouse
Anti-Gephyrin
monoclonal; 147021; AB_2232546
2 pug/ ml IHC Frontier Institute co, Itd; rabbit
Anti-monoacylglycerol lipase (MAGL) 0.2 ug/ mlwW.B polyclonal; MGL-Rb-Af200;
AB_2571798
2 pg/ ml IHC Frontier Institute co, Itd; rabbit
Anti-diacylglycerol lipase alpha
0.2 ug/ mlwW.B polyclonal; DGLa-Rb-Af380;
(DAGLQ)
AB_2571691
Anti- N- 4 pg/ ml IHC
Frontier Institute co, Itd; guinea
acetylphosphatidylethanolamine- 0.2 ug/ mlwW.B
pig polyclonal; NAPE-PLD-Gp-
hydrolysing phospholipase D (NAPE-
Af720; AB_2571806
PLD)
1 ug/ mlIHC Cayman Chemical; rabbit
Anti-fatty acid amide hydrolase (FAAH)
0.2 ug/ mlW.B | polyclonal; 101600-1; AB_ 327842
0.4ng/ulW.B | Santa Cruz Biotechnology; rabbit
Anti-CNRIP1 (Y-12) polyclonal; sc-137401;
AB_10709018
0.04 ng/ ul W.B | Santa Cruz Biotechnology; rabbit:
Anti-Go
K-20; AB_2314438
0.2 ng/ ulW.B Santa Cruz Biotechnology; rabbit
Anti-Gil

polyclonal; sc-391, AB_2247692
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0.2 ng/ ulW.B Santa Cruz Biotechnology; rabbit
Anti-Gi2
polyclonal; sc-7276, AB_2111472
4 pg/ Wl W.B Santa Cruz Biotechnology; rabbit
Anti-Gi3
polyclonal; sc-262, AB_2279066
0.2 ug/ mlW.B | Sigma-Aldrich; rabbit polyclonal;
Anti-actin
A2066; AB_476693
42 pg/ Wl W.B BD Biosciences; mouse
Anti-PLC B
monoclonal; 610924, AB_398239

4.2.2- Secondary antibodies: (TABLE 2)

Antibody

[Concentration]

Manufacturer; species; catalogue

number; RRID

Biotinylated anti-mouse secondary

antibody

7.5 ug/ mlICH

Vector Labs; BA-2000; AB_2313581

Biotinylated anti-goat secondary

antibody

7.5 ug/ mlICH

Vector Labs; BA.5000; AB_2336126

Biotinylated anti-rabbit secondary

antibody

7.5 ug/ mlICH

Vector Labs; BA-1000; AB_2313606

1.4 nm gold-conjugated anti-goat

IgG (Fab’ fragment) antibody

0.8 ug/ mlICH

Nanoprobes Inc; rabbit polyclonal;

Cat-2005; AB_2617133

Goat anti-guinea pig IgG HRP

conjugated

1 ng/ mlW.B

Bioss; bs-0358G; AB_10860553

Goat anti-rabbit IgG HRP

conjugated

1 ng/ mlW.B

Cell Signalling Technology; 7074;
AB_2099233

Rabbit anti-goat IgG HRP

conjugated

1 ng/ mlW.B

Sigma-Aldrich; rabbit polyclonal;
A5420, AB_258242

Sheep anti-mouse IgG HRP

conjugated

1 ng/ mlW.B

GE Healthcare; sheep; NA9310,
AB_772193
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4.3- Drugs:

All drugs for electrophysiology were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and

were added at the final concentration to the superfusion medium (Table 3).

Kainic acid (KA) was dissolved in 0.9% sodium chloride (saline) for dosage preparation in

intrahippocampal administrations.

4.3.1- Electrophysiology drugs: (TABLE 3)

Drug Description Concentration Incubated time Supplier
of use
Picrotoxin (PTX) | GABAareceptor [100 um] All recording Tocris
antagonist BioScience
(Bristol, United
Kingdom)
AM251 Potent CB; [4 um] 20 min of Tocris
antagonist and additional BioScience
GPR55 agonist incubation (Bristol, United
Kingdom)
WIN 55.212-2 Potent [5 um] 20 min of Tocris
cannabinoid additional BioScience
receptor agonist incubation (Bristol, United
Kingdom)
CP 55.940 Non-selective, [10 pum] All recording Tocris
potent BioScience
cannabinoid (Bristol, United
receptor agonist Kingdom)
JZL 184 Potent and [50 um] 1 h of additional Tocris
selective MAGL pre-incubation BioScience
inhibitor (Bristol, United
Kingdom)
URB597 Potent and [2 um] 20 min of Tocris
selective FAAH additional BioScience
inhibitor incubation
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(Bristol, United
Kingdom)
THL Potent inhibitor [10 pum] 20 min of Santa Cruz
of DAGLa additional Biotechnology
incubation Inc (Spain)
AMG9810 TRPV1 receptor [3 um] All recording Tocris
antagonist BioScience
(Bristol, United
Kingdom)
D-APV Potent, [50 um] All recording Tocris
selective NMDA BioScience
antagonist; an (Bristol, United
active form of Kingdom)
DL-APV
Latrunculin A G-actin [0.5 um] 20 min of Tocris
monomer additional BioScience
polymerization incubation (Bristol, United
blocker Kingdom)
LY 354740 Potent mGluR-Il [100 pm] All recording Tocris
agonist BioScience
(Bristol, United
Kingdom)

4.4- Immunohistochemical procedures:

4.4.1- Preservation of mouse brain tissue:

Mice, TRPV1-KO and WT littermates (at least three of each condition), were deeply anesthetized

by intraperitoneal administration of a mixture of ketamine/xilacine (80/10mg/kg body weight).

They were transcardially perfused through the left ventricle at room temperature (RT) with
phosphate buffered saline (0.1 M PBS, pH 7.4) for 20 seconds, followed by the iced-cooled

fixative solution made up of 4% formaldehyde (freshly depolymerized from paraformaldehyde),
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0.2% picric acid and 0.1% glutaraldehyde in phosphate buffer (0.1 M phosphate buffer, pH 7.4)

for 10-15 minutes or 250 ml for each mouse.

Then, brains were carefully removed from skull and post-fixed in the fixative solution for 1 week
at 4°C. After, brains were stored in 0.1 M phosphate buffer (PB) diluted fixative solution (1:10)

containing 0.025% sodium azide at 4°C until use.

4.4.2- Avidin-biotin peroxidase method for light microscopy:

This indirect immunohistochemical method uses avidin-biotin complex (ABC) to amplify the
signal of biotinylated secondary antibody that has previously added to recognize the primary

antibody used to identify the protein of interest.

This ABC consists of biotin associated with peroxidase and avidin mixture in a proportion that
some avidin-biotin binding sites are left free. The biotin of the secondary antibody binds to the
free valences of the avidin and forms AB complexes. These complexes bind to each other in
succession in order to enhance this signal. 3,3’-diamenobenzidine (DAB) was used for revealing
this signal. This chromogen is oxidized in a medium containing hydrogen peroxide and gives a
reddish-brown precipitate when the peroxidase in the ABC catalyses the decomposition reaction
of hydrogen peroxide and forms free oxygen species. To discard false positives, negative controls

were run simultaneously in each experiment.

This is the protocol in detail:

1. Brain was cut into 50 pm-thick coronal vibrosections (Leica VT 1000s) and collected in
0.1 M phosphate buffer (PB, pH 7.4) at RT.

2. Hippocampal vibrosections were pre-incubated in a blocking solution of 10% bovine
serum albumin (BSA), 0.1% sodium azide and 0.5% triton X-100 prepared in Tris-
hydrogen chloride buffered saline (TBS 1X, pH 7.4) for 30 min at RT.

3. They were incubated in the corresponding primary antibody (TABLE 1), prepared in the
blocking solution, and was kept shaking gently for 2 days at 4°C. Negative controls were
incubated only in blocking solution.

4. Tissue was rinsed several times in a washing solution composed of 1% BSA and 0.5%
triton-X100 in TBS 1X for 30 min to remove excess of antibody.

5. Sections were incubated with biotinylated antibody (1:200) (TABLE 2) prepared in the
washing solution for 1h on a constant movement at RT.

6. Tissue was washed several times in washing solution.
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7. Sections were incubated in avidin-biotin complex (1:50; avidin-biotin peroxidase
complex, Elite, Vector Laboratories, Burlingame, CA, USA) prepared in washing solution
for 1h at RT.

8. Tissue was washed several times in washing solution and then last washes were made
with 0.1 M PB and 0.5% triton X-100.

9. Slices were incubated in 0.05% DAB and 0.01% hydrogen peroxide prepared in 0.1 M PB
and 0.5% triton X-100.

10. They were washed several times in 0.1 M PB and 0.5% triton X-100.

11. They were mounted in previously gelatinized slides.

12. Sections were dehydrated in graded alcohols, 5 minutes each (50°, 70°, 96° and 100°).

13. They were cleared in Xilol (3 X 5 min).

14. Sections were coverslipped with DPX mountain solution.

15. Finally, they were studied and photographed with a Zeiss Axiocam light microscope

coupled to Zeiss AxioCamHRc camera.

4.4.3- Single pre-embedding immunogold and combined pre-embedding immunogold

and immunoperoxidase method for electron microscopy:

This technique has been used for ultrastructural localization of proteins with nanogold particles
(Baude et al., 1993; Lujan et al., 1997; Mateos et al., 1999; Elezgarai et al., 2003; Puente et al.,
2010a, 2010b; Reguero et al., 2011, 2014; Gutiérrez-Rodriguez et al. 2017, 2018; Puente et al.,
2019). In my thesis work, the preembedding immunogold was used for the cellular and
subcellular localization of CB;R in DGML. In the case of double immunostainings, one of the
secondary antibodies was a Fab’ fraction conjugated to a 1.4 nm gold particle, and the other
secondary was a biotinylated antibody. The small size of gold particles allowed a greater
penetration into the tissue increasing the sensitivity of the method, while the simultaneous
labelling of a second epitope permitted the co-localization of two proteins, which resulted in a
better identification of cells such as astrocytes and microglia (figure 1). Furthermore, the
preembedding method preserved antigen-antibody reaction better than other EM methods, as
this happened before osmium tetroxide exposure and resin polymerization at high

temperatures. Negative controls were run simultaneously in each experiment.
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Figure 1: Cartoon of how antibody reaction works on single (a) and combined (b) preembedding
immunogold method for electron microscopy. Adapted from Puente et al., 2019.

The following protocol was applied (figure 2):
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Brain was cut into 50 um-thick coronal vibrosections (Leica VT 1000S) and collected in
0.1 M phosphate buffer (PB, pH 7.4) at RT.

Hippocampal vibrosections were pre-incubated in a blocking solution of 10% bovine
serum albumin (BSA), 0.1% sodium azide and 0.02% saponin prepared in Tris-hydrogen
Chloride buffered saline (TBS 1X, pH 7.4) for 30 min at RT.

Sections were incubated in the primary antibodies: goat polyclonal anti-CB1R antibody
(1:100) alone or with mouse monoclonal anti-gephyrin (1:300) or mouse monoclonal
anti-GFAP (1:1000) for double immunostaining, prepared in blocking solution of 10%
bovine serum albumin (BSA), 0.1% sodium azide and 0.004% saponin prepared in TBS
1X (pH 7.4), and were kept shaking gently for 2 days at 4°C. Negative controls were
incubated only in blocking solution.

Tissue was washed in washing solution composed of TBS 1X and 1% BSA for 30 minutes.
Sections were incubated in secondary nanogold antibody (TABLE 2) alone or with a
secondary biotinylated antibody for double immunostaining. Both secondary antibodies
were prepared in a blocking solution of 1% bovine serum albumin (BSA), 0.1% sodium
azide and 0.004% saponin in TBS 1X (pH 7.4) for 3h in the case of single labelling and 4h

for double immunostaining, on a shaker at RT.
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Tissue was washed several times in washing solution (TBS 1X and 1% BSA) for 30
minutes.

Sections processed for double immunostaining were incubated with avidin-biotin
complex (1:50) prepared in washing solution for 1.5h at RT on a shaker.

Tissue was washed several times in washing solution and left in the last wash overnight
on a shaker at 4°C.

Sections were post-fixed with 1% glutaraldehyde prepared in TBS 1X for 10 minutes at
RT.

They were washed several times with doubled distilled water for 30 minutes.

Gold particles were silver intensified with HQ silver kit (Nanoprobes Inc., Yaphank, NY
USA).

Sections were washed several times with double distilled water for 10 minutes.

They were washed several times in 0.1 M PB (PH 7.4) for 30 minutes.

For double immunostaining, sections were incubated in 0.05% DAB and 0.01% hydrogen
peroxide prepared in 0.1 M PB for 5 minutes at RT.

Stained sections were osmicated with osmium tetroxide in 0.1 M PB for 20 minutes at
RT.

They were washed several times in 0.1 M PB for 30 minutes.

Tissue sections were dehydrated in graded alcohols (50°, 70°, 96° and 100°) to propylene
oxide, 5 minutes in each and 15 minutes (3 times 5’) in 100°C and propylene oxide.
Sectiones were incubated in a mixture of 1:1 Epon resin 812 and propylene oxide on a
shaker at RT overnight.

They were embedded in Epon resin 812 for 2h on a shaker at RT.

Tissue sections were kept in the oven at 60°C for resin polymerization for 48 h.
Ultrathin 50 nm-thick sections were cut in an ultramicrotome (RMC Products,
PowerTome XL) and collected on mesh nickel grids.

Grids were counterstained with 2.5% lead citrate for 20 minutes at RT.

Tissue specimens were examined and photographed in the electron microscope. Two
electron microscopes were used: Philips EM208S and JEOL JEM 1400 plus. Electron
micrographs were taken at 22,000x magnification by using a digital Morada camera from
Olympus coupled to the Phillips EM208S electron microscope, the area of each electron
micrograph was up to 20 um?2. The JEOL electron microscope had its own camera
incorporated to take snap assemblings at 8,000x magnification covering an area of up

to 300 um? corresponding to 15 electron micrographs taken with the Morada camera.
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Figure 2: Timeline of the general steps for pre-embedding immunoelectron microscopy techniques.

Adapted from Puente and colleagues (2019).
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4.4.4- Semi-quantification analysis:

Immunolabelled sections obtained from three different mice of each condition were visualized
under the light microscope in order to first dissect the hippocampus, then the DG and further

the IML and the outer 2/3 of the DML, which corresponds, with the termination zone of the PP.

Chosen zones contained a good and reproducible CB;:R, GFAP and gephyrinimmunolabelling and
conserved good ultrastructure for a reliable quantification. Moreover, to further standardize the
conditions of the analysis, only the first 1.5 um from the surface of the tissue was snapped.
Metal particles were counted on presynaptic terminal membranes, mitochondrial outer
membranes and astrocytic membranes. Sampling was always performed accurately in the same

way for all studied mice.

For identification of the synaptic terminals, ultrastructural and chemical features were taken
considered. Hence, glutamatergic synapses were identified by their characteristic asymmetric
synapses with thick postsynaptic densities and presynaptic buttons containing clear, spherical
and abundant synaptic vesicles. Inhibitory synapses formed symmetric synapses and exhibited
gephyrin immunoreaction product (only present in this type of synapses); also, the inhibitory

terminals had typical pleomorphic synaptic vesicles.

To determine the proportion of CB1R labelled terminals in each condition, a synaptic button was
considered positive when at least one gold particle was on the presynaptic membrane or within
about 30nm from the plasma membrane. Astrocytes were identified when GFAP
immunoreaction product was found inside cellular profiles (then considered as GFAP positives).
Image J (FIJI) free software was used to measure the following parameters: percentage of CB1R-
positive terminals; percentage of CB;R-positive mitochondria; percentage of CB;R-positive
astrocytic processes; density of CBiR particles in membranes of terminals and astrocytes;
terminals perimeter; number of terminals and astrocytic processes per area and proportion of
CB:R immunoparticles in terminal membranes versus total CB1R expression in cell membranes.
The statistical significance of differences was analysed by Student’s t-test or Mann-Whitney test.
Results were displayed as mean + S.E.M. using a statistical software package (GraphPad Prism,
GraphPad Software Inc, San Diego, USA). Values of p < 0.05 were considered statistically

significant.
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4.5- Molecular biology methods:

4.5.1- Western blotting of whole hippocampal homogenates:

Mice (7-8 per group) were deeply anaesthetised by inhalation of isoflurane (2-4%) before
decapitation. Hippocampi from both hemisphere were dissected and manually homogenized
with a plastic stick in a homogenization lysis buffer composed of 10 mM PB (pH 7.4), 5 mM
ethyleneglycol-bis(2-aminoethylether)- N,N,N’,N’ tetraacetic acid, 5 mM ethylene-diamine-
tetra-acetic acid, 1mM dithiotreitol, and the protease inhibitor cocktail (Ref. P-8340, Sigma-
Aldrich). Thereafter, samples were kept 30 min on ice and centrifuged for 15 min at 13,000 rpm.
The resulting supernatant was used as soluble protein extract and protein concentrations were
estimated using Bio-Rad Protein Assay reagent (Ref. 500-0006, Bio-Rad Laboratories SA). The
same amount of protein (15 pg) was loaded onto any kDa polyacrylamide gel (Ref. 456-9036,
Bio-Rad Laboratories Inc.). After electrophoresis (150 V for 60 min), samples were transferred
for 3 min to a polyvinylidene difluoride (PVDF) membrane (Ref. 170-4157, Transfer Pack Trans-
Blot Turbo, Bio-Rad Laboratories Inc., Spain) using the Trans-Blot Turbo System (Bio-Rad).
Membranes were then blocked for 2h in TBS-T buffer (Tris-hydrogen Chloride buffered saline
(10 mM Tris-HCl pH 7.6, 150 mM NaCl) and 0.1% Tween-20) containing 5% non-fat dry milk
(Sveltesse, Nestle) and incubated overnight with primary antibody at 4°C (anti-CB;; anti-MAGL
and anti-FAAH) used at 1:1000 dilution.

After several washes, membranes were incubated for 1h with corresponding horseradish
peroxidase-conjugated secondary antibody used at 1:2000 dilution. Immunoblot was visualized
by chemiluminescence (Ref. Li-Cor, Bonsai Advanced Technologies SL) and quantified by
densitometry using Image Studio Lite 4.0 (Li-Cor, Bonsai Advanced Technologies SL). To ensure
equal protein loading, stripping buffer (100 mM glycine, pH 2.3) was applied to blots, washed,
and incubated with anti-actin antibody (1:2000). The statistical significance of differences
between both mice was analysed by Student’s t-test or Mann-Whitney test. Statistical
significance was set at the 95 % confidence level. Results were displayed as mean + S.E.M using
a statistical software package (GraphPad Prism, GraphPad Software Inc, San Diego, USA). Values

of p < 0.05 were considered statistically significant.

For studying more in depth the effects of the genetic deletion of TRPV1 receptor on the ECS, the
following techniques were applied in collaboration with the laboratory of Dr. Joan Sallés Alvira

(Department of Pharmacology, Faculty of Pharmacy, University of the Basque Country UPV-EHU,
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Vitoria-Gasteiz, CIBERSAM). They performed western blotting analysis of CB1R, MAGL, FAAH,
DAGLa, NAPE-PLD, CRIP1a and Gi/o a subunits in hippocampal membranes (P2 fraction) and
synaptosomes, as well as [**S] GTP,S binding assays in synaptosomes. The results obtained are
described here with the permission of Dr. Joan Sallés Alvira, Dr. Gontzal Garcia del Cafio and

Miguel Saumell Esnaola.

4.5.2- Western blotting of hippocampal synaptosomes:

Hippocampal synaptosomes were prepared as previously described by Dodd et al. (1981) with
slight modifications (Garro et al., 2001) from mice 8 weeks old of both conditions (WT and
TRPV1-KO). Mice were anaesthetised with isoflurane and decapitated; right after brains were
removed and placed on ice-cold 0.32 M sucrose, pH 7.4, containing 80 mM Na2HPO4 and 20
mM NaH2PO04 (sucrose phosphate buffer) with protease inhibitors (lodoacetamide 50 uM, PMSF
1 mM). The tissue was minced and homogenized in 10 volumes of sucrose/phosphate buffer
using a motor-driven Potter Teflon glass homogenizer (motor speed 800 rpm; 10 up and down
strokes; mortar cooled in an ice-water mixture throughout). The homogenate was centrifuged
at 1.000x g for 10 min and obtained pellet (P1) was re-suspended and pelleted. The supernatants
(51 + S1’) were pelleted at 15.000 x g (P2) and re-suspended in the homogenization buffer to a
final volume of 16 ml. This P2 fraction is a heterogeneous population including myelin fragments,
synaptosomes and free mitochondria. The suspension was layered directly onto tubes
containing 8 ml 1.2 M sucrose phosphate buffer, and centrifuged at 180.000 x g for 20 min. The
material retained at the gradient interface (synaptosome + myelin + microsome) was carefully
collected with a Pasteur-pipette and diluted with ice-cold 0.32 M sucrose/phosphate buffer to
a final volume of 16 ml. The diluted suspension was then layered onto 8 ml of 0.8 M sucrose
phosphate buffer, and centrifuged as described above. The obtained pellet was re-suspended in
ice-cold phosphate buffer, pH 7.5 and aliquoted in microcentrifuge tubes. Aliquots were then
centrifuged at 40,000 x g for 30 min, the supernatants were aspirated and the pellets correspond
to the nerve terminal membranes were stored at -80°C. Protein content was determined using

the Bio-Rad dye reagent with bovine y-globulin as standard.

Western blotting was performed as previously described with minor modifications (Garro et al.,
2001; Lépez de Jesus et al., 2006). Briefly, hippocampal synaptosome fractions were boiled in
urea-denaturing buffer [20 mM Tris-HCI, pH 8.0, 12 % glycerol, 12 % Urea, 5 % dithiothreitol, 2
% sodium dodecyl sulfate (SDS), 0.01 % bromophenol blue] for 5 min. Denaturized proteins were

resolved by electrophoresis on SDS—polyacrylamide (SDS-PAGE) gels and transferred to
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nitrocellulose or PVDF membranes at 30 V constant voltage overnight at 4°C. Blots were blocked
in 5 % non-fat dry milk/phosphate buffered saline containing 0.5 % BSA and 0.1 % Tween for 1h,
and incubated with the antibodies overnight at 4°C. Blots were washed and incubated with
specific horseradish peroxidase conjugated secondary antibodies diluted in blocking buffer for
1.5h at RT. Immunoreactive bands were incubated with the ECL system according to the
manufacturer instructions. In these experiments, differences between the relative expressions
of proteins were analysed by regression line slopes comparison method by a statistical software

package (GraphPad Prism, GraphPad Software Inc, San Diego, USA).

4.5.3- Agonist stimulated [3°S] GTPyS binding assays:

The [3S] GTPyS binding assays were performed following the procedure described elsewhere
(Barrondo and Sallés, 2009; Casado et al., 2010). Briefly, hippocampal synaptosomal membranes
were thawed, and incubated at 30°C for 2h in [3*S] GTPyS-incubation buffer (0.5 nM [**S] GTPyS,
1 mM EGTA, 3 mM MgCl;, 100 mM NacCl, 0.2 mM DTT, 50 uM GDP, BSA 0.5 % and 50 mM Tris-
HCl, pH 7.4). The CB1R agonist CP 55.940 (10° - 10° M) was added to determine receptor-
stimulated [**S] GTPyS binding. Nonspecific binding was defined in the presence of 10 uM
unlabelled GTPyS. Basal binding was assumed to be the specific [3*S] GTPyS binding in the
absence of agonist. Reactions were stopped by rapid vacuum and filtration through Whatman
GF/B glass fibre filters and the remaining bound radioactivity was measured by liquid

scintillation spectrophotometry.

For data analysis of [**S] GTPyS binding assays, individual CP 55.940 concentration-response

curves were fitted by nonlinear regression to the four parameter Hill equation.

E = Basal + Emax- Basal/1+ 10 (Log ECso-Log [A]) nH

Where E denotes effect, log [A] the logarithm of the concentration of agonist, nH the midpoint
slope, Log ECso the logarithm of the midpoint location parameter, and Emax and basal the upper

and lower asymptotes, respectively.

All [**S] GTPyS binding assays experiments were performed in triplicate and the results were
obtained from three independent experiments. Data are expressed as the mean + S.E.M.
Experimental data were analysed using a computerized iterative procedure (GraphPad Prism

version 6.0) by directly fitting the data to the mathematical model described above. The
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statistical significance of differences between Emax and between pECso values was analysed by
paired two-tailed Student’s t-test followed by the Tukey—Kramer multiple comparison tests.
Statistical significance was set at the 95 % confidence level. A statistical software package was

used (GraphPad Prism, GraphPad Software Inc, San Diego, USA).

4.6- In vitro electrophysiology:

4.6.1- Slice preparation:

Mice were anaesthetised with isoflurane (2-4 %) and decapitated. Brains were quickly removed
and deposited in a sucrose-based solution at 4°C consisted of (in mM): 87 NaCl, 25 glucose, 75
sucrose, 7 MgCl2, 0.5 CaCl2, 2.5 KCl and 1.25 NaH2PO4. Vibratome was used for sectioning the
brain into coronal sections (300 um thick, Leica Microsistemas S.L.U.); slices were collected and
recovered at 32-35°C, before being placed in the recording chamber and superfused (2 ml/min)
with artificial cerebrospinal fluid (aCSF) containing (in mM): 130 NaCl, 23 NaHCO3, 11 glucose,
1.2 MgClI2, 2.4 CaCl2, 2.5 KCl and 1.2 NaH2PO4, equilibrated with 95 % 02 // 5 % CO2. All
experiments were carried out at 32—35°C and Picrotoxin (PTX; 100 uM, Tocris Bioscience UK)

was added to the aCSF in order to block GABAA receptors.

4.6.2- Extracellular field recordings:

Field fEPSPs were recorded in hippocampal DGML. The stimulation electrode (borosilicate glass
capillaries, Harvard apparatus UK capillaries 30-0062 GC100T-10) was placed in the MCFL, in the
MPP or in the LPP and the glass-recording pipette, filled with aCSF, always in the MCFL. To ensure
the right location of the electrodes in the MPP, the potent mGIluR2 agonist LY354740 was applied
as it has been previously shown to selectively depress MPP synapses in the DML (Chavez et al.,
2010). To evoke field excitatory postsynaptic potential responses (fEPSPs), repetitive control
stimuli were applied at 0.1 Hz (Stimulus Isolater ISU 165, Cibertec, Spain; controlled by a Master-
8, with an isolation unit A.M.P.l.). An Axopatch-200B (Axon Instruments/Molecular Devices,
Union City, CA, USA) was used to record the data filtered at 1-2 kHz, digitized at 5 kHz on a
DigiData 1440A interface collected on a PC using Clampex 10.0 and analysed using Clampfit 10.0
(all obtained from Axon Instruments/Molecular Devices, Union City, CA, USA). In the beginning
of each experiment, an input-output curve was established. Stimulation intensity was chosen
for baseline measurements that yielded between 40 and 60 % of the maximal amplitude

response.
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To induce a presumable eCB driven eLTD of glutamatergic inputs, a low frequency tetanic
stimulation (LFS, 10 min at 10 Hz) protocol was applied following recording of a steady baseline

as previously described (Robbe et al., 2002; Puente et al., 2011; Pefiasco et al., 2019, 2020).

4.6.3- Data analysis:

The magnitude of the fEPSP area for eCB-eLTD after tetanic stimulation was calculated as the
percentage change between baseline area (averaged excitatory responses for 10 min before LFS)
and last 10 min of stable responses, recorded 30 min after the end of the LFS. At least three mice
were used for each experimental condition. WT and TRPV1-KO littermates were intermixed

during experiments.

The paired-pulse ratio (PPR) was calculated by averaging the ratio of the fEPSP initial slopes
(P2/P1) of 30 pairs of pulses (50 msec interpulse interval), where P2 corresponded to fEPSP2

slopes (2™ evoked responses) and P1 to fEPSP1 slopes (1%t evoked responses).

4.7- Behavioural studies:

Behavioural tests were conducted in 7-8-week-old mice (10-11 per each condition). They were
kept in a temperature- and air flux-controlled room 30 minutes before starting the trial; tests
were performed in the same conditions. They were carried out in the same room, always in the
light phase and the same time period. Two blinded observers monitored all tests and used at
least one stopwatch. All experiments were recorded using a digital camera (Panasonic Lumix).
To avoid olfactory cues, maze and objects were cleaned with 70 % EtOH and then rinsed with

water before each trial.

4.7.1- Novel object-recognition test (NORT):

It was used to assess non-spatial recognition memory. This behaviour depends on hippocampal
function and is based on the tendency of rodents to explore more objects that are new rather

than familiar ones.

The test was performed in an L-shape maze made of white Plexiglas with two corridors (30 cm
and 35 cm long, respectively, 4.5 cm wide and 15-cm high walls) set at a 90° angle and under a

weak light intensity (50 Lux). It consisted of three consecutive trials (9 minutes each) in 3 days.
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The first was the habituation day where mice were placed at the intersection of the two arms
and were let explore freely both arms. On the second day, two identical objects were placed at
the end of each arm. Mice were let explore the objects. Last day, a new object replaced one of
the identical objects. This object was different in shape, colour and texture and was placed in
the position of the replaced one; the familiar object remained unchanged. The position of the

novel object and the pairings of novel and familiar objects were randomized.

At least one experienced observer blinded to the genotypes (WT and TRPV1-KO) scored each
mouse exploration. Exploration was considered the time the mouse spent with the nose pointing
to the object at a distance no more than 1 cm; climbing on or chewing the object was not
assessed. To evaluate memory performance, the discrimination index was calculated as the
difference between the time spent exploring the novel (TN) and the familiar object (TF) divided
by the total exploration time (TN+TF): discrimination index = (TN-TF)/(TN+TF) (Puighermanal et
al. 2009).

4.7.2- Barnes-maze spatial-memory and strategy test (BM test):

It is a dry-land based behavioural test to study spatial memory in mice (Bach et al., 1995). This
memory task is hippocampal-dependent and mice learn the relationship between spatially

placed visual cues in the surrounding environment and a fixed escape box.

We used an adapted protocol for BM based on Rueda-Orozco et al., 2008. Thus, an elevated
circular platform with 20 spaced holes around the perimeter was used. Escape box was fixed
under one hole and pointed with two visual clues of different shape and colour while the
remaining 19 holes were left empty. As bright light and high open spaces are aversive to mice,
the height layout of the maze and the lighting source above were motivating factors to induce
escape. The escape box and visual clues were maintained at a fixed location for the whole
duration of the test consisisting of four daily trials during five days. Mice typically use a sequence
of three different search strategies (random, serial, and spatial) to learn the location of the

escape box.

During the daily trials, at least two blinded experienced observers scored the strategies
displayed by the mice and measured the time taken to complete each task. First, mice were
placed in the escape box for 1 minute, then were placed in the centre of the maze and let them

explore freely for 4 minutes to find the escape box. The results were scored in the following
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manner: 1) no strategy (NS): the escape box was not found during the exploration period; 2)
random strategy (RM): the escape box was found after random search through different holes;
serial strategy (SE): the escape box was found following serial holes with no turns back; spatial
strategy (SP): the animal aimed at the escape box right straight from the centre. The time taken
to enter into the escape box was measured in each trial. The statistical significance of differences
between WT and TRPV1-KO mice was analysed by Two-Way ANOVA test. Results were displayed
as mean = S.E.M. using a statistical software package (GraphPad Prism, GraphPad Software Inc,

San Diego, USA). Values of p < 0.05 were considered statistically significant.

4.8- Kainic acid model of excitotoxic seizures:

The kainic acid model of excitotoxic seizures is widely used to simulate temporal lobe epilepsy.
This model has contributed to the understanding of the molecular, cellular and pharmacological
mechanisms underlying epileptogenesis since it displays neuropathological and
electroencephalographic features that are seen in patients with temporal lobe epilepsy

(Lévesque and Avoli, 2013).

4.8.1- Intrahippocampal administration of kainic acid (KA):

KA (20mM) was administered intrahippocampally based on the protocol described by Sierra et

al. 2015.

Six-week-old male mice (n = 15 WT and TRPV1-KO each) were used. They were anaesthetised by
intraperitoneal injection of ketamine/xilacine (100/10mg/kg body weight), then were placed in
the stereotaxic frame and the craniotomy was performed. After setting the injector (Nanoject Il
Auto-Nanoliter injector, Drummond Scientific Company) in the stereotaxic arm, KA was injected
in the dorsal hippocampus according to the coordinates: anteroposterior (AP) - 1.7,
mediolateral (ML) + 1.6mm, dorsoventral (DV) - 1.9mm. Fifty nanolitres (11 x 4.6 nL, every 10
s) of 20mM KA were delivered into the right hippocampus using the Nanoject controller. After 2
minutes, the injector needle was removed to avoid backflow of the fluid. Mice were taken out
from the stereotaxic frame, incision stitched, and placed on a heat pad until recovery from

anaesthesia.
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4.8.2- Behavioural scoring of seizure severity:

Mice were scored during 4 hours after surgery. The severity of the behavioural seizures was
rated every 30 minutes according to a modified Racine’s scale (1972). Racine developed a scale
(RS) to score seizures in the amygdala-kindling model by establishing the relationship between
EEG changes and the development of motor seizures. Nowadays, RS is still in use and often
adapted for fitting better in a wide variety of seizure and epilepsy models (Clement et al. 2003;

Vinogradova and van Rijn, 2008; Luttjohann et al., 2009).

Seven stages of intensity were defined in the modified Racine’s scale based on the behavioural
symptoms displayed by the animals during the seizures after being recovered from the effects
of the anaesthesia: “staring and immobility” (stage 1); “tail extension and forelimb clonus”
(stage 2); "rearing and repetitive movements” (stage 3); “rearing and falling” (stage 4);
“continuous rearing and falling” (stage 5); “tonic-clonic seizures with loss of posture, jumping
and wild running” (stage 6); “death” (stage 7). The maximum score reached by each animal in
each period was taken for the analysis. The statistical significance of differences between WT
and TRPV1-KO mice was analysed by Two-Way ANOVA test. Results were displayed as mean +
S.E.M. using a statistical software package (GraphPad Prism, GraphPad Software Inc, San Diego,

USA). Values of p < 0.05 were considered statistically significant.
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5- Results
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5.1- Expression pattern of components of the ECS in the WT and TRPV1-

KO mice hippocampus.

5.1.1- Immunohistochemistry of CB:R and endocannabinoid enzymes in WT and

TRPV1-KO mouse hippocampus.

The immunostaining patterns of CBiR and the main enzymes for synthesis and degradation of
the two main endocannainoids, 2-AG and AEA, were analysed in WT and TRPV1-KO by an

immunoperoxidase method for light microscopy (LM) (figure 1).

WT TRPV1-KO

CB4R

DAGLa

MAGL

NAPE-PLD

FAAH

Figure 1: Expression patterns of components of the ECS in the hippocampus of WT and TRPV1-KO mice.
Immunoperoxidase method for LM. Immunostaining for CB1R; DAGLa enzyme; MAGL enzyme; NAPE-PLD
enzyme and FAAH enzyme. Note a general increase in protein staining (though FAAH is very poor) except
for DAGLa which shows a discreet decrease overall but particularly in CA1 stratum lacunosum moleculare.
Scale bars: 500 um.
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First, a change in the expression pattern was observed in the hippocampus of TRPV1-KO
compared to WT. Thus, an increase was found for CB;R, MAGL, NAPE-PLD and FAAH, whereas

DAGLa expression seemed to lightly decrease.

All micrographs were taken with the same light intensity and exposure time in order to allow
comparisons. The staining obtained for MAGL and FAAH was faint in the hippocampus of WT
and TRPV1-KO mice compared to the other stainings. MAGL, FAAH and NAPE-PLD showed a
general increase throughout the entire hippocampus of TRPV1-KO. MAGL expression increased
more than FAAH and NAPE-PLD remarkably increased in the hilus and CA3 stratum lucidum, the
termination zone of the mossy fibres. CB;R expression noticeably increased overall being

particularly strong in the DGML, CA3 stratum radiatum and CA1 stratum pyramidale.

5.1.2- Expression of CBiR and endocannabinoid enzymes in whole hippocampal

homogenates and synaptosomes of WT and TRPV1-KO hippocampus.

The expression of CB;R, DAGLa, FAAH and MAGL were analysed in whole homogenate extracts
obtained from hippocampi of WT and TRPV1-KO (figure 2). CB:R increased 27.5 % in TRPV1-KO
(values: control vs 127.5 + 23.83 %; p = 0.301 ns; n= 8) but was not statistically significant (figure
2a). However, FAAH significantly increased (56 %) in the TRPV1-KO (values: control vs 156.3 +
23.52 %; p = 0.0467 *; n= 8) (figure 2b). As to the 2-AG related enzymes, DAGLa remained
unchanged (values: control vs 109.5 = 7.5 %; p = 0.2476 ns; n= 2) (figure 2c) but a greatly
significant increase (~288 %) was found in MAGL expression in TRPV1-KO relative to WT (values:

control (100 %) vs 388.1 + 54.7 %; p = 0.0001 ***; n= 8) (figure 2d).
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Figure 2: Relative expression of CBiR and endocannabinoid enzymes in whole hippocampal whole
homogenates from WT and TRPV1-KO mice. a) Immunoblot for CB1iR. The increase observed in TRPV1-
KO is not significant. B) Immunoblot for FAAH. There is a significant increase in TRPV1-KO versus WT. c)
Immunoblot for DAGLa. No changes are observed in its expression. d) Immunoblot for MAGL. The enzyme
increases outstandingly in TRPV1-KO. Data were analyzed by means of non-parametric or parametric tests
(Mann—-Whitney U test or unpaired t-test); *p < 0.05; ***p < 0.001. Data are expressed as mean + S.E.M.

However, doubts existed as global detection of CB:R expression might be masking underlying
differences in specific ultrastructural compartments. To figure it out, homogenates were
purified to P2 fractions where all the cellular and subcellular membranes were separated from
the cytosolic fraction. Again, there was not found any significant change in the CB;R expression

between TRPV1-KO and WT (values: control vs 96.18 + 16.38 %; p = 0.8213; ns) (figure 3).
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Figure 3: Immunoblot and relative expression of CBiR in P2 extract of raw membranes from WT and
TRPV1-KO mice hippocampi. Not significant changes in CB1R expression are detected in TRPV1-KO versus
WT. Unpaired t test. p > 0.05. Data are shown as mean + S.E.M.

Then, synaptosomal fractions were extracted from homogenates to study the expression of

endocannabinoid-related proteins in synaptic terminals (figure 4).
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CB1
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MAGL

FAAH
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Figure 4: Immunoblots of CBiR, PLC1, DAGLa, MAGL, FAAH and NAPE-PLD in synaptosomes from WT

WT

KO. WT KO. WT KO. WT KO
— - -

- ——

- - —

S e e e — —

and TRPV1-KO mice hippocampus. See the text for values details.

Synaptosomal fractions revealed a significant decrease in CB;R and MAGL in TRPV1-KO
compared to WT. Thus, CB1R dropped about 45 % (WT slope values: 5.878 + 0.5065; TRPV1-KO:
3.214 +0.8289 (p = 0.0092; **) (figure 5a) and the decrease in MAGL was about 42 % (WT slope
values: 6.512 + 1.381; TRPV1-KO: 3.763 + 1.161 (p = 0.0431; *) (figure 5b). Also, a moderately
decrease in ~ 28 % was observed in NAPE-PLD in the TRPV1-KO (3.499 + 1.268 (p = 0.4186; ns)
relative to WT (4.836 + 0.8018) (figure 5c). Finally, the expression of DAGLa (WT: 6.498 + 0.5544;
TRPV1-KO: 5.724 + 0.2046 (p = 0.3194; ns) (figure 5d); FAAH (WT: 6.419 + 0.7261; TRPV1-KO:
5.973 + 0.3228 (p= 0.607; ns) (Figure 5e) and PLCB (WT: 7.569 + 0.5175; TRPV1-KO: 7.231 %

0.6894 (p= 0.6343; ns) (figure 5f) did not change.
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Figure 5: Linear regression analysis of the relative expression of CBiR and enzymes of the ECS in
synaptosomal extracts from WT and TRPV1-KO mice hippocampus. a) CB1R. b) MAGL enzyme. c) NAPE-
PLD enzyme. DAGLa enzyme. e) FAAH enzyme. Fisher’s exact test. p > 0.05; *p < 0.05; **p <0.005. Data
are displayed as mean + S.E.M.

5.1.3- CP 55.940 stimulated [3*S] GTP,S binding assays in synaptosomal fractions from
WT and TRPV1-KO mice hippocampus.

[®*S] GTP,S binding assays were performed with the CB;R agonist CP 55.940 in synaptosomal
extracts obtained from the hippocampi of WT and TRPV1-KO mice. Hence, CP 55.940 stimulated
[3°S] GTP,S binding in both WT and TRPV1-KO in a concentration dependent manner (figure 6a).
However, there was a significant increase in the maximum efficacy (Emax) in TRPV1-KO (193.70 +
12.21 % over the basal activation) with respect to WT (maximum efficacy: 176.20 £ 9.73 % over
the basal activation) (p < 0.05; *) (figure 6a). Furthermore, there were not changes in the
potency (ECso) of the CP 55.940 stimulation (ECso in WT: -6.47 £ 0.14; in TRPV1-KO: -6.58 + 0.01
(p =0.5139; ns) (figure 6a), but a decrease in the basal activation in TRPV1-KO (86.25 + 1.02 %)
compared to WT (100 £ 1.76 %) (p = 0.0203; *) was found (figure 6b).
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Figure 6: Effect of genetic TRPV1 deletion in CB1R functionality. a) Representative image of CP 55.940-
stimulated [3°S] GTP,S binding assay in hippocampal synaptosome fractions from WT and TRPV1-KO mice.
Concentration curves were constructed using mean values + S.E.M. from four different experiments
performed in triplicates. Unpaired t test; *p < 0.05; b) Bar graph representing the relative percentage of
[3°S] GTP,S basal binding levels in WT and TRPV1-KO. Unpaired t test; **p < 0.005. Data are represented
as mean = S.E.M.

5.1.4- Intracellular CBiR-related protein expression in synaptosomes of WT and

TRPV1-KO hippocampus.

The Ga subunit proteins (o, i1, i2, i3) and the cannabinoid receptor interaction protein 1a

(CRIP1a) were analysed (figure 7).

WT KO. WT KO. WT KO. WT KO.
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Figure 7: Immunoblot of CBiR interacting proteins in synaptosomal extracts from WT and TRPV1-KO
mice hippocampus. Expression of Gao, Gai different subunits (1, 2, 3) and CRIP1a in synaptosomes.
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In TRPV1-KO versus WT, there were not changes in Gao (WT: 7.008 + 0.998; TRPV1-KO: 6.695 +
0.6674 (p = 0.7853; ns) (figure 8a) but a significant increase was observed in Gal (WT: 8.14 +
0.1228; TRPV1-KO: 12.66 + 0.0789 (p = 0.03808;*) (figure 8b), Ga2 (WT: 8.101 + 0.2337; TRPV1-
KO: 11.2 £ 0.7939 (p = 0.0463; *) (figure 8c), Ga3 (WT: 6.135 + 1.489;TRPV1-KO: 11.43 + 0.685
(p < 0.0001; ****) (figure 8d) and CRIP1a (WT: 8.481 + 1.324; TRPV1-KO: 18.41 + 1.89 (p =
0.0006; ***) (figure 8e).
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Figure 8: Linear regression analysis of the relative expression CB1R interacting proteins in synaptosomal
extracts from WT and TRPV1-KO mice hippocampus. a) Gao subunit (n=7). b) Gail subunit (n=7). c) Gai2
subunit (n=7). d) Gai3 subunit (n=7). e) CRIP1a protein (n=7). Fisher’s exact test. p > 0.05; *p < 0.05; ***p
<0.001; ****p < 0.0001. Data are expressed as mean + S.E.M.

Protein expression analysis in P2 and synaptosomal fractions, as well as [**S] GTP,S binding
assays were performed by Mikel Saumell in the laboratory of Dr. Joan Sallés Alvira (Department
of Pharmacology, University of the Basque Country).
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5.2- Cellular and subcellular localization of CB1R in the hippocampus of

TRPV1-KO mice. High-resolution electron microscopy.

The attention was focused on the dentate gyrus (figure 9) since the presence of TRPV1 and CB;
receptors and their role in functional plasticity have been described in the dentate molecular
layer (Chavéz et al., 2011; 2014; Puente el al., 2015; Canduela et al., 2015; Gutiérrez-Rodriguez
et al.,, 2017; Wang et al., 2016; 2018; Bonilla-Del Rio et al., 2019; Pefiasco et al., 2019).

ML

MCFL
CGCL

Figure 9: Representative light microscopy images of CBiR immunolabelling in the dentate molecular
layer of WT and TRPV1-KO mice. In the WT molecular layer (ML), CB1R immunoreactivity is strong in a
fibre meshwork in the inner 1/3 of the layer which corresponds to the termination zone of the
glutamatergic mossy cell axons (MCFL). And weaker but yet conspicuous in fibrous profiles distributed in
the outer 2/3 of the ML targeted by the medial (MPP) and lateral perforant path (LPP). In TRPV1-KO, the
same but stronger CB:R immunoreactive pattern is observed overall ML. DG: dentate gyrus; MCFL: mossy
cell fibre layer; GCL: granule cell layer. Scale bars: 200 um.

For a better identification of the astrocytes and the GABAergic synapses in the electron
microscope, an immunoperoxidase method was applied together with a preembedding
immunogold method for electron microscopy. Thus, in the ML of WT and TRPV1-KO, abundant
CB:R immunoparticles were localized, as expected, in GABAergic axon terminal membranes
making symmetric synapses with postsynaptic dendrites, whereas glutamatergic terminals

forming asymmetric synapses with dendritic spines or postsynaptic membranes showed a few
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CB1R immunoparticles. In both types of synapses, CB1R particles were located in the perisynaptic
and extrasynaptic domains of the terminals. CB:R labelling was also present in astrocytic

processes and mitochondrial membranes.

5.2.1- Distribution of CB1R in presynaptic axon terminals in the MCFL.

CB1R immunoparticles were found in the perisynaptic and extrasynaptic zones of glutamatergic

and GABAergic axon terminals in MCFL (figure 10) and in astrocytes (figure 11), showing a similar

distribution pattern in WT and TRPV1-KO.
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Figure 10. CBiR distribution in MCFL of WT and TRPV1-KO mice. Preembedding immunogold method
for electron microscopy. a) & b) WT mice. c) & d) TRPV1-KO mice. Blue: excitatory terminals; yellow:
inhibitory terminals; black dots: silver-intensified CB1R gold particles. CBiR immunoparticles are abundant
in inhibitory terminals and scattered in excitatory boutons. Scale bars: 0.5 um.
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Figure 11: CBiR in GFAP-positive astrocytes and gephyrin-positive synapses in MCFL. Double
preembedding immunohistochemistry for electron microscopy. Immunoreaction product for GFAP is
observed in astrocytic profiles and for gephyrin in postsynaptic membranes of inhibitory synapses. a) & c)
In WT, CB1R immunoparticles are in astrocytic membranes in addition to excitatory and inhibitory synaptic
boutons. b) & d) Similar distribution pattern is observed in TRPV1-KO. e) In WT, gephyrin immunoreactivity
is seen in membranes of two postsynaptic dendrites apposed to a presynaptic bouton CB1R positive. f) In
TRPV1-KO, gephyrin immunodeposits are restricted to a dendritic membrane postsynaptic to a GABAergic
terminal loaded with CBiR particles. Blue: excitatory terminals; yellow: inhibitory terminals; purple:
astrocytic processes; green: dendrites; red arrows: astrocytic CB1R particles. Scale bars: 0.5 um
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A significant increase in the proportion of CBiR positive excitatory terminals in the MCFL was
found in TRPV1-KO (% CBiR +: 45.48 + 2.334 % of excitatory axon terminals) versus WT (% CB1R
+: 35.19 + 2.207 % of total excitatory terminals) (p = 0.0004; ***) (figure 12a). Interestingly, a
significant reduction in excitatory terminals per area was observed in TRPV1-KO (3.168 + 0.1309
terminals/sample area) relative to WT (3.622 + 2.008 terminals/sample area) (figure 12d) (p =
0.034; *). Finally, there were not significant differences in the excitatory terminals of TRPV1-KO
and WT in terms of the number of CBsR + in 20 um? (figure 12e), perimeter (figure 12c) and
density of CB4R (figure 12b) (Table 4).

As to the inhibitory terminals in the MCFL, there was not any significant change in the features
analysed in TRPV1-KO (% CB1R +, number of inhibitory terminals, number of of CB;R + in 20 um?,

axon terminal perimeter, CB:R density) (Table 4).
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Figure 12: Ultrastructural distribution of CBiR in the MCFL terminals of WT and TRPV1-KO mice. a)
Percentage of CBiR immunopositive excitatory terminals. b) CBiR density (particles/um) in CBiR
immunopositive excitatory terminals. c) Perimeter of excitatory terminals. d) Number of excitatory
terminals in 20 um?2. e) Number of CB1R immunopositive excitatory terminals in 20 um?. f) Percentage of
CB1R immunopositive inhibitory terminals. g) CBiR density (particles/um) in CBiR immunopositive
inhibitory terminals. h) Perimeter of inhibitory terminals. i) Number of inhibitory terminals in 20 pm?2. j)
Number of CB:R immunopositive inhibitory terminals in 20 um?. Data were analysed by means of non-
parametric or parametric tests (Mann—-Whitney U test or unpaired t-test); *p < 0.05; ***P < 0.0001). All
data are represented as mean = S.E.M.
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Table 4: Raw values of the parameters analysed in MCFL terminals.

Total sample area (um?)

% of CB1R positive excitatory

~ 3000 pm?

35.19+2.207 %

~ 3000 pm?

45.48 +2.334 %

" vameter | w1 | TR0 prae

3 mice

p = 0.0004; ***

terminals (224 / 525) (211 / 453)
Density of CB1R positive excitatory 0.6717 £0.0251 0.6007 +0.0197 p =0.0635; ns
terminals (particle / um)
Excitatory terminals perimeter 2.084 £+ 0.0685 2.261 £0.0771 p=0.0951; ns
(um)
Number of excitatory terminals in 3.622 +2.008 3.168 + 0.1309 p=0.034; *
20 um?
Number of CB1R positive excitatory 1.566 + 0.2476 1.476 £ 0.0903 p =0.3029; ns
terminals in 20 um?
% of CB1R positive inhibitory 82.18+3.714% 82.43+4.13% p=0.8141; ns
terminals (107 / 128) (80/97)
Density of CB1R positive inhibitory 7.058 +0.3588 5.886 + 0.376 p=0.0578; ns
terminals (particle / um)
Inhibitory terminals perimeter (um) 2.511£0.1159 2.63+0.113 p =0.3863; ns
Number of inhibitory terminals in 0.8784 £ 0.0754 0.6783 £ 0.0632 p =0.0892; ns
20 um?
Number of CB1R positive inhibitory 0.7466 + 0.0719 0.5634 £ 0.0595 p =0.0985; ns

terminals in 20 um?

5.2.2- Subcellular distribution of CB1R in MCFL mitochondria.

CB:R immunoparticles were also found to be localized in mitochondrial outer membranes in
MCFL. The CB1R pattern was similar between WT and TRPV1-KO (figure 13). Furthermore, the
overall percentage of CB:R + mitochondria (figure 13a) and the distribution of CB1R in neuronal
mitochondria determined by the proportion of CB1R + mitochondria in terminals (figure 13b)
and dendrites (figure 13c) was not significantly different in TRPV1-KO versus WT (Table 5). The
number of mitochondria counted in 20 um? of MCFL was similar between WT and TRPV1-KO
with respect to the total number of analysed mitochondria (figure 13d). However, there was a
significant increase in the number of mitochondria in terminals of TRPV1-KO (11.87 + 0.49)
versus WT (9.945 + 0.43) (p = 0.0028; **) (figure 13e) and a significant reduction in dendritic
mitochondria in TRPV1-KO (5.356 % 0.332) relative to WT (6.725 + 0.307) (p = 0.0048; **) (figure
13f). (Table 5).
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Figure 13: Ultrastructural distribution of CB1R in MCFL mitochondria of WT and TRPV1-KO mice. a)
Percentage of CB1R immunopositive mitochondria. b) Percentage of CB1iR immunopositive mitochondria
in terminals. c) Percentage of CB:iR immunopositive mitochondria in dendrites. d) Number of analysed
mitochondria in 20 um?. e) Number of analysed mitochondria in terminals per 20 um?2. f) Number of
analysed mitochondria in dendrites per 20 um?. Data were analysed by means of non-parametric tests
(Mann-Whitney test; **p < 0.005). All data are represented as mean + S.E.M.

Table 5: Raw values of the parameters analysed in MCFL mitochondria.

Total sample area (um?) ~ 2000 pm? ~ 2000 um? 3 mice

% of CB1R positive mitochondria 11.06 £0.7335 % 10.35+0.7164 % p =0.4208; ns

(164 / 1523) (148 / 1550)

% of CB1R positive mitochondria in 11.54 +1.076 % 10.7+1.041% p =0.3326; ns
terminals

% of CB1R positive mitochondria in 10.19+1.264 % 10.23+1.39% p=0.6363; ns
dendrites

Number of mitochondria in 20 16.74 £ 0.431 17.22 £+ 0.485 p =0.3300; ns

pm?
Number of mitochondria in 9.945 +0.43 11.87+0.49 p = 0.0028; **
terminals in 20 um?
Number of mitochondria in 6.725 +0.307 5.356 +0.332 p = 0.0048; **

dendrites in 20 um?
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5.2.3- Distribution of CB1R in MCFL astrocytes.

CBiRs were also localized in astrocytes in the MCFL (figure 11). The analysis of the CB:R
distribution revealed no statistical differences neither in the proportion of CB:R + astrocytic
processes (figure 14a) nor in the area occupied by the astrocytes between WT and TRPV1-KO
(figure 14b) (Table 6).
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Figure 14: Ultrastructural distribution of CBiR in MCFL astrocytes of WT and TRPV1-KO mice. a)
Percentage of CB1R immunopositive astrocytic processes. b) Number of astrocytic processes in 100 um?2.
Data were analysed by means of parametric tests (Unpaired t test. p > 0.05). All data are represented as
mean + S.E.M.

Table 6: Raw values of the parameters analysed in astrocytes from MCFL.

Total sample area (um?) ~ 3000 pm? ~ 3000 pm? 3 mice
% of CB1R positive astrocytes 32.53+3.235% 28.95+2.679 % p=0.39; ns
(84 /286) (97 / 384)
Area (um?) of astrocytic 9.533 + 0.696 9.6 £0.524 p =0.8194; ns

processes in 100 um?

5.2.4- CB1R particle distribution in MCFL.

We next searched for potential changes in the distribution of CBiR (figure 15). As shown in
figures 15a (WT) and figure 15b (TRPV1-KO), there was a change in the distribution of the CBiR
particles between WT and TRPV1-KO in the MCFL. Taken into account, the total number of
particles analysed in each compartment (figure 15c), a significant decrease in CB1R particles was
found in inhibitory terminal membranes in TRPV1-KO (122.3 + 15.53 particles in 100 um?) versus
WT (230.1 + 38.15 particles in 100 um?) (p = 0.0070; **) (figure 15d).
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Figure 15: CBi1R distribution in the MCFL of WT and TRPV1-KO mice. a) Proportion of CB:R labelling in
different compartments normalized to the total CB1R content in WT. b) Proportion of CB1R labelling in
different compartments normalized to the total CB1iR content in TRPV1-KO. c) Number of CB1R particles
in different membranes compartments. Chi square test. ****p < 0.0001. d) Number of CBiR particles
localized in inhibitory terminals in 100 um?. Unpaired t test. **p < 0.01. All data are represented as mean
+S.E.M.

5.2.5- Distribution of CB1R in the outer 2/3 ML.

As expected, CB:R immunoparticles were localized in perisynaptic and extrasynaptic sites of
glutamatergic and GABAergic axon terminals (figure 16) and in astrocytes (figure 17) located in
the outer 2/3 ML of WT and TRPV1-KO. Also, the CB1R distribution was similar between WT and
TRPV1-KO.
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Figure 16. CB1R localization in synaptic terminals in the outer 2/3 ML of WT and TRPV1-KO mice.
Preembedding immunogold method for electron microscopy. CBiR immunoparticles (black dots) are
localized to inhibitory (yellow) and excitatory (blue) terminal membranes in WT (a & b) and TRPV1-KO (c
& d) mice images. Scale bars: 0.5 um.
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Figure 17: Double immunolabelling to detect CB1R in astrocites and inhibitory synapses in the outer 2/3
ML of WT and TRPV1-KO mice. Combined preembedding immunoperoxidase and immunogold method
for electron microscopy. CBiR particles (red arrows) are on GFAP+ astrocytic membrane processes
(purple) in WT (a & c) and TRPV1-KO (b & d). Gephyrin immunoreaction product is seen at postsynaptic
sites of symmetric synapses between inhibitory terminals (yellow) containing CB:R particles (black dots)
and dendrites (green) in WT (e) and TRPV1-KO (f). Blue: excitatory terminals. Scale bars: 0.5 um
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As in the MCFL, we observed a significant increase in the proportion of CB:R + excitatory
terminals, in the outer 2/3 of the ML in TRPV1-KO (31.71 + 1.441 % of total excitatory terminals)
compared to WT (28.03 + 1.331 % of total excitatory terminals) (figure 18a) (p =0.0103; *). There
was also found a significant reduction in excitatory terminals per area (20 um?) in TRPV1-KO
(3.73 £ 0.1154 terminals) versus WT (4.333 £ 0.123 terminals) (p = 0.0003; ***) (figure 18d).
However, the number of CB1R + excitatory terminals per area (figure 18e), perimeter of the
excitatory terminals (figure 18c) and density of CB4R in positive excitatory terminals (figure 18b)

were similar between TRPV1-KO and WT (Table 7).

As to the inhibitory terminals, there were not significant differences in the percentage of CB:R
+ inhibitory terminals (figure 18f), number of inhibitory terminals per 20 um? (figure 18i),
number of CB;R + inhibitory terminals per area (figure 18j), nor in the perimeter of the inhibitory
terminals (figure 18h) between TRPV1-KO and WT. However, the density of CB;R particles
significantly decrease in TRPV1-KO (6.0106 *+ 0.2148 particle/um) versus WT (6.639 + 0.1991
particle/um) (p = 0.0402; *) (figure 18g) (Table 7).
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Figure 18: CBiR distribution in the outer 2/3 ML of WT and TRPV1-KO mice. a) Percentage of CBiR
immunopositive excitatory terminals. b) CB1iR density (particles/um) in CB1R immunopositive excitatory
terminals. c) Perimeter of the excitatory terminals. d) Number of excitatory terminals in 20 pm?2. e)
Number of CB1R immunopositive excitatory terminals in 20 pum?. f) Percentage of CB1R immunopositive
inhibitory terminals. g) CBiR density (particles/um) in CBiR immunopositive inhibitory terminals. h)
Perimeter of inhibitory terminals. i) Number of inhibitory terminals in 20 pm?2. j) Number of CBiR
immunopositive inhibitory terminals in 20 pm?. Data were analysed by means of non-parametric or
parametric tests (Mann—Whitney U test or unpaired t-test); *p < 0.05; ***P < 0.0001. All data are
represented as mean = S.E.M.
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Table 7: Raw values of the parameters analysed in terminals of the outer 2/3 ML.

Total sample area (um?) ~ 6000 pm? ~ 6000 um? 3 mice
% of CB1R positive excitatory terminals 28.03+1.331% 31.71+1.441 % p =0.0103; *
(331/1272) (354 /1093)
Density of CB1R positive excitatory 0.6339 £ 0.0157 0.6203 + 0.01565 p=0.2772; ns
terminals (particle / um)
Excitatory terminals perimeter (um) 2.008 £ 0.0432 2.083 £ 0.0422 p=0.1431; ns
Number of excitatory terminals in 20 um? 4.333+0.123 3.73+0.1154 p = 0.0003; ***
Number of CB:1R positive excitatory 1.143 £ 0.0522 1.208 £ 0.0577 p =0.4078; ns
terminals in 20 um?
% of CB1R positive inhibitory terminals 85.79+2.398 % 81+2.705% p =0.1594; ns
(214 / 252) (220/ 267)
Density of CB1R positive inhibitory 6.639 £ 0.1991 6.0106 + 0.2148 p = 0.0402; *
terminals (particle / um)
Inhibitory terminals perimeter (um) 2.179 £ 0.0792 2.22 £0.637 p =0.1288; ns
Number of inhibitory terminals in 20 pm? 0.8567 £ 0.0526 0.9113 £0.0593 p =0.7525; ns
Number of CB:R positive inhibitory 0.74 £ 0.0494 0.7509 £ 0.0550 p= 0.8098; ns

terminals in 20 um?

5.2.6- CB1R in mitochondria of the outer 2/3 ML.

CB;R immunoparticles were also localized in mitochondrial outer membranes in the outer 2/3
ML with a similar distribution in WT and TRPV1-KO. Besides, there were not differences in the
total proportion of CB:R + mitochondria (figure 19a), percentage of CB:R + mitochondria in
terminals (figure 19b) and dendrites (figure 19c) between TRPV1-KO and WT (Table 8). However,
the total number of analysed mitochondria in TRPV1-KO (18.22 + 0.375 mitochondria in 20 um?)
was significantly lower than in WT (23.24 + 0.501 mitochondria in 20 pm?) (p < 0.0001; ****)
(figure 19d). Furthermore, these significant differences were also observed by neuronal
compartments: in terminals (TRPV1-KO: 11.75 * 0.369 mitochondria; WT: 15.56 = 0.472
mitochondria in 20 um?) (p < 0.0001; ****) (figure 19¢), and in dendrites (TRPV1-KO: 6.452 +
0.207 mitochondria; WT: 7.638 + 0.268 mitochondria in 20 pm?) (p = 0.0029; **) (figure 19f)
(Table 8).
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Figure 19: CBiR distribution in mitochondria of the outer 2/3 ML of WT and TRPV1-KO mice. a)
Percentage of CB1R immunopositive mitochondria. b) Percentage of CB1R immunopositive mitochondria
in terminals. c) Percentage of CBiR immunopositive mitochondria in dendrites. d) Number of analysed
mitochondria per 20 um?. e) Number of analysed mitochondria in terminals per 20 pum?2. f) Number of
analysed mitochondria in dendrites per 20 um?. Data were analysed by means of non-parametric (Mann—

Whitney);

*p < 0.05; **p < 0.005; ***p < 0.0001. All data are represented as mean + S.E.M.

Table 8: Raw values of the parameters analysed in mitochondria of the outer 2/3 ML.

Total sample area (um?)

% of CB1R positive mitochondria

% of CB1R positive mitochondria in
terminals

% of CB1R positive mitochondria in
dendrites

Number of mitochondria per 20
pm?

Number of mitochondria in
terminals per 20 pm?

Number of mitochondria in
dendrites per 20 pm?

~ 4000 um?
7.68+0.375%

(342 / 4042)

7.175+0.484 %

7.432+0.675%

23.24 +0.501

15.56 £ 0.472

7.638 +0.268

~ 4000 um?
7.63+0.4 %

(254 / 3024)

6.519+0.514 %

8.491+0.742 %

18.22 £0.375

11.75 +£0.369

6.452 +0.207

3 mice

p =0.8748; ns

p=0.1452; ns

p=0.3711; ns

p < 0.0001; ****

p < 0.0001; ****

p = 0.0029; **
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5.2.7- CB1R in astrocytes of the outer 2/3 ML.

CB;Rs were also localized in astrocytes in the outer 2/3 of the ML (figure 17). The analysis of the
CB;R distribution revealed no significant changes in the proportion of CB1R + astrocytic processes
(figure 20a) nor in the area of astrocytes (figure 20b) between WT and TRPV1-KO. In contrast, a
significant decrease in CB;R density was observed in TRPV1-KO (0.2432 + 0.0405 particles/um)
relative to WT (0.4122 + 0.0727 particles/um) (p = 0.0452; *) (figure 20c) (Table 9).
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Figure 20: CB1R distribution in the outer 2/3 ML astrocytes of WT and TRPV1-KO mice. a) Percentage of
CB:R immunopositive astrocytic processes. b) Number of astrocytic processes in 100 um?2. c) Density of
CB1R immunopositive astrocytic processes. Data were analysed by means of non-parametric or parametric
tests (Mann—Whitney U test or unpaired t-test); *p < 0.05. All data are represented as mean + S.E.M.

Table 9: Raw values of the parameters analysed in astrocytes of the outer 2/3 ML.

Total sample area (um?) ~ 2700 um? ~ 2700 pm? 3 mice
% of CB1R positive astrocytes 19.1+3.29% 20.19+331% p=0.39; ns
(24 / 127) (29 / 165)
Astrocytic processes area (um?) 5.325 + 1.008 6.666 + 1.493 p =0.3401; ns
in 100 um?
CB1R density in astrocytic 0.412 +0.0727 0.243 + 0.0405 p =0.0452; *
processes

5.2.8- CB1R particle distribution in the outer 2/3 ML.

We next analysed the general CB4R distribution considering all the particles localized over the
identified profiles. As shown in figures 21a (WT) and figure 21b (TRPV1-KO), there was a change
in the distribution of the CB1R particles between WT and TRPV1-KO. Thus, in TRPV1-KO (figure
21b), there was a reduction in the percentage of CB1R particles in inhibitory terminals as well as

there was an increase in the proportion of particles in excitatory terminals, astrocytes, including
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mitochondria in astrocytes, and in dendrites. Furthermore, taken into account the total number
of particles analysed in each compartment (figure 21c) a change in the CB;R distribution in

terminal membranes was found in TRPV1-KO mice compared to WT.

a wT b TRPV1 KO
759 72.23% 75
c c
2 = 61.74%
2 2
S 50+ = 50
n (2]
S} S
@ Qo
o (8]
£t 254 T 254
g s 16.54%
. - . . 0
o 8.72% 4 190 725 3 °1.18%
(\06 Q}o«* \\v@ ' \.,06 & &\\
‘{\\so & O N ﬁé\ 660
Q\'Q\O 0\u~\~ o eq? o o o
c d
600
. B £ 307 ns
o *kk §
£
2 400 £ 50 T
[ =]
2
8 o
’? 200 U 10
— <
8 I £
S
0= |_|| '_||. T ‘—\I. |_||l‘ E T
N v ¥ & 9 & o
DN N \\\}-
3 WT Em TRPV1KO &Qg

Figure 21: CB1R distribution in the outer 2/3 of the ML of WT and TRPV1-KO mice. a) Proportion of CB1R
labelling in different compartments normalized to the total CBiR content in WT. b) Proportion of CB1iR
labelling in different compartments normalized to the total CB1iR content in TRPV1-KO. ¢) Number of CB1R
particles in different membrane compartments in WT and TRPV1-KO. Chi square test. *** p < 0.001. d)
Number of CB1R particles in inhibitory terminals in 100 um?2. Mann Whitney test. p > 0.05. All data are
represented as mean £ S.E.M.

5.3- Synaptic plasticity in DGML of TRPV1-KO mice.

Synaptic plasticity in the dentate molecular layer was investigated in TRPV1-KO mice by
application a low frequency stimulation (LFS) protocol known to reliably induce eCB-eLTD in DG
(Pefiasco et al., 2019). The DGML was divided into the two zones analysed by electron
microscopy: MCFL and outer 2/3 ML. In turn, the outer 2/3 ML was subdivided into the two

differentiated zones targeted by the MPP and LPP arising from the entorhinal cortex. CB; and
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TRPV1 receptors have been described to be localized at different proportions in the ML zones
(Puente el al., 2015; Canduela et al., 2015; Gutierrez-Rodriguez et al., 2016; Bonilla-Del Rio et
al., 2019). Moreover, there have been described several types of synaptic plasticity driven by
these receptors in the DGML (Chavéz et al., 2011; 2014; Puente et al., 2011; Wang et al., 2016;
2018; Pefiasco et al., 2019).

For the electrophysiological recordings, the minimum intensity needed to obtain the maximal
signal was established (figure 22). As a result, around 60% of the maximal value was used for
plasticity protocols and synaptic transmission. With respect to the maximum intensity required,
there was not found any significant difference between WT (average fEPSP slope: 0.002855 +
0.0007114) and TRPV1-KO (average fEPSP slope 0.002547 + 0.000622; p = 0.0977; ns).

0.008-
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Figure 22: No changes in basal activity frequency after genetic deletion of TRPV1. Input-output curves
where mean fEPSP slopes (mv/ms) are plotted against the stimulation intensities in hippocampal slices of
WT and TRPV1-KO mice. The area under the curve was calculated to analyse the data. Wilcoxon test. p >
0.05. All data are expressed as mean = S.E.M.

5.3.1- Synaptic plasticity in the MCFL.

In the MCFL, as shown in our laboratory by Pefiasco et al. (2019), there was not an eCB-driven
LTD of the fEPSP after LFS stimulation in WT mice. In contrast, a little potentiation of fEPSP was
found in WT (111.8 £ 5.111 %; p = 0.0315; *) (figure 23a-b) that was increased in TRPV1-KO
(137.2 £ 8.748 %; p = 0.0011; **) (figure 23a-c). This potentiation in the MCFL of TRPV1-KO was
not abolished after bath application of the CB1R inverse agonist AM251 ([4 um]; 138.7 + 15.82
%; p = 0.6389; ns) (figure 23d-g) nor by the NMDAR antagonist DL-APV ([50 um]; 130.1 £ 14.9 %;
p = 0.6485; ns) (figure 23e-h). Furthermore, the potentiation obtained after MCFL-LFS
stimulation in WT was neither fully reduced by bath application of DL-APV ([50 um]; 103.1 +
4.145 %; p = 0.1982; ns) (figure 23f-i).
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Figure 23: Excitatory long-term potentiation (LTP) at mossy cell fibre layer (MCFL) synapses in WT and
TRPV1-KO mice. For representation, each experiment was normalized to its baseline. The average of the
fEPSP areas is shown. A black arrow marks low frequency stimulation (LFS) protocol application. a) Low
frequency synaptic stimulation (LFS, 10 min, 10 Hz) triggers LTP at MCFL in WT (white circles) and TRPV1-
KO (black circles) mice. b) Representative histogram of the last 10 minutes fEPSP after LFS in WT mice.
Unpaired t test. *p < 0.05. c) Representative histogram of the last 10 minutes fEPSP after LFS in TRPV1-
KO mice. Unpaired t test. ** p < 0.005. d) AM251 [4 um] has no effect over the LTP observed after LFS in
TRPV1-KO mice (grey circles). e) and f) D-APV [50 um] has no significant effect over the LTP observed after
LFSin TRPV1-KO (grey circles in g) and WT (grey circles in f) mice respectively. g) Representative histogram
of the last 10 minutes fEPSP after LFS in the presence of AM251 [4 um] in TRPV1-KO mice. Mann Whitney
test. p > 0.05. h) Representative histogram of the last 10 minutes fEPSP after LFS in the presence of D-APV
[50 um] in TRPV1-KO mice. Mann Whitney test. p > 0.05. i) Representative histogram of the last 10
minutes fEPSP after LFS in the presence of D-APV [50 um] in WT mice. Unpaired t test. p > 0.05. All data
are expressed as mean + S.E.M.
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Taken together, the data showed an effect of the TRPV1 deletion on plasticity in MCL but the
shift to LTP was not driven by CB+R. In contrast, NMDAR seems to participate in the potentiation

observed in WT but not in the one observed in TRPV1-KO.

5.3.2- Synaptic plasticity in the PP.

In the MPP, the eCB-eLTD described previously by our laboratory (Pefiasco et al., 2019) was
confirmed in WT: fEPSP was significantly reduced after LFS (80.21 + 6.497 %; p = 0.0021; **)
(figure 24a-c). In TRPV1-KO, however, a significant fEPSP potentiation was observed after LFS
(135 +7.119 %; p < 0.0001; ****) (figure 24a-d). In the LPP, the baseline was potentiated in both
WT and TRPV1-KO (WT: 142 + 13.44 %: p = 0.0068; ** (figure 24b-e) // TRPV1-KO: 142.9 + 8.314
%; p =0.0022; ** (figure 24b-f)).
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Figure 24: Excitatory long-term potentiation (eLTP) at MPP synapses in TRPV1-KO mice and eLTP at LPP
synapses in WT and TRPV1-KO mice. For representation, each experiment was normalized to its baseline.
The average of the fEPSP areas is shown. A black arrow marks LFS application. a) LFS (10 min, 10 Hz)
triggers LTD at MPP in WT (white circles) and elicits LTP in TRPV1-KO (black circles). b) LFS (10 min, 10 Hz)
triggers LTP at LPP in WT (white circles) and TRPV1-KO (black circles). c) Representative histogram of the
last 10 minutes fEPSP after LFS at MPP in WT. Mann Whitney test. **p < 0.005. d) Representative
histogram of the last 10 minutes fEPSP after LFS at MPP in TRPV1-KO. Mann Whitney test. **** p <0.0001.
e) Representative histogram of the last 10 minutes fEPSP after LFS at LPP in WT. Unpaired t test. **p <
0.005. d) Representative histogram of the last 10 minutes fEPSP after LFS at LPP in TRPV1-KO. Mann
Whitney test. ** p < 0.005. All data are expressed as mean + S.E.M.
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Bearing these results in mind, the attention was then focused on the plasticity shift observed in
the MPP of TRPV1-KO mice. For a better characterization of it, in addition to investigate the
implication of NMDA receptors, the participation of anandamide and 2-AG was also studied by
bath application and pre-incubation of drugs affecting synthesis and degradation of both eCBs.
Furthermore, to confirm that the changes observed in CB;R distribution and in
endocannabinoid-related protein expression could have a direct impact in the LTP shift observed
in the MPP of TRPV1-KO, a pharmacological TRPV1 blockade was tested to mimic the TRPV1
knockout conditions without having compensatory effects and, at the same time, allowing the

comparison with the physiological effects seen in TRPV1-KO mice.

To determine whether CB1R participated in the LTP observed in TRPV1-KO MPP after a LFS
application, AM251 was applied. In WT, as previously described by our group (Pefasco et al.,
2019) the fEPSP reduction was reverted by blocking of CBR ([4 um]; 98.16 + 9.553 %; p =0.1377;
ns) (figure 25a-c). In TRPV1-KO, the fEPSP potentiation was significantly reverted after AM251
application ([4 um]; 95.37 *+ 8.263 %; p = 0.0034; **) (figure 25a-d). Moreover, DL-APV did not
have any effect on the fEPSP potentiation in TRPV1-KO ([50 um]; 123 + 10.17 %; p = 0.3128; ns)
(figure 25b-e).
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Figure 25: LTD and LTP at MPP synapses in WT and TRPV1-KO mice respectively are CB1R dependent but
not NMDAR dependent. For representation, each experiment was normalized to its baseline. The average
of the fEPSP areas is shown. A black arrow marks LFS application. a) AM251 [4 um] has a significant effect
over the LTD and LTP observed after LFS in WT (white circles) and TRPV1-KO (black circles) respectively.
b) D-APV [50 um] has no effect over the LTP observed after LFS in TRPV1-KO (grey circles). c)
Representative histogram of the last 10 minutes fEPSP after LFS in the presence of AM251 [4 um] in WT
Unpaired t test. p > 0.05. d) Representative histogram of the last 10 minutes fEPSP after LFS in the
presence of AM251 [4 um] in TRPV1-KO. Mann Whitney test. **p < 0.005. e) Representative histogram of
the last 10 minutes fEPSP after LFS in the presence of D-APV [50 um] in TRPV1-KO. Unpaired t test. p >
0.05. All data are expressed as mean + S.E.M.

In WT, the increase in 2-AG levels by the MAGL inhibitor JZL 184 reverted the fEPSP depression
triggered by LFS in MPP ([50 um]; 98.34 + 7.11 %; p = 0.0765; ns) (figure 26a-c). Also, the
potentiation observed in TRPV1-KO was significantly blocked by JZL 184 ([50 um]; 104.9 + 5.317
%; p = 0.0058; **) (figure 26b-d).
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Figure 26: 2-AG increase blocks the LTD and LTP at MPP synapses in WT and TRPV1-KO mice,
respectively. For representation, each experiment was normalized to its baseline. The average of the
fEPSP areas is shown. A black arrow marks LFS. a) JZL 184 [50 um] has a significant effect over the LTD
observed after LFS in WT (light grey circles). b) JZL 184 [50 um] significantly affects the LTP observed after
LFS in TRPV1-KO (dark grey circles). c) Representative histogram of the last 10 minutes fEPSP after LFS in
the presence of JZL 184 [50 um] in WT. Unpaired t test. p > 0.05. d) Representative histogram of the last
10 minutes fEPSP after LFS in the presence of JZL 184 [50 um] in TRPV1-KO. Unpaired t test. **p < 0.005.
All data are expressed as mean + S.E.M.

Then, 2-AG levels were pharmacologically decreased by adding the DAGLa inhibitor THL to the
perfusion medium. In WT, THL restored to baseline the depression observed in the fEPSP ([10
pum]; 109.3 £ 7.206 %; p = 0.0077; **) (figure 27a-c). In TRPV1-KO, the fEPSP potentiation was
significantly reduced by THL ([10 um]; 112.9 £ 5.295 %; p = 0.0273; *) (figure 27b-d).
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Figure 27: 2-AG decrease blocks LTD and LTP at MPP synapses in WT and TRPV1-KO mice, respectively.
For representation, each experiment was normalized to its baseline. The average of the fEPSP areas is
shown. A black arrow marks LFS application. a) THL [10 um] has a significant effect over the LTD observed
after LFS in WT (light grey circles). b) THL [10 um] significantly affects the LTP observed in TRPV1-KO (dark
grey circles). c) Representative histogram of the last 10 minutes fEPSP after LFS in the presence of THL [10
pm] in WT. Unpaired t test. **p < 0.005. d) Representative histogram of the last 10 minutes fEPSP after
LFS in the presence of THL [10 um] in TRPV1-KO. Unpaired t test. *p < 0.05. All data are expressed as mean
+S.E.M.

Altogether, these data suggest that a right 2-AG tone is required for normal functioning of the
synaptic plasticity driven by CB1Rs, as increasing or decreasing its levels modifies the plasticity

triggered by LFS in the MPP of WT and TRPV1-KO mice.

Finally, the implication of anandamide was also analysed by bath application of the FAAH
inhibitor URB597. In WT, URB597 shifted the fEPSP depression to a significant potentiation ([2
pum]; 120.8 £ 5.174 %; p < 0.0001; ****) (figure 28a-c). Paradoxically, the fEPSP potentiation
observed in TRPV1-KO after LFS remained unchanged in the presence of URB597 ([2 um]; 135.5
+13.65 %; p = 0.9989; ns) (figure 28b-d).
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Figure 28: The anandamide increase shifts LTD to LTP at MPP synapses in WT mice. For representation,
each experiment was normalized to its baseline. The average of the fEPSP areas is shown. A black arrow
marks LFS application. a) URB597 [2 um] has a significant effect over the LTD observed after LFS in WT
(light grey circles). b) URB587 [2 um] does not affect LTP in TRPV1-KO (dark grey circles). c) Representative
histogram of the last 10 minutes fEPSP after LFS in the presence of URB597 [2um] in WT. Unpaired t test.
***¥*p < 0.0001. d) Representative histogram of the last 10 minutes fEPSP after LFS in the presence of
URB597 [2 um] in TRPV1-KO. Unpaired t test. p > 0.05. All data are expressed as mean = S.E.M.

Based on these results, we suggest that, unlike 2-AG, anandamide does not participate in the
LTP found after LFS at the MPP synapses of TRPV1-KO mice. Although the impact of the lack of
anandamide was not assessed, it might be especulated a ceiling effect of anandamide in TRPV1-
KO mice. Interestingly, anandamide seems to be triggered a fEPSP potentiation after LFS in WT,

which is not driven by TRPV1.

To assess if the ultrastructural changes observed in TRPV1-KO could have an impact in the shift
of synaptic plasticity observed in the MPP, the TRPV1 receptor antagonist AMG9810 was
applied. Under these conditions, LFS in WT significantly potentiated the fEPSP observed in the
MPP ([3 um]; 116.8 + 5.957 %; p = 0.0185; *) (figure 29a-b) but this potentiation was not as
robust as the one seen in TRPV1-KO (TRPV1-KO: 135.5 + 7.119 % vs WT: 116.8 + 5.957 %; p =
0.0638; ns) (figure 29c). Furthermore, AM251 significantly reduced the fEPSP potentiation
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elicited by AMG9810 [4 um]; 100.6 £ 4.653 %; p = 0.0413; *) (figure 29d-e) to a similar extent to
the reduction caused by AM251 in TRPV1-KO (TRPV1-KO: 95.37 + 8.263 % vs WT 100.6 + 4.653
%; p = 0.8212; ns) (figure 29f).
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Figure 29: TRPV1 antagonism elicits LTP at MPP synapses in WT mice. For representation, each
experiment was normalized to its baseline. The average of the fEPSP areas is shown. A black arrow marks
LFS application. a) AMG9810 [3 um] significantly shifts LTD (white circles) to LTP (grey circles). b)
Representative histogram of the last 10 minutes fEPSP after LFS in the presence of AMG9810 [3 um] in
WT. Unpaired t test. *p < 0.05. c) Representative histogram of the last 10 minutes fEPSP after LFS in the
presence of AMG9810 [3 um] in WT compared to the last 10 minutes fEPSP after LFS in in TRPV1-KO.
Unpaired t test. p > 0.05. d) AM251 [4 um] has a significant effect over the LTP observed after LFS in WT
+ AMG9810 (grey circles). e) Representative histogram of the last 10 minutes fEPSP after LFS in the
presence of AM251 [4 um] in WT + AMG9810. Unpaired t test. *p < 0.05. f) Representative histogram of
the last 10 minutes fEPSP after LFS in the presence of AM251 [4 um] in WT + AMG9810 compared to the
last 10 minutes fEPSP after LFS in the presence of AM251 [4 um] in TRPV1-KO. Mann Whitney test. p >
0.05. All data are expressed as mean = S.E.M.

These data suggest that the blockade of TRPV1 in the MPP can shift the eCB driven LTD to a LTP
elicited by LFS. However, the fEPSP potentiation was not the same when comparing the genetic
TRPV1-KO with the TRPV1 antagonism, probably because the biochemical and ultrastructural
changes observed in the endocannabinoid system in TRPV1-KO could have a direct impact in this

shift in synaptic plasticity, making greater the potentiation in the absence of TRPV1.
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To check if this hypothesis could be the mechanism underlying the LTP observed in TRPV1-KO, a
the CB4R agonist WIN 55,212 was applied in the presence of AMG9810 in order to know if a
greater CB4R activation could upregulate the fEPSP potentiation. Actually, WIN 55,212 did not
affect the fEPSP potentiation observed with the TRPV1 antagonist ([5 um]; 116.9 + 4.291 %; p =
0.9927; ns) (figure 30a-b).
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Figure 30: CB1R activation does not increase the LTP at MPP synapses when TRPV1 is pharmacologically
blocked in WT mice. a) WIN 55,212 [5 um] has not an effect over the LTP observed after LFS in WT +
AMG9810 (grey circles). b) Representative histogram of the last 10 minutes fEPSP after LFS in the presence
of WIN 55,212 [5 um] in WT + AMG9810. Unpaired t test. p > 0.05. All data are expressed as mean + S.E.M.

These data suggest that the fEPSP potentiation observed in TRPV1-KO mice is not due to a
greater activation of CB;R, even though this activation was shown to be necessary. To further
figure this issue out, other intracellular mechanisms triggered by CBiR were explored, for
instance, the participation of actin filaments. In the LPP, the phosphorylation of actin filaments
was shown to be necessary for the LTP driven by CB; receptors (Wang et al., 2018), as it was
blocked by the inhibitor of the actin filaments phosphorylation latrunculin-A (LAT-A).
Interestingly, LAT-A significantly reduced the LTP observed in TRPV1-KO ([0.5 mM]; 114.6 + 5.78
%; p = 0.0348; *) (figure 31a-c). LAT-A, in turn, did not modify the fEPSP potentiation elicited by
the TRPV1 antagonist AMG9810 in WT (120.9 £+ 9.248 %; p = 0.7173; ns) (figure 31b-d).
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Figure 31: Latrunculin-A reduces LTP at MPP synapses in TRPV1-KO mice but not the LTP elicited by
TRPV1 antagonism in WT mice. For representation, each experiment was normalized to its baseline. The
average of the fEPSP areas is shown. A black arrow marks LFS application. a) Latrunculin-A [0.5 mM] has
a significant effect over the LTP observed after LFS in TRPV1-KO (dark grey circles). b) Latrunculin-A [0.5
mM] has not an effect over the LTP observed after LFS in WT + AMG9810 (light grey circles). c)
Representative histogram of the last 10 minutes fEPSP after LFS in the presence of Latrunculin-A [0.5 mM]
in TRPV1-KO. Unpaired t test. *p < 0.05. d) Representative histogram of the last 10 minutes fEPSP after
LFS in the presence of Latrunculin-A [0.5 mM] in WT + AMG9810. Unpaired t test. p > 0.05. All data are
expressed as mean + S.E.M.

The analysis of the paired pulse ratio (PPR) revealed a slight difference between WT and TRPV1-
KO in the MPP synapses. The PPR was calculated by averaging the ratio of the fEPSP initial slopes
(P2/P1) of 30 pairs of pulses (50 msec interpulse interval), where P2 corresponded to fEPSP2
slopes (2" evoked responses) and P1 to fEPSP1 slopes (15 evoked responses) and these were
compared before and after the LFS was applied (Figure 32). In WT, there was a little increase in
the PPR after LFS stimulation. In Pre-LFS the ratio was 1.002 + 0.0493 whereas in Post-LFS the
ratio was 1.070 = 0.0463 (p = 0.3187; ns). In TRPV1-KO, in contrast, PPR was reduced after LFS
(In Pre-LFS the ratio was 1.146 + 0.0219 while after LFS (Post-LFS) the ratio was 1.088 + 0.0337
(p =0.1570; ns).
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Figure 32: Paired pulse ratio in WT and TRPV1-KO mice. PPR was calculated with slope of 30 sweep i.e.
10 min before and 20 min after stimulation protocol. No significant changes are observed after LFS in
TRPV1-KO compared to WT. Unpaired t test. p > 0.05. All data are expressed as mean = S.E.M.

5.3.3- Synaptic transmission in MPP.

The fEPSP response to a CB;R agonist was assessed in order to corroborate that exogenous
activation of the receptor depresses the excitatory synaptic transmission at the MPP-granule
cell synapses, as it was shown previously by our laboratory (Pefiasco et al., 2019). As expected
in WT, the fEPSPs were significantly depressed after applying the CB;R agonist CP 55,940 ([10
um]; 75.31 + 6.496 %; p = 0.0003; ***) (figure 33a-b). In contrast, CP 55,940 elicited the
potentiation of fEPSPs in TRPV1-KO ([10 um]; 118 + 9.706 %; p = 0.4813; ns) (figure 33a-c).
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Figure 33: CBiR-dependent excitatory synaptic transmission at MPP synapses in WT and TRPV1-KO
mice. For representation, experiments were normalized to its baseline. Time course plot of average fEPSP
areas is represented. Black arrow indicates the time point when the drug was applied. a) CP 55,940 [10
pum] reduces excitatory synaptic transmission in WT (white circles) while causes an increase in TRPV1-KO
(black circles). b) Representative histogram of the last 10 minutes fEPSP after CP 55,940 application in WT.
Mann Whitney test. ***p < 0.001. c) Representative histogram of the last 10 minutes fEPSP after CP
55,940 application in TRPV1-KO. Mann Whitney test. p > 0.05. All data are expressed as mean + S.E.M.
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5.4- Hippocampal-related behaviours in TRPV1-KO mice.

5.4.1- Memory assessment.

The changes in hippocampal CB1R expression caused by the genetic deletion of TRPV1 could also
have an impact in hippocampal functions such as memory. As so, the long-term recognition
memory and spatial memory of WT and TRPV1-KO mice were evaluated. There was not found
any significant difference between WT and TRPV1-KO in the novel object recognition test. Thus,
the discrimination index (DI) in WT (0.4055 £ 0.063) and TRPV1-KO (0.4332 + 0.0666) was similar
(p = 0.7695) (figure 34a), and the time spent by WT (44 + 6.105) and TRPV1-KO (39.29 + 7.946

seconds) to explore the objects (p = 0.4482) (figure 34b) were not statistically significant.
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Figure 34: Behavioural evaluation of memory for novel object recognition in WT and TRPV1-KO mice. a)
Discrimination index is unaffected in TRPV1-KO realtive to WT. Unpaired t test. p > 0.05. b) Object
exploration time is not affected in TRPV1-KO. Unpaired t test. p > 0.05. All data are expressed as mean +
S.E.M.

Moreover, there were not significant changes in the spatial memory strategy shown by TRPV1-
KO versus WT mice in the Barnes Maze test (figure 35a). Hence, the strategies displayed by WT
mice the last day of test were: 0 % NS + 20.83 % RA + 4.167 % SE and 75 % SP; while TRPV1-KO
displayed: 0 % RA + 25 % RA + 9.091 % SE + 65.91 % SP. Furthermore, TRPV1-KO mice spent
similar time to find the escape box to WT (figure 35b) and WT mice took an average of 48.49 +
13.53 seconds to find the escape box while TRPV1-KO mice spent 48.93 + 14.39 seconds to
complete it. However, a significant difference was found in the number of errors made by
TRPV1-KO (6.768 + 2.427 errors per day) compared to WT (4.8 + 1.681 errors per day) (p =
0.0133) (figure 35c).
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Figure 35: Behavioural assessment of spatial strategies and spatial memory in WT and TRPV1-KO mice.
a) Spatial strategies are unaffected in TRPV1-KO compared to WT. b) TRPV1-KO spent the similar time to
complete the test each day relative to WT. Two-way ANOVA. p > 0.05. c) TRPV1-KO make significantly
more errors to find the escape box than WT. Two-way ANOVA. *p < 0.05. All data are expressed as mean
+S.E.M.
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5.5- Evaluation of pathological conditions in TRPV1-KO mice: kainate

seizure model.

Taken into account the relevance of TRPV1 and CB; receptors in pathological conditions such as
epilepsy, we wanted to investigate the consequences of an epileptogenic insult could have in
TRPV1-KO. For this purpose, mice were injected unilaterally with an intrahippocampal kainic acid
solution (50 nL 20 mM) in order to evaluate their response to seizures. To assess the seizures a
modified Racine’s scale was used. We found a significant difference between TRPV1-KO and WT,
as mice lacking TRPV1 receptor suffered milder seizures (average score: 3.11 + 0.0535 points)

than the WT (average score: 3.65 + 0.0223 points) (p = 0.0022; **) (figure 36).
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Figure 36: Evaluation of kainate induced-seizures according to a modified Racine’s scale in WT and
TRPV1-KO mice. Representation of the maximum scores obtained every 30 min based on a modified
Racine’s scale after intrahippocampal injection of KA. TRPV1-KO suffer milder seizures than WT. Two-way
ANOVA. ***p < 0.001. All data are expressed as mean + S.E.M.

98



Discussion

6- Discussion

99



Discussion

100



Discussion

The aim of my thesis work was to determine the impact of the genetic deletion of TRPV1 on the
ECS, in particular, on the expression of some of its components with special attention to the
CB1R localization and its role in hippocampal functions such as synaptic plasticity and memory.
The main finding of my dissertation was that the constitutive deletion of the TRPV1 receptor
gene has an impact on the endocannabinoid system and some of its interacting proteins. The
changes observed were at several levels: protein expression, coupling efficacy of the CB1R and
synaptic plasticity shift from eCB-LTD to robust eCB-LTP at the MPP-granule cell synapses.
Furthermore, these alterations did not seem to impair memory and protect against KA-induced

epileptiform seizures.

The genetic deletion of compounds of the ECS has been reported to lead to compensatory
changes. For instance, mice lacking TRPV1 express higher levels of calcitonin gene-related
peptide (CGRP) in dorsal root ganglia primary afferents (Chen et al., 2008). This peptide localized
in the same primary afferents as TRPV1 (Guo et al., 1999) is very important in the pathogenesis
of arthritis (Schaible et al., 2002). Moreover, a decrease in TRPV1 expression in DG together with
an increase in TRPV1 in the cerebellar granule cell layer was reported in CB;R-KO mice (Cristino
et al., 2006). TRPV1 mRNA expression was also seen to increase in FAAH-KO astrocytes which
could not be mimicked by FAAH inhibition, suggesting the existence of some compensatory

effects (Benito et al., 2012).

6.1- The ECS is altered in the TRPV1-KO hippocampus.

In our hands, immunohistochemistry revealed an increased expression of CB1R, FAAH, MAGL
and NAPE-PLD in TRPV1-KO hippocampus. These results would suggest compensatory effects
after genetic deletion of the TRPV1 receptor, thus representing this mouse line a very useful tool
for the study of the ECS under circumstances of TRPV1 ablation. At the same time, this allowed
us to delve into the versatility of the CB1R and the importance of the deficiencies derived from

the absence of TRPV1.

Western blots of whole hippocampal homogenates showed that the CB1R increase was not
statistically significant and that only FAAH and MAGL significantly rose. Although this is a
powerful technique to detect low level proteins (Garro et al., 2001; Kurien and Scofield, 2006;
Lopez de Jesus et al., 2006), subtle changes in protein expression are better detected by
homogenate fractioning into P2 extracts, and with the cellular and subcellular membranes

separated from the cytosolic fraction to obtain raw synaptosomes (Garro et al., 2001). Indeed,
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P2 fractions showed that CB1R expression did not suffer any variation in TRPV1-KO, although it
significantly decreased in synaptosomal extracts. However, the limitation of the synaptosomal
extracts is that they do not discriminate between presynaptic, postsynaptic, inhibitory or
excitatory terminal membranes. Nevertheless, we observed in TRPV1-KO a drastic decrease in
the proportion of CB:R immunoparticles distributed in GABAergic terminals in the MCFL (34.5 %
decrease) and in the outer 2/3 of DGML (15.5 % decrease) that was accompanied by an increase
in CB1R labelling in glutamatergic terminals in the MCFL (83.80 % increase) and in the outer 2/3
of DGML (73.50 % increase) (see below). Furthermore, considering the total number of CB;R
particles counted in 100 um?, the particles localized in GABA terminals decreased ~ 56 % in the
MCFL and ~ 27 % in the outer 2/3 of DGML in TRPV1-KO. Altogether, a decrease in CB;R
expression seems to take place at GABAergic synaptic terminals in TRPV1-KO that should

account for the significant decrease in CB1R expression in synaptosomes.

Also, a significant decrease in MAGL with no changes in FAAH were found in TRPV1-KO
synaptosomes which differed from what we observed in whole homogenate extracts. These
expression patterns could be due to the different localization of the enzymes. For instance,
NAPE-PLD is very high in granule cell axons of the hippocampus (Egertova et al., 2008); FAAH
mostly localizes to the membrane surface of intracellular organelles (e.g., mitochondria, smooth
endoplasmic reticulum) but it is also present on somatic and dendritic plasma membranes
(Gulyas et al., 2004), and MAGL localizes in presynaptic axon terminals (Gulyas et al., 2004;
Uchigasima et al., 2011). Our results suggested that MAGL has distinct localizations in TRPV1-KO
as it increased in whole hippocampal homogenates but decreased in synaptosomal fractions.
This would also reflect that the localization of MAGL in glial cells, as shown at high levels in
astrocytes surrounding the mossy cell-granule cell synapses in the DGML (Uchigasima et al.,
2011), raises upon the absence of TRPV1. Finally, as DAGLa expression did not change in TRPV1-
KO, a dysregulation in the 2-AG metabolism was expected altogether to occur in TRPV1-KO. In
addition, the FAAH increase in whole homogenates and the non-significant decrease in NAPE-
PLD in synaptosomal extracts from TRPV1-KO suggest that the AEA tone drops in TRPV1-KO.
However, NAPE-PLD immunoreactivity was observed to increase in the dentate hilar region and
the CA3 stratum lucidum, indicating that AEA might be increased in certain subcellular
compartments, e.g., the granule cell axons. Altogether, we argue that the lack of TRPV1 causes
changes in the dynamics of synthesis and degradation of the main eCBs, which might affect
synaptic activity. Expression experiments in cytosolic and microsomal fractions are currently
being carried out to clarify the changes in the main biosynthetic and degrading enzymes for 2-

AG and AEA in more detail.
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We also investigated the expression of proteins related to CB;R functionality, such as Ga
subunits (o, i1, i2 and i3) and CRIP1a in synaptosomal fractions of TRPV1-KO and WT littermates.
Thus, an increase in Gail, Gai2, Gai3 and CRIP1a expression was found in TRPV1-KO. After
having observed these changes, the CBiR functionality was assessed by [**S] GTP,S binding
assays. In fact, it came to be altered in TRPV1-KO as the receptor showed a lower basal activation
while after CP 55.940 stimulation, the maximum efficacy of coupling ratio for G-proteins was
significantly higher than in WT. The decrease in the constitutive activation of G-proteins could
be at least partly due to the decrease in CB:R expression observed in synaptosomal fractions.
Actually, the CB;R-induced suppression of the fEPSP by the CBiR agonist CP 55.940 normally
observed at MPP-GC synapses in sham mice (Pefiaco et al., 2019) was not observed in TRPV1-
KO. In addition, we have very recently observed (Pefiasco et al., 2020) that adolescent mice
exposed to a four-day-per week drinking in the dark procedure for a total of four weeks had,
after two weeks of withdrawal, a significant reduction in CP 55.940 potency for stimulating [>°S]
GTPyS binding and [3*S] GTPyS basal binding in the hippocampus that agreed with the decrease
in CB;R binding (Basavarajappa et al., 1998; Vinod et al., 2006) and G-protein cycling after
ethanol intake (Basavarajappa and Hungund, 1999). Furthermore, we also detected in our
previous study a specific reduction in the Gai2 subunit that might be responsible for the
observed reduction in [¥*S] GTPyS basal binding and the impairment in CB1R signalling in the
ethanol-treated mice (Pefasco et al., 2020). Lack of Gai2 subunit has been shown to lead to
abnormalities in learning efficiency, sociability and social recognition (Hamada et al., 2017).
However, although CB1Rs located on glutamatergic synapses are tightly coupled to G protein
signalling (Steindel et al., 2013), the basal activation in the hippocampus does not only
correspond to CB;R-linked G-proteins as Gi/o proteins are also coupled to other receptors

besides CB;R (Conn and Pin, 1997).

As already mentioned above, we observed an increase in CRIP1a in TRPV1-KO. This protein is
linked to the intracellular internalization, trafficking and translocation of CB1R as it suppresses
the trafficking of de novo synthetized CB:R from perinuclear compartments or endoplasmic
reticulum to the plasma membrane, impairs the translocation and renewal of CBiRs and
decreases CBiR on the surface of cells overexpressing CRIP1a (Booth et al., 2019). However,
CRIP1a overexpression in cells has also been shown to attenuate the internalization caused by
CP 55.940 through competing with B-arresting for CB1R binding (Blume et al., 2016). These
observations could explain the changes in CB1R expression in our synaptosomal fractions from
TRPV1-KO, as CB;Rs might be retained longer intracellularly due to the increased levels of CRIP1a

in TRPV1-KO. However, light microscopy immunohistochemistry and whole homogenates
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showed the opposite, probably because they might be reflecting the CB1R localization in synaptic
terminals together with the main expression of the receptor in intracellular compartments in
TRPV1-KO. Furthermore, our data would also support previous observations indicating that
CRIP1a overexpression in N18TG2 cells produces a robust stimulation of [**S] GTP,S binding to
Gail and Gai2 subunits (Blume et al., 2015). Therefore, taking into account that TRPV1-KO have
an increased expression of Gai proteins in the hippocampus, the potentiation observed in the
[3°S] GTP,S binding assay after stimulation with CP 55.940 could be due to a greater coupling of
the CB;R to Gai subunits and/or an impairment in the agonist-mediated internalization of CB1Rs

caused by the increase in CRIP1a (Blume et al., 2016; Booth et al., 2019).

We also investigated the CBiR distribution by a preembedding immunogold technique for
electron microscopy in order to reveal potential changes in receptor localization at specific
subcellular compartments in TRPV1-KO. This study was focused on the inner 1/3 (MCFL) and the
outer 2/3 of the DGML (termination zone of the PP). While the MCFL receives the glutamatergic
mossy cells commissural/associational axons that travel long distances to innervate multiple
dentate granule cells to convey environmental and context information (Amaral and Witter,
1989; Scharfman and Myers, 2013), inputs from the postrhinal cortex transmit 1) spatial
information to the medial entorhinal cortex that in turn projects to the dorsal hippocampus
through the MPP (Fyhn et al., 2004; Hargreaves et al., 2005) and 2) non-spatial information to

the lateral entorhinal cortex which gives rise to the LPP (Burwell, 2000).

Altogether, the glutamatergic PP (Grandes and Streit, 1991), the main input entering into the
hippocampal formation, conveys information from the entorhinal cortex layer Il to the DGML
(Scharfman, 2016). TRPV1 has been shown to be mostly distributed on granule cell dendritic
spines receiving the PP synaptic terminals in the outer 2/3 ML, and at much lower rate in
dendritic spines receiving the hilar mossy cell axons in the inner 1/3 ML. Hence, of the total
TRPV1 immunopositive granule cell dendritic spines and dendrites, about 75 % and 56 %,
respectively, were in the outer 2/3, and the rest in the inner 1/3 (Puente et al., 2015). In addition,
we found that TRPV1 expression was higher at inhibitory synapses in the inner 1/3 than the
outer 2/3 ML (Canduela et al., 2015). Here, about 30 % of the inhibitory synapses in the ML
express TRPV1 mostly localized to postsynaptic dendritic membranes in the MCFL (Canduela et
al.,, 2015). TRPV1 is localized in the GC bodies too (Canduela et al.,, 2015). In the CA1l
hippocampus, most CB;R-positive perisomatic synapses, if not all, contain postsynaptic TRPV1
(Lee et al., 2015), but TRPV1 has also been localized at glutamatergic Schaffer collateral

terminals making synapses with CA1 pyramidal cell dendritic spines (Bialecki et al., 2020).
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The ultrastructural data on the CBiR distribution in the DGML of TRPV1-KO confirmed the
biochemical results. Thus, similar changes were found in the MCFL and outer 2/3 ML but with
slight differences regarding the significance of the changes observed, that might reflect that
distinct TRPV1 expression patterns trigger different compensatory effects. For instance, in both
DGML sub-layers a significant increase in CB4R positive excitatory terminals was found but the
shift in the MCFL was more pronounced than in the outer 2/3 ML. However, taking into account
that the density of CB1Rs in glutamatergic terminals did not change in both DGML sub-layers of
TRPV1-KO, the decrease in the number of excitatory terminals without CB;Rs would be an
explanation for the increase seen in CB1R positive excitatory terminals. Thus, our data indicate
that TRPV1 deletion modifies the total number of excitatory terminals and the proportion of
excitatory terminals provided with CB;R. TRPV1-KO mice have also been shown to have a

reduced glutamatergic innervation in other hippocampal regions (Hurtado-Zavala et al., 2017).

Altogether, it seems that, in the absence of TRPV1, CB1Rs exert a major regulatory effect on the
excitatory transmission, which may have important functional consequences in DGML. In this
context, we have recently shown that CB;R immunolabelling decreased by 34 % in excitatory
terminals and the proportion of CB;R immunopositive excitatory buttons decreased by 35 %
with no other subcellular compartments affected in the middle 1/3 of DGML of the adult mouse
subjected to ethanol intake during adolescence (binge drinking model). These deficits in
glutamatergic CB1Rs were associated with the loss of eCB-eLTD at the MPP-GC synapses and

recognition memory impairment (Pefiasco et al., 2020).

Regarding to the inhibitory terminals, the differences in TRPV1-KO relative to WT were minimal
because only a small reduction in CB;R density was found to be significant in the outer 2/3 ML.
This reduction could arise from compensatory effects observed in CRIP1a expression that affects
recycling of the highly localized CB:R in GABAergic terminals (see above) (Kawamura et al., 2006;
Ludanyi et al., 2008; Marsicano and Kuner, 2008; Katona and Freund, 2012; De-May and Ali,
2013; Steindel et al., 2013; Hu and Mackie, 2015; Lu and Mackie, 2016; Gutiérrez-Rodriguez et
al., 2017; Bonilla-Del Rio et al., 2019). Bearing in mind that the majority of CB;R particles are
located on GABAergic terminals in the hippocampus (Katona et al., 1999; Marsicano and Lutz,
1999; Héjos et al., 2000; Nyiri et al., 2005; Kano et al., 2009; Katona and Freund, 2012; Lutz et
al., 2015; Takacs et al., 2015; Gutiérrez-Rodriguez et al., 2017; Bonilla-Del Rio et al., 2019), it
would be plausible that an impairment in receptor renewal could be more pronounced in
inhibitory than excitatory terminals, and therefore easier to be detected. This would also

contribute to explain the CB;R reduction observed in synaptosomal fractions, because if the
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overall CB1R expression at excitatory synaptic terminals remained unchanged, the decrease in

CB1R density at inhibitory synaptic terminals could indeed be responsible for the drop in CB;Rs.

With respect to mitochondria, our laboratory discovered the localization of CBiRs in
mitochondria and their participation in cellular respiration in hippocampal neurons (Benard et
al. 2012; Hebert-Chatelain et al. 2014a, b). We could not find any change in the proportion of
mitochondrial CB1Rs in TRPV1-KO despite the fact that TRPV1 has also been found to be
expressed in mitochondrial membranes (Luo et al., 2012; Miyake et al., 2015). However, the
number of mitochondrial sections was increased in terminals and decreased in dendrites in the
MCFL; and a significant reduction in the number of mitochondrial sections was found in
terminals and dendrites in the outer 2/3 ML, suggesting that TRPV1 could have a direct
implication in the mitochondrial dynamics in ML. The differences observed between both sub-
layers may be due to differences in their neuronal composition and the distinct effect of the lack
of TRPV1. Thus, strong mitochondrial calcium-influx mediated by TRPV1 has been shown to
cause cytotoxicity and cell death in HEK 293 cells and DRG neurons (Stueber et al., 2017). In
contrast, TRPV1 knockdown improved mitochondrial function and inhibited apoptosis in primary
cardiomiocyte cells, whereas TRPV1 knockout improved cardiac functions (Sun et al., 2014). The
functional consequences of the decrease in mitochondrial sections observed in the DG of TRPV1-

KO in this thesis work, needs a detailed investigation.

As mentioned before, CB;Rs are also expressed in astrocytes (Rodriguez et al., 2001; Navarrete
and Araque, 2008, 2010; Stella, 2010; Han et al., 2012; Bosier et al., 2013; Metna-Laurent and
Marsicano, 2015; Viader et al., 2015; Oliveira Da Cruz et al., 2016; Kovacs et al., 2017; Gutiérrez-
Rodriguez et al., 2017). Calcium rise linked to TRPV1 activation has been shown to drive
cytoskeletal rearrangement, disassembly of microtubules and reorganization of f-actin filaments
that lead to astrocyte migration (Goswami et al., 2007; Han et al., 2007; Martin et al., 2012;
Morales-Lazaro et al., 2013), while TRPV1 antagonism reduces astrocyte migration through a
decrease in calcium influx and cytoskeletal remodelling (Ho et al., 2014). However, we did not
observe any difference in the astrocytic parameters measured in the TRPV1-KO. We have
recently studied in a model of binge drinking during the adolescence (4-8-week-old male mice
exposed to 20 % ethanol over a period of 4 weeks) the effects of ethanol in the adult CA1 stratum
radiatum (Bonilla-Del Rio et al., 2019). Interestingly, astrocytes held a swollen morphology under
these conditions as shown by the measurements taken (perimeter, area) in the adult CA1
stratum radiatum four weeks after cessation of ethanol intake. Astrocytic swelling seems to be

a phenomenon associated with ethanol consumption that leads to astroglial dysfunction
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(Adermark and Bowers, 2016) and disruption of GFAP found in the astrocyte intermediate
filaments (Renau-Piqueras et al., 1989). Altogether, astrocytic disturbance does not seem to
happen in the absence of TRPV1. This might partly be explained by the fact that the genetic
deletion of TRPV1 could have triggered compensatory mechanisms in other receptors/channels
that could supply its function and therefore sustain a normal development. We still need to
know the ethanol effects on astrocytes in TRPV1-KO mice. Furthermore, we have not observed
changes in the proportion of CBiR positive astrocytic processes in TRPV1-KO dentate ML.
However, the ultrastructural analysis revealed a significant reduction in CB;R density in
astrocytes in the outer 2/3 ML of TRPV1-KO that mimicks the results obtained in our recent work
showing a decrease in CB;R density in astrocytes (in addition to the reduction in CBiR
immunopositive astrocytic processes) in the model of binge drinking mentioned above (Bonilla-
Del Rio et al., 2019). Astrocytes participate in inflammatory responses through the release of
pro-inflammatory molecules (Farina et al., 2007) that can be alleviated by eCBs-mediated anti-
inflammatory responses acting on astroglial CB;Rs (Metna-Laurent and Marsicano, 2015).
Hence, because of the reduction in CB1R density in TRPV1-KO astrocytes, it is reasonable to
expect an impairment of the anti-inflammatory response signalled by astrocytes in TRPV1-KO.
The decrease in CB1R density in astrocytes of TRPV1-KO could also have functional consequences
in synaptic transmission and plasticity, as astrocytes may not be effective in sensing the
endocannabinoids produced on demand by neural activity, compromising gliotransmitter

availability elicited by cannabinoids at the synapses (Han et al., 2012; Araque et al., 2014).

6.2- Changes in synaptic plasticity in TRPV1-KO mice.

TRPV1 has been shown to participate in synaptic plasticity (Marsch et al., 2007; Gibson et al.,
2008; Kauer and Gibson, 2009; Maione et al., 2009; Chavez et al., 2010, 2014; Grueter et al.,
2010; Puente et al., 2011), learning and memory (Marsch et al., 2007; Li et al., 2008), fear and
anxiety (Marsch et al., 2007; Micale et al., 2009), and to modulate cortical excitability in humans
(Mori et al., 2012). TRPV1 and its endogenous agonist AEA participate in synaptic LTD in several
brain areas (Di Marzo et al., 2001; 2002; 2008; Ross, 2003; Gibson et al., 2008; Kauer and Gibson,
2009; Maione et al.,, 2009; Grueter et al., 2010; Chavez et al.,, 2011). For instance, TRPV1
mediates a presynaptic LTD at glutamatergic synapses onto CA1 hippocampal interneurons
through calcium-activated signalling cascades (Gibson et al., 2008). Also, calcineurin produced
in a TRPV1-dependent manner reduces voltage-gated calcium channel activity in dorsal root
ganglion neurons (Wu et al., 2005; 2006) and presynaptic calcium is required for TRPV1-driven

LTD at striatal synapses (Singla et al., 2007). TRPV1 has been shown to participate in NMDA
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receptor-dependent LTP in CA1 hippocampus that increased after TRPV1 activation (Marsch et
al. 2007; Li et al. 2008). In addition, we have demonstrated very recently the presynaptic
localization of TRPV1 at the Schaffer collateral terminals in CA1 hippocampus where facilitates
glutamate release (Bialecki et al., 2020). Postsynaptic pannexin-1 channels that modulate
metabotropic NMDAR and suppress presynaptic glutamate release by regulating AEA levels
(Bialecki et al., 2020) controlled this facilitation. However, the notion of a wide distribution of
TRPV1 in the brain was challenged because TRPV1 reporter mice displayed a restricted TRPV1
brain expression that it is conserved from rodents to humans (Cavanaugh et al. 2011). Thus,
TRPV1 in these mice was only found in the hippocampus in Cajal-Retzius cells (Cavanaugh et al.

2011).

However, the confined TRPV1 expression to these particular hippocampal neurons is difficult to
conciliate with the functional role of the channel in the CA1 hippocampus (see below) (Marsch
et al., 2007; Gibson et al., 2008; Li et al., 2008; Bialecki et al., 2020) and with the AEA-activating
TRPV1 that triggers a CB1R-independent LTD at MPP-GC synapses in the DGML (Chavez et al.,
2010). Therefore, it was assumable that TRPV1 should be localized at the excitatory PP-DGML
synapses to mediate such a long-term form of synaptic plasticity. In fact, we unveiled the
localization of TRPV1 mostly at postsynaptic dendritic spines and small dendrites receiving
asymmetric synapses in the DGML (see above) (Puente et al., 2015). Furthermore, the dendritic
spines targeted by the PP contain the highest TRPV1 density, followed by the spines distributed
in the inner 1/3. However, the TRPV1 background in synaptic terminals makes unlikely that
TRPV1 has a presynaptic functional role in the DGML. Altogether, TRPV1 is mostly distributed
postsynaptically in the glutamatergic perforant path synaptic terminals and to smaller extent in
postsynaptic profiles to the hilar mossy cell axon terminals in the MCFL (see above) (Puente et

al., 2015).

In other brain regions, the TRPV1-LTD induced by stimulation at 10 Hz for 10 min in the bed
nucleus of the stria terminalis (BNST) was 1) mediated by postsynaptic mGluR5-dependent
production of AEA acting on postsynaptic TRPV1 mostly located at perisynaptic positions
distributed on membranes of dendrites and postsynaptic spines receiving asymmetrical
synapses, and 2) strongly inhibited by depletion of intracellular calcium stores (Puente et al.,
2011). In addition, TRPV1 activation by capsaicin or AEA depresses somatic inhibitory
transmission in the DG (Chavez et al., 2014). In fact, we localized TRPV1 immunoparticles in thick
postsynaptic dendrites receiving symmetric synapses in the DGML (Canduela et al., 2015). In this

case, about 30 % of the total counted inhibitory synapses were TRPV1 immunopositive. So far,
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TRPV1-positive axon buttons with ultrastructural features of inhibitory synaptic terminals
(pleomorphic vesicles and forming symmetric synapses) were not observed (Canduela et al.,
2015). Of the 30 % TRPV1 immunolabeled synapses, about 80 % of them were distributed in the
inner 1/3 and the rest in the outer 2/3 of the ML. Furthermore, the immunoparticle density in
dendrites receiving symmetric synapses was significantly higher in the MCFL than in the outer

2/3 of the DGML. TRPV1 was also localized in the granule cell bodies (Canduela et al., 2015).

After having observed that the expression of CB1Rs and ECS-related enzymes was changed and
that there was an increase in the maximum coupling efficacy of the CB;R in TRPV1-KO
hippocampus, we next evaluated the effects of the TRPV1 deletion on synaptic plasticity in the

DGML.

We first analysed the MCFL because the effects observed on the ECS in TRPV1-KO might have
determined local functional modifications, though there has not been shown long-term synaptic
plasticity driven by eCBs but just CB;R-mediated depolarization induced suppression of
excitation (DSE) and inhibition (DSI) (Chiu and Castillo, 2008; Hashimotodani et al., 2017). Hence,
we found in TRPV1-KO after applying LFS (10min @ 10 Hz) at MCFL synapses in the presence of
PTX, an increase in the potentiation as previously observed in WT (Chiu and Castillo, 2008;
Pefiasco et al., 2019). We hypothesized that this LTP might be due to the lack of TRPV1 itself, or
the changes given in the ECS and excitatory terminals in TRPV1-KO, or both. The CB:R inverse
agonist AM251 did not have any effect on the potentiation neither in WT as shown previously
(Chiu and Castillo, 2008) nor in the TRPV1-KO, ruling out that the modification in CBR positive
excitatory terminals in TRPV1-KO might be playing a role. Furthermore, as NMDARs participate
in LTP (Bliss et al., 2007), the NMDAR antagonist D-APV was applied though the potentiation
triggered in the MCFL was shown to be NMDAR-independent (Hashimotodani et al., 2017).
Indeed, D-APV did not significantly affect the potentiation in TRPV1-KO nor in WT littermates,
even though the fEPSP values went down to baseline in WT. Altogether, our results further
support that NMDARs have no role in LTP in MCFL even in the absence of TRPV1. TRPV1
activation has been reported to depress inhibitory synaptic transmission onto dentate granule
cell bodies (but not dendritic inhibitory transmission) in a CB;R-independent manner, through
the rise in postsynaptic calcium, calcineurin activation and GABA-A receptors internalization
(Chavez et al., 2014). So then, it is plausible that the lack of TRPV1 entails an increase in
excitability because of the loss of the inhibitory control exerted onto the dentate granule cells.
In addition to this TRPV1 effect, we have noticed a significant decrease in the CB;R-positive

inhibitory terminals in MCFL, as we have already discussed before. So, these changes would also
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account for the LTP observed in MCFL of TRPV1-KO. Future investigations in our laboratory will

be intended to clarify the mechanisms of this LTP.

6.2.1- CB1R is involved in LTP at MPP-GC synapses in TRPV1-KO.

Based on our newly described CB;R-eLTD mediated by 2-AG, mGIuR1, mGIluR5 and intracellular
calcium at the MPP-GC synapses of WT mice (Pefiasco et al., 2019), we aimed in my doctoral
thesis to determine if the compensatory changes in the ECS observed after genetic deletion of
TRPV1 in the PP termination zone would have a direct impact on synaptic plasticity. The results
showed a shift from CB;R-eLTD to LTP in TRPV1-KO after applying the same LFS paradigm as
before (Pefasco et al., 2019). This LTP was completely blocked by AM251, confirming the
participation of CBiR in this potentiation. However, there was not found any change after
applying D-APV, suggesting that the CB:R-LTP was NMDAR-independent. We observed
previously that the magnitude of eCB-eLTD elicited by LFS at the MPP-GC synapses was
unaffected by D-APV (Pefiasco et al., 2019), indicating that NMDA receptors were neither
involved in the eCB-eLTD despite the fact that eCB-eLTD may require NMDA receptor activity at

other synapses (Bender et al., 2006; Sjostrom et al., 2003, Lutzu and Castillo, 2020).

Furthermore, the CB;R-LTP in TRPV1-KO was also 2-AG dependent as the 10 Hz stimuli applied
in the presence of the DAGL inhibitor THL (10 uM) completely abolished it. Furthermore, the
MAGL inhibitor JZL184 (50 uM) also blocked the CB1R-LTP suggesting that 2-AG regulation may
be a limiting factor for the CB1R-LTP in TRPV1-KO. Consequently, CB;R-desensitization caused by
high 2-AG concentration and the JZL 184 incubation time before recordings could be responsible
for the CB1R-LTP blockade, as we had seen to happen the JZL 184 blockade of the eCB-eLTD
elicited by LFS of the MPP-GC synapses (Pefiasco et al., 2019). Furthermore, this is in line with
previous studies showing that long-term increase in 2-AG elicits CB1R desensitization (Chanda et
al., 2010; Schlosburg et al., 2010). As proposed by Cui and colleagues (2018), eCBs could underlie
bidirectional plasticity depending on their levels and timing of the eCB release. In this sense, we
found that inhibition of the synthesis or degradation of 2-AG had the same blocking effect on
synaptic plasticity, suggesting that 2-AG acting on CB1Rs is participating in LTD and LTP at the
MPP synapses in WT and TRPV1-KO.

By contrast, CB1R-LTP in TRPV1-KO was unaffected by the potent and selective FAAH inhibitor
URB597 (2 uM), suggesting that AEA could not be involved in CB1R-LTP at the MPP-GC synapses
in TRPV1-KO. However in WT, URB597 at the same concentration (2 uM) triggered fEPSP
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potentiation after LFS. This was a puzzling finding as the eCB-eLTD elicited by similar LFS at the
same MPP-GC synapses was unaffected by URB597 in WT (Pefasco et al., 2019). Although we
still have to characterize this effect better, the discrepancy may be because our previous
experiments were performed in the dark phase of the circadian cycle (Pefiasco et al., 2019)
during which mice are known to drink alcohol (Pefiasco et al., 2020), while the experiments of
my doctoral thesis were done in the light phase. Moreover, the daily fluctuations in the CB;:R
expression and eCB levels in the hippocampus (Martinez-Vargas et al., 2003; 2013; Valenti et al.,
2004; Murillo-Rodriguez et al., 2006; Glaser and Kaczocha, 2009; Martinez-Vargas et al., 2013)

could also account for.

Moreover as we have already mentioned, the TRPV1-LTD induced in the BNST in our previous
work by the same LFS stimulation (10 Hz for 10 min) mediated by postsynaptic mGIuR5-
dependent production of AEA acting on postsynaptic TRPV1 receptors, was strongly inhibited by
depletion of the intracellular calcium stores (Puente et al., 2011). The CB;R-eLTD at the MPP-GC
synapses upon MPP stimulation (10 Hz for 10 min) was also group | mGluR-dependent and
required intracellular calcium influx (Pefiasco et al., 2019). We could then guess that the LFS (10
Hz for 10 min) applied to the MPP-GC synapses of the 6—8 week-old male mice littermates with
the rise in AEA by URB597, desensitised TRPV1 by the further increase in intracellular calcium
(De Petrocellis et al. 2011; Szymaszkiewicz et al., 2020) leading to the depletion of the
intracellular calcium stores needed to maintain the LTD under normal conditions (Pefiasco et al.,
2019). In line with this, it would be the potentiation effect caused by the TRPV1 antagonist

AMG9810 after LFS in WT (see below).

The CB;R-LTP at the MPP-GC synapses in TRPV1-KO might stand on the ability of LFS (1Hz) of the
MPP-GC synapses to induce CB;R-independent LTD that relies on AEA, postsynaptic TRPV1
activation and internalization of AMPA receptors (Chavez et al., 2010). Actually, the high TRPV1
expression in granule cell dendritic spines postsynaptic to the perforant path synaptic terminals
in the outer 2/3 of the DGML (Puente et al., 2015) supports anatomically the TRPV1-mediated
synaptic plasticity at the MPP-GC synapses, as already discussed. The differences observed
between eCB-eLTD at presynaptic (Pefiasco et al., 2019) or postsynaptic sites of the MPP-GC
synapses (Chavez et al., 2010) could be due, in addition to the stimulation paradigm, to several
critical factors, like age (PND 74—80) and/or temperature of the in vitro experiments (32-35 °C).
We speculate that both LTDs might be regarded as the synergistic effect of CBiR reducing
glutamate release (Pefiasco et al., 2019) and TRPV1 depressing excitatory currents by promoting

AMPAR internalization at the MPP-GC synapses (Chavez et al., 2010). Then, in the absence of
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TRPV1, LFS would not longer endorse LTD (Chavez et al., 2010) and there only under HFS
conditions could be revealed the shift from CB;R-LTD (Pefiasco et al., 2019) to CB1R-LTP (this
doctoral work) based on the CB;R changes elicited by the lack of TRPV1 (see above). In fact, HFS
of the LPP-GC synapses triggered LTP that was mediated by CB:Rs, postsynaptic NMDARs and
production of mGluR5-dependent 2-AG (Wang et al., 2016). Furthermore, the CB;R activation at
LPP synaptic terminals was seen to cause the assembly of latrunculin-sensitive actin filaments,
the reorganization of the actin cytoskeleton by an integrin-associated kinase (FAK) and its
downstream effector ROCK, resulting in the enhancement of glutamate release (Wang et al.,
2018). Interestingly, LTP significantly decreased in TRPV1-KO after latrunculin A application in
our experiments; however, it did not have any effect in WT in the presence of the TRPV1
antagonist AMG9810. Altogether, it is plausible that CB;Rs activation at the MPP-GC synapses in
TRPV1-KO increases actin phosphorylation and intracellular signalling cascades endorsing

greater glutamate release that leads to CB;R-LTP.

To further test the hypothesis that the CB;R changes were underlying the shift to CB;R-LTP at
the MPP-GC synapses upon LFS, the TRPV1 antagonist AMG9810 was applied in WT. In these
conditions, LTP was significantly reduced by AM251 but was unaffected by latrunculin A,
indicating that the induced LTP upon pharmacological blockade of TRPV1 shares the
participation of CB;R but not the intracellular signalling cascades turned on in the absence of
TRPV1 at the MPP-GC synapses. Interestingly, WIN had not any effect on the AMG9810-induced
LTP in WT after LFS. WIN at the concentration used (5 um) might be stabilizing the CB;:R in a
conformation state that would lead to its coupling shift from Gi/o to Gq/11, therefore enhancing
PLC activity with the consequent calcium release from intracellular stores (Lauckner et al., 2005),
eventually increasing glutamate release and NMDA receptor activation (Errington et al., 1987;
Lutzu and Castillo, 2020). As the slight potentiation observed in CB;R-KO after LFS disappeared
with D-APV (Pefiasco et al., 2019), it remains to be known the effect of D-APV on the LTP seen
in the presence of AMG9810 and WIN at the MPP-GC synapses. Furthermore, our LFS protocol
triggered LTP at the LPP-GC synapses in WT as shown previously (Wang et al., 2016; 2018) and
in TRPV1-KO. It remains to be assessed the participation of CB1Rs in the LTP observed in LPP of
TRPV1-KO. As a final consideration, we should keep in mind that CB;R agonism has been shown
to increase glutamate release in the hippocampus (Funada and Takebayashi-Ohsawa, 2018) and
that the activation CB;Rs localized in astrocytes promotes glutamate release locally inducing LTD
mediated by AMPAR endocytosis (Han et al., 2012), and also remotely potentiating synaptic

transmission (Araque et al., 2017).
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Together, our findings further suggest that the precise subcellular localization of the ECS
components in specific cell types and synapses are key players for the induction of diverse forms
of synaptic plasticity through distinct signalling mechanisms (Castillo et al., 2012; Puente et al.,
2011). Furthermore, the shift in synaptic plasticity observed at the MPP-GC synapses in TRPV1-
KO could be due to both the lack of TRPV1 and the compensatory effects triggered by the genetic
deletion of TRPV1. Measurements of endocannabinoids in TRPV1-KO will be carried out in the

coming future.

6.3- Memory in TRPV1-KO mice.

Different studies have shown that TRPV1-KO mice have impaired nociception and reduced
sensitivity to painful heat (Caterina et al.,, 2000), deficits in learning and conditioned fear,
attenuated fever responses (lida et al., 2005) and anxiolytic behaviours in the light—dark box and
in the elevated plus maze, with no differences in locomotion (Marsch et al., 2007). Therefore,
we wanted to explore in this thesis work whether recognition memory was affected by the
absence of TRPV1-KO, attributable to its potential effect on the developing hippocampus,

parahippocampus and neocortex (Tanimizu et al., 2017).

CB1Rs have been shown to participate in working memory through astroglial CB;Rs (Han et al.,
2012) and to regulate memory processes via mitochondrial CB1Rs (Bénard et al., 2012; Hebert-
Chatelain et al., 2016). Moreover, CB1Rs have a crucial role in the perturbed consolidation of
non-emotional memory induced by acute stress (Busquets-Garcia et al., 2016) and are involved
in appetitive retrieval, but not aversive olfactory memory (Terral et al., 2019). Thus, the changes
in synaptic plasticity observed in our study could have an impact on the behaviour of TRPV1-KO
mice. However, there were not found significant changes in the discrimination index or
exploration time in the NOR test, as the TRPV1-KO mice did similarly to their WT littermates.
This could be due to the mice age used in this test (8 weeks) as memory deficits were detected

in 10-14-week-old mice (Marsch et al., 2007) and older (lida et al., 2005).

As the hippocampus is also involved in spatial memory, the Barnes maze test was also used to
assess the capacity to learn the relationship between distal cues in the surrounding environment
and a fixed escape location (Pitts, 2018). Again, TRPV1-KO mice did not show significant
differences neither in the time spent to complete the task nor in the strategy displayed to look
for the escape box, with respect to WT littermates. However, they made more errors in

comparison to their WT littermates. The number of errors could be due to the reduced anxiety
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of these mice, though this factor could also cause the opposite action. Thus, WT littermates were
placed in a more stressful situation trying to achieve the goal faster, so they could not afford to
be wrong. The difference in the number of errors was more pronounced in the first days and
was reduced in the last days of trial, confirming that learning was not affected in 8 week-old

TRPV1-KO mice.

Therefore, the biochemical, anatomical and functional changes taking place in the ECS of TRPV1-
KO mice, i.e., decrease of CB;Rs in GABAergic terminals and increase in glutamatergic terminals,
decrease in MAGL with no changes in DAGLa and FAAH, increase in Gail, Gai2, Gai3 and CRIP1a
expression, low basal CB1R activation, high CB:R coupling efficacy to G-proteins and shift from
CB1R-eLTD to CB;:R-LTP, seem to not endure any impairment in the hippocampal behaviours
tested in my thesis. However, we have recently observed in a mouse model of binge drinking
during the adolescence, a significant reduction in CP 55.940 potency for stimulating [3°S] GTPyS
binding as well as in [3S] GTPyS basal binding and a reduction in the Gai2 subunit in the adult
hippocampus, which may be related to the absence of eCB-eLTD and deficits in the NOR test
(Pefiasco et al., 2020). Also, there was an increase in MAGL in our EtOH model, as shown by
others (Subbanna et al., 2015) but no changes in in DAGLa. Lack of Gai2 subunit was shown to
cause deficits in learning efficiency, sociability and social recognition (Hamada et al., 2017).
Interestingly, MAGL inhibition was able to overcome the functional and behavioural
disturbances induced by EtOH, most likely due to the increase in 2-AG (Pefiasco et al., 2020).
Actually, pharmacological or genetic ablation of MAGL have been shown to enhance long-term
synaptic plasticity, improve cognitive performance through CB; receptor-mediated mechanisms

(Long et al., 2009; Chen et al., 2012).

Altogether, we guess that the changes in the ECS of TRPV1-KO mice were not pronounced
enough to cause obvious hippocampus-based memory deficits. Nonetheless, more behavioural
tests (novel object location test -for spatial recognition memory-; object-in-place test -for
associative recognition memory-; open field -for anxiety-; rotarod -for motor coordination-;
beam walking balance test -for balance-; tail suspension test -for depressive-like behaviour-;
light—dark box -for unconditioned anxious behaviour-) as we did for studying the effects of an
enriched environment on the cognitive deficits in the adult associated with the EtOH binge
drinking during the adolescence (Rico-Barrio et al., 2019), should be performed in order to

detect changes in these paradigms.
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6.4- TRPV1-KO mice suffer milder seizures.

Finally, because TRPV1 has been shown to be involved in epileptiform activity (Bhaskaran and
Smith, 2010; Sun et al., 2012; lannotti et al., 2014; Naderi et al., 2015; Cho et al., 2018), we
investigated the effect of the intrahippocampal injection of KA (50 nl of 20 mM) in WT and
TRPV1-KO mice, a model of medial temporal lobe epilepsy (MTLE). Interestingly, epileptiform
seizures were milder in TRPV1-KO than in WT littermates as they held lower score in the
modified Racine’s scale during the KA-induced status epilepticus. Furthermore, KA yielded after
30 days, in addition to the well-known granule cell dispersion, a decrease in CB;1R, DAGLa and
NAPE-PLD immunoreactivity as well as a decrease in the proportion of CB;R-immunopositive
synaptic terminals in TRPV1-KO hippocampus (Grandes et al., 2014; Egafia et al.,, 2017,
unpublished).

The ECS has been shown to play a protective role in epileptiform seizures through the
modulation of overexcited brain circuits (Marsicano et al., 2003; Monory et al., 2006; Naidoo et
al., 2011; Fezza et al., 2014; Katona, 2015; Soltesz et al., 2015; Cristino et al., 2020). Thus, the
ECS promotes neuronal survival against KA- and glutamate-induced neurotoxicity (Marsicano et
al., 2003; Marsicano and Lutz, 2006; Zani et al., 2007; Wolf et al., 2010) CB1Rs increase selectively
at inhibitory but not excitatory synapses in a model of febrile seizures (Chen et al., 2003; 2007)
and protect against acute pentylenetetrazol (PTZ)-induced seizures (Naderi et al., 2015), and an
increase in 2-AG levels suppresses spontaneous seizures (Sugaya et al., 2016). On the other
hand, the TRPV1 absence by itself would also favour protection against the acute excitotoxic
insult elicited by KA, as the TRPV1 up-regulates during epileptiform activity (Sun et al., 2012);
and capsazepine inhibits the increase in action potential-dependent and -independent firing of
DG cells elicited by capsaicin after a single pilocarpine injection (Bhaskaran and Smith, 2010),
protects against PTZ-induced seizures (Naderi et al., 2015) and reduces seizure severity in a

genetic rat model of epilepsy (Cho et al., 2018).

Signal integration by granule cells is under control of the hilar mossy cells, which are critically
involved in learning of information sequences (Lisman et al., 2005) and epileptiform activity
(Ratzliff et al., 2002). The mossy cells receive glutamatergic mossy fibre collaterals of the granule
cells, and in turn send commissural/associational fibres that innervate GABAergic interneurons
and multiple dentate granule cells forming mossy-granule cell synapses in the dentate MCFL
(Amaral and Witter, 1989; Ratzliff et al., 2002; Johnston and Amaral, 2004; Scharfman and

Myers, 2013). This layer also receives glutamatergic inputs from CA3 pyramidal neurons (Li et
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al., 1994). The glutamatergic synapses of the three excitatory pathways targeting the dentate
granule cells (MPP, LPP, MCF) contain CB;Rs (Marsicano and Lutz, 1999; Katona et al., 2006;
Kawamura et al., 2006; Monory et al., 2006; Uchigashima et al., 2011; Katona and Freund, 2012;
Wang et al., 2016; Gutiérrez-Rodriguez et al., 2017).

So, we could argue that since CB:Rs at glutamatergic synaptic terminals in the hippocampus
protect against acute KA-induced seizures (Monory et al., 2006) and the TRPV1 favours
epileptiform activity, the changes in the CB:R distribution taking place at specific subcellular
compartments of the MCFL and outer 2/3 of the DGML in TRPV1-KO (CB;Rs decrease in
inhibitory terminals, and increase in excitatory terminals and astrocytes) as well as the global
changes in the hippocampus (decrease in MAGL with no changes in DAGLa and FAAH, increase
in Gail, Gai2, Gai3 and CRIP1a, low basal CB;R activation, high CB;R coupling efficacy to G-
proteins) should be rendering higher protection to TRPV1-KO mice against the epileptiform

seizures caused by acute KA in the hippocampus (Egaiia et al., 2017, unpublished).

Altogether, these findings suggest that the absence of TRPV1 triggers some adaptative changes

in the ECS in the dentate gyrus that may be beneficial in the control of seizures.
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The conclusions drawn from the characterization in this doctoral thesis of the structure and

function of the endocannabinoid system in the TRPV1-KO mouse hippocampus are:

9.

There is an impact on the expression of components of the endocannabinod system in
mouse dentate gyrus.

The changes in protein expression vary depending on which fraction the proteins are
localized: CB:R and MAGL enzyme increase in whole homogenates and decrease in
synaptosomal fractions.

It alters the expression of the CRIP1a protein.

There is an increase in the maximum efficacy of CB4R to couple to G-proteins in the
hippocampus.

There are more CB;R-positive excitatory terminals but less excitatory terminals, less
mitochondria, lower CB;R density in inhibitory terminals and astrocytes, and not
changes in the number of inhibitory terminals as well as in the area of astrocytic
processes in the outer 2/3 of the dentate molecular layer.

It affects synaptic plasticity in the mossy cell fibre layer of the dentate molecular layer.
There is a shift from eCB-LTD to eCB-LTP at the medial perforant path synapses with no
changes in synaptic plasticity at the lateral perforant path synapses.

2-AG and the phosphorylation of actin filaments are involved in the eCB-LTP at the
medial perforant path synapses.

Recognition and spatial memories are not impaired in young adult mice.

10. Kainate-induced excitotoxic seizures are milder.
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