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Resumo

A Canabis tem sido utilizada pelas populagcdes ao longo dos milénios, tanto para fins
medicinais, como para fins recreativos. Apesar da nossa relacdo de longa data com a planta, os seus
efeitos fisioldgicos e mecanismos moleculares s6 foram estudados nas ultimas décadas, havendo ainda
muito por desvendar. A primeira grande descoberta neste campo foi na década de 1930 com o
isolamento de Canabinol (o primeiro derivado da planta), que despoletou 0 aumento do interesse da
comunidade cientifica pelo potencial medicinal da Canébis. Nos anos noventa, descobriram-se
recetores canabinoides do tipo 1 em humanos e pouco depois, o tipo 2 foi também caracterizado.
Durante a primeira década dos anos dois mil, a descoberta do primeiro antagonista seletivo do CB;
(Rimonabant) e a producéo de ratinhos CB; knock-out permitiram-nos comecar a entender alguns dos
efeitos e mecanismos destes recetores. Hoje, sabe-se que ambos 0s recetores canabindides podem estar
patologicamente expressos em variadissimos tipos de doengas, como neurolégicas (Alzheimer e
Esclerose multipla), psiquiatricas (depressdo e esquizofrenia), cardiovascular (Arteriosclerose) e
também gastrointestinal (cirrose). Tanto o facto do sistema endocanabindide estar relacionado com
inimeras patologias, como a descriminalizagdo da Canabis ajudaram a atenuar alguma desconfianca
na planta e consequentemente, descobriu-se um novo mundo de possiveis terapias associadas a
canabinoides.

O sistema endocanabindide é composto por endocanabindides, proteinas recetoras e enzimas

para a sintese e degradacéo de endocanabindides. No cérebro, a sinalizacdo endocanabindide implica a

ativacdo de CB1, que exerce um importante papel em fung¢Ges neuronais relacionadas com memoria e

aprendizagem, controlo motor, sono, entre outros. Em neurénios, CB1 estdo acoplados a proteinas Gio
e encontram-se maioritariamente expressos em membranas pré-sinapticas, particularmente de sinapses
Glutamatérgicas. Nestas, a ativacdo de CB; e Gj, medeiam a sinalizacdo retrograda de

endocanabindides, através da supressdo da atividade da enzima Adenil Ciclase que por consequéncia

leva ndo s6 a diminuicdo de CAMP mas como também a inativagdo de PKA. Desta forma, ocorre o

. e 2+ o . « . .
influxo pré-sindptico de Ca~ e a inibicdo da libertacdo de neurotransmissores. Para além da sua
expressao em neurénios, os CB1 também estdo expressos em astrdcitos, onde se encontram acoplados

a Gq. A sua ativacdo leva a cascata MAPK/ERK e regula a excitabilidade neuronal, a transmissdo

sinaptica e plasticidade, ao estimular a libertagdo de Glutamato.

Apesar do mecanismo pré-sindptico da sinalizacdo de endocanabinodides ja ter sido
extensivamente estudado, alteracfes pds-sinpticas também podem ocorrer, ja que os CB; conseguem
modular a transmissdo sinaptica mediada através de recetores AMPA e NMDA. E de interesse

perceber a relacdo entre recetores AMPA, NMDA e CB; pois sdo essenciais, ndo s6 para a
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transmissdo sinaptica mas também na plasticidade sinaptica. Os recetores AMPA sdo recetores
ionotropicos de glutamato e estdo localizados em terminais pds sindpticos, mais especificamente na
densidade pos-sinaptica. Quando ativos, contribuem para a abertura de canais ionicos, induzindo assim
a despolarizacdo membranar e sendo por isso essenciais para a plasticidade sinaptica, aprendizagem e
memoria. AMPARSs sdo tetraméricos, estando organizados em dois dimeros, cujas subunidades podem

variar entre GIUAL — GIuA4. Para além de serem permeéaveis a Na+, AMPARSs sem a subunidade

GIuA2 sdo permeaveis a Ca2+, 0 que possibilita a ativacdo de cascatas dependentes de Ca2+. Estas
cascatas de eventos levam ao trafficking de AMPARs nas membranas pds-sinapticas, processo
essencial para a plasticidade sinaptica. O aumento de Ca2+ pode também contribuir para a ativagédo de
NMDAR:s e cascatas MAPK/ERK. Os recetores de NMDA séo ionotrdpicos e ativados por Glutamato,
sendo essenciais para a neurotransmissao excitatoria rapida. Tal como AMPARSs, as funcdes de
NMDARs nas sinapses sdo extremamente complexas e diferem entre &reas do cérebro. Esta
complexidade é o que permite mecanismos de plasticidade sinaptica, ndo sé a iniciacdo mas também a

sua manutencdo. NMDARs sdo tetrdmeros que contém obrigatoriamente duas subunidades GIuN1 e

duas subunidades reguladoras, GIUN2 ou GIuN3. Para além de serem permeéveis a Na", NMDARs
com a subunidade GIuN2A tém alta sensibilidade a blogueios por Mg2+, 0 que contribui para o influxo

de Ca2+. Para além disto, esta subunidade €é responsavel por controlar os estados aberto/fechado dos

canais de NMDAR, o que induz cascatas de CamKII. Estas tém a capacidade de regular o trafego de
NMDARs nas membranas, contribuindo também para a iniciagdo de cascatas MAPK/ERK.

O NAc é um dos principais componentes da via mesocorticolimbica, sendo constituido por duas
partes que diferem em morfologia e fungdo — um core e uma shell. Esta zona é responsavel ndo sé por
emocdes como desejo e motivacdo, mas também emogOes associadas ao prazer, como a felicidade e a
euforia. Mais especificamente, o core do NAc é responsavel pelo processamento cognitivo de fungdes
motoras relacionadas com reforco e recompensa, sendo também responsavel pelo vicio de
Anfetaminas e Cocaina. Para além disto, 0 NAc estd também envolvido em doencas psiquiatricas
como a esquizofrenia e a depressdo. O NAc é composto por 90% de medium spiny neurons
GABAGérgicos e o restante corresponde a medium spiny neurons Glutamatérgicos e interneurénios
Colinérgicos. Recebe inputs glutamatérgicos do Cortex Pré-frontal, do Hipocampo e da Area
Tegmental Ventral, enquanto que os neurénios do output enviam projecdes axonais para a Area
Tegmental Ventral, a Hipocampo, o Cortex Pré-frontal, entre outros. Os circuitos e neurotransmissores

do NAc ja foram extensivamente estudados, contudo ainda existem muitas questdes quanto a
influéncia do CBy, recetor que j& mostrou ser abundante nesta regido, particularmente em terminais
glutamatérgicos de corpos celulares GABAérgicos. Para além disto, ja foi mostrado que a ativacdo
farmacoldgica de CB4 diminui a transmissdao glutamatérgica evocada, sugerindo que estes tém um
papel fisioldgico fundamental na excitabilidade do NAc. Os mecanismos pré-sinpticos ja foram
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estudados, contudo, alteracdes pos-sindpticas também sdo possiveis ja que os CB1 podem modular

AMPARs e NMDARs. E importante perceber a relagio entre CB;, AMPARs e NMDARSs ja que estes

recetores sdo essenciais para a transmissdo e plasticidade sindptica, afetando os outcomes

comportamentais.

De forma a investigar se a auséncia cronica de CBq afeta a transmissdo glutamatérgica no
nacleo do NAc, foi utilizada eletrofisiologia whole-cell patch clamp ex vivo combinada com
farmacologia e linhas de ratinho transgénicas. Primeiro, verificou-se que a delecdo total de CB1 afeta a
transmissdo sinaptica espontanea ao aumentar a frequéncia de eventos sinapticos. Estes resultados
sugerem que CB; sdo essencias para controlar a libertacdo e clearence de Glutamato. De seguida,
verificou-se que os endocanabindides ndao sdo tdnicamente libertados no core do NAc, sugerindo que
os resultados anteriormente sdo causados pela falta cronica de CB1. Em terceiro, verificamos que ndo
existem alteragdes no ratio de AMPA/NMDA, sugerindo que podem existir alteragdes nas
subunidades de recetores AMPA e NMDA. Depois, verificou-se que a delegdo total de CB1 prejudica
a atividade de AMPARs permeéveis a Ca2+ em medium spiny neurons no core do NAc, sugerindo que
0s mecanismos de trafego podem estar afetados. Por ultimo verificou-se que a delegdo total de CB1

aumenta a presenca da subunidade GIuUN2A em NMDARs no core do NAc, sugerindo que pode estar a

compensar a falta de CBj. Para além disto, pode também haver um aumento crénico de PKA, PKC ou
CaMKIl. Com este projeto podemos entdo concluir que a auséncia de CBj induz alteracbes na

atividade sinaptica que permitem o aumento da libertagdo de glutamato. A auséncia de CB1 também
causa alteracBes pos-sinapticas ao modificar o tipo de subunidades presente nos recetores AMPA e
NMDA. Seria interessante perceber se estas alteragfes sdo diretamente causadas pela auséncia de CB1

ou por outro mecanismo. Para além disto, devemos também tentar perceber como € que estas

alteracOes afetam a maturacéao sinaptica e os mecanismos de plasticidade.

Palavras-chave: Recetores Canabinoides do tipo 1, recetores AMPA, recetores NMDA, core do

Nucleus Accumbens, eletrofisiologia.



Abstract

The Endocannabinoid System (ECS) is mainly composed by endocannabinoids (eCBs) and
cannabinoid receptor proteins. The endocannabinoid signaling plays a major role in neural functions,
regulating emotional and motivational states mostly through the activation of Cannabinoid type-1
receptors (CB;), the main effectors of the ECS in the brain. The Nucleus Accumbens (NAc) is a major
component of the Mesocorticolimbic pathway, being a key structure in mediating emotional and
motivation processing, modulating reward and also pleasure. The NAc core receives glutamatergic
inputs and as CB; have been shown to be essential to maintain evoked glutamatergic transmission, it
suggests that they play a relevant physiological role for the NAc core excitability. Moreover,
manipulation of CB; signaling within this brain region triggers robust emotional/ motivational
alterations related to drug addiction and other psychiatric disorders (CB1 expressing neurons in the Nac,
2012). Although the associated presynaptic mechanism of endocannabinoid signaling has already been
studied, postsynaptic changes may occur, as CB; are able to modulate AMPAR and NMDAR-
mediated synaptic transmission. It is of interest to understand the relationship between AMPA,
NMDA and CB; receptors in the NAc because they are essential not only to synaptic transmission but
also plasticity, which can affect certain behaviors. Using ex vivo whole-cell patch clamp
electrophysiology combined with pharmacology and transgenic mouse lines, we aimed at investigating
whether the chronic lack of CB; affects spontaneous and evoked glutamatergic transmission in the
NAc core. Our results show that full CB; knock-out mice (CB;™) have an increased frequency of
miniature synaptic events without changes in their amplitude, while blocking CB; with the antagonist
Rimonabant shows no effect. Moreover, CB,”" lack Calcium-permeable AMPARs and have an
increase in GIuN2A-containing NMDARSs. Our results confirm the CB; presynaptic mechanism of
action but also suggest a complementary postsynaptic mechanism. Altogether these results show that
the chronic lack of CB; is able to induce postsynaptic changes in medium spiny neurons (MSNs) from
the NAc core, specifically in AMPAR and NMDAR subunit composition.

Keywords: Cannabinoid type-1 receptors, AMPA receptors, NMDA receptors, Nucleus Accumbens
core, electrophysiology.



1. Introduction

1.1. CB; and the Endocannabinoid system

1.1.1. First glimpse of the Endocannabinoid system

Cannabis has been used for medical and recreational purposes for at least eight thousand years,
even though, its underlying physiological and molecular mechanisms have been unknown until these
last few decades. The first observed medical benefits included encompassed anesthetic, airway
opening and antihypertensive as well as antiemetic action. A century ago, cannabinol, the first plant-
derived cannabinoid was isolated and, in the 1930s its chemical structure was elucidated®. In the
following years tetrahydrocannabinols and cannabidiols were discovered and isolated but only in 1963
was the naturally occurring structure and stereochemistry of (-) — trans - A? — tetrahydrocannabinol (A°
- THC), the main psychoactive constituent of Cannabis?, unraveled.

At the time, the underlying mechanisms of cannabinoids were mostly believed to result from
“non-specific” interactions between the lipophilic A° - THC and the cell membranes, changing the
fluidity and structure of the latter, hence affecting most cell types®®. However, the unexpected
recognition of cannabinoid-specific binding sites in the brain® led to the discovery of CB; in humans®
as well as its high density in the brain’. CB, was then soon characterized®, followed by the first
endocannabinoid, Anandamide (AEA)®, as well as the first selective CB; antagonist, Rimonabant®.
Another famous eCB was also identified a year later, 2 - arachynodoilglycerol (2-AG)***2.

Recent technologies allowed us to engineer CB, knockout mice strains™>**

and the vast majority
of behavioral and physiological responses to cannabinoid ligands in the brain were no longer
observed, compared to CB, knockout mice®. These findings, did not only underline CB; as the major
cannabinoid receptor in the CNS, but also opened a whole new plethora of possibilities of cannabinoid
involvement in synaptic transmission. As the conditional knockout technology became novel and
widespread, neuron-specific conditional CB, knockout mice were also generated'®. With all these
discoveries in the “Cannabinoid World”, the major phytocannabinoid structure was then identified as a
tricyclic ring constituted from a phenol ring, having a 5-carbon alkyl chain meta to the hydroxyl, a
central pyran ring, and a mono-unsaturated cyclohexyl ring"’. Recently, the Endocannabinoid System
surprised us once again and proved its ubiquity with the discovery of mitochondrial CB; (mtCB;) and
its direct involvement in both cellular respiration and synaptic plasticity™.

CB; and CB, receptors have shown to be pathologically expressed in many diseases, not only
nervous system related, such as neurodegenerative (Alzheimer disease®, Multiple Sclerosis and
Amyotrophic Lateral Sclerosis®) and psychiatric (Depression” and Schizophrenia?), but also in
cardiovascular (Arteriosclerosis®), gastrointestinal (Cirrhosis®*), among many others. The fact that the
Endocannabinoid System is involved in many pathologies, along with the Cannabis decriminalization

managed to break the wheel of mistrust on cannabinoids, hence opening a whole new field of



opportunities to be explored. Great efforts have been put into investigating Cannabis, mainly in the
last century (Fig. 1). Such interest, managed to increase exponentially not only our knowledge, but
also the methods available to study both the plant and the Endocannabinoid System.

Cannabinol isolation and Discovery
elucidation of its structure of mtCB;

Cannabis psychoactive
properties are described
in China

Engeneering of CB;
KO mice strains

1990 §2003

Bc 6000 600 0 AC

Cannabis use by classical

Discovery of
Greeks and Romans

First reports of ;
CB; in humans

Cannabis use from
Eurasia and Africa

Cannabis spread to the Engeneering of
Western hemisphere for contidional mice
fiber production strains

Fig. 1: Timeline of the events that marked the Cannabis history. Image was created with
BioRender.com.

1.1.2. Cannabinoid Type-1 Receptors

CB, are G-protein coupled receptors (GPCRs)“* that mediate many cannabinoid-induced

26, 27 28, 29

effects, being involved in learning and memory®® #, cognition”® %, motor control®*, sleep®,
neuroprotection® and many more functions. They are encoded by the cnrl gene, located in the 6"
human chromosome® and acquires a monomeric form composed of 472 aminoacids® (Fig. 2A), while
only sharing 44% protein sequence homology with CB,*. In recent years, two more isoforms of CB,
have been identified, both resulting from alternative splicing®™. These isoforms have shorter N-
terminus hence changing ligands biding constants®".

It is known that the full-length CB; dominates in the brain and skeletal muscle, whereas shorter
isoforms are highly expressed in the liver and pancreatic islet cells, being involved in metabolism®® %
(Fig. 2B). In the brain, CB; is the most-widely expressed receptor from the GPCR family®*!, being
highly present in neurons from the Olfactory bulb, Hippocampus, Basal Ganglia and Cerebellum.
Moderate CB; expression is found in Cerebral Cortex, Amygdala and Hypothalamus, whereas regions
like Thalamus and ventral horn of spinal cord have lower expression*! (Fig. 2C). Several studies have
suggested that CB; are highly expressed in presynaptic terminals, where it mediates retrograde
signaling of eCBs***. Despite this, there is also evidence of postsynaptic CB; that act by mediating

self-inhibition in neocortical neurons by endocannabinoids* . In addition to neural expression, CB;R
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are also expressed in astrocytes, where its activation regulates neuronal excitability, synaptic
transmission and plasticity*’ .

Cell membrane CB; are the most abundant and their activation decreases CAMP formation and
intracellular Ca** influx>. Furthermore, recent studies have reported the presence of CB; associated to
mitochondria®**, where it decreases mitochondrial respiration and cAMP production, hence
regulating cellular energy metabolism®®, synaptic transmission, plasticity®* and animal behavior®.

Other than this, there is evidence of CB;R in the membrane of acid-filled endo/ Iysosomesss’ss.

B Brain
Heart
Liver
Gl tract
Reproductive
St=lam | Skeletal
muscle

Cortex
Hypothalamus
Amygdala

High expression:

Olfactary bulb
Cerebellum
Hippocampus

Basal ganglia Low expression:

Thalamus
Ventral horn of spinal cord

Fig. 2: CB; structure, their location in the body and expression levels in the brain. (A) Predicted
CB; structure, acquired with X-ray diffraction and a resolution of 2.8 A. Image was edited using
Chimera software (PDB - 5TGZ) (B) CB; plays a role both in the brain and peripheral organs, where it
is essential to regulate local tissue functions. Image was created with BioRender.com. (C) Depending

on the brain region, CB; has different levels of expression. Image was created with BioRender.com.



1.1.3. CB; signaling in the Central Nervous System

CB;-mediated signaling starts with the production of eCBs which is triggered by postsynaptic
membrane depolarization®’, through the activation of postsynaptic receptors and consequent increase
of intracellular Ca**. Once postsynaptic depolarization occurs, 2-AG is produced from Diacylglycerol
and AEA is produced from N-acyl-phosphatidylethanolamine, two lipids commonly found in cell
membranes®. Produced eCBs are then mobilized from the postsynaptic membrane and travel

24 and nearby astrocytes ***° (Fig. 3).

retrogradly to bind CB; in both presynaptic membranes

In neurons, CB; is coupled to Gy, and once activated it is able to modulate major signaling
pathways by suppressing Adenyl cyclase activity, which then leads to the decrease of cAMP and
consequent inhibition of PKA*. Altogether, these events lead to the decrease of calcium influx in the
presynaptic cell, hence suppressing the release of neurotransmitters. On the other hand, astrocytic CB;
is coupled to G4 and its activation leads to the increase of astrocytic calcium levels hence stimulating

the release of glutamate®*®,

¥ AMPA receptor
¥ NMDA receptor =
e Glutamate °

eCBs

[ ]
» -
oy oCB precursor="="
o o

Fig. 3: CB; activation inhibits neurotransmitter release in neurons from the central nervous
system. The depolarization of postsynaptic membranes is mediated by calcium increase and triggers
endocannabinoid production. eCBs then travel retrogradly to bind and activate CB; which is coupled
to Gy, being able to suppress Adenyl cyclase activity. The consequent decrease of cAMP and
inactivation of PKA leads to a decrease of calcium influx in the presynaptic cell, which results in the

inhibition of neurotransmitter release. Image was created with BioRender.com.



1.2. AMPA receptors
In the mammalian brain, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARS) are responsible for the vast majority of fast excitatory neurotransmission. These receptors
are encoded by the gene family gria in the 4™ human chromosome and are usually located in
postsynaptic terminals, more specifically in the postsynaptic density (PSD). AMPARSs are ionotropic
glutamate receptors while also being activated by AMPA. Once active, AMPARs contribute to the
opening of cation channels, hence inducing membrane depolarization. Overall, such receptors are

essential to allow for synaptic plasticity, learning and memory.

1.2.1. Structure and Subunit composition

The AMPAR signaling complex is typically composed by a tetrameric AMPAR®® (Fig. 4A)
and also a broad range of auxiliary proteins that modulate the trafficking, gating, pharmacology and
permeation of receptors leading to a spatial and fine tuning of AMPARs function®. The tetrameric
AMPAR structure is composed by a dimer of dimers, which includes a total of four neurotransmitter
binding sites®®®®. The tetramer is composed of various combinations of 4 different subunits (GIuA1 —
GluA4)®” which differ mostly in their c-terminal sequence, responsible for interactions with
scaffolding proteins®. This receptor is Na‘- permeable due to its porous structure. Moreover,
AMPARSs that lack the subunit GIuA2 are also permeable to Ca®*, being known as Calcium permeable
AMPARs (Cp-AMPARSs)® ™. Ca®* impermeability is caused by a mRNA subunit switch from a

conserved glutamine codon (neutral charge) to an arginine (positive charge)®®™

, allowing porous
resistance to Ca*". The subunit GIuA1 is also of interest since it is the most abundant, and along with
GluA2, forms the most abundant AMPAR dimer™. Even though AMPARs were considered passive
conduits for current flux across the membrane, recent evidence suggests that these receptors can also

have metabotropic roles as cell surface signal transducers’® ",

1.2.2. Location and Trafficking

AMPARs are diffusely located throughout dendrites during development and later become
concentrated in the synapses”, mostly in the PSD. This type of receptor is particularly mobile and its
trafficking is carefully determined by a balance of endocytosis’’, exocytosis™ and lateral diffusion’
(Fig. 4B). Due to its tight regulation, AMPARSs can be rapidly translocated in and out of synapses in a
NMDAR-dependent manner™, leading to an increase or decrease in AMPAR expression depending on
the stimulus.

Recent evidence shows that some synaptic plasticity mechanisms depend not only in NMDAR,
but also in AMPAR subunit composition®®"
mechanism of Cp-AMPARs by Calcium impermeable AMPARs (Ci-AMPARS) (or vice-versa) is

essential to initiate synaptic plasticity®®®. Such switch seems to be controlled by Cp-AMPARs

. Interestingly, in some brain regions the switch

themselves, though the exact mechanism is yet to be understood. Such trafficking is believed to be
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carried mainly through NMDAR activation, followed by increase in CaMKII and PKA®** or PKC®
activity. The activation of such protein kinases is known for phosphorylation insertion in AMPAR’s
Serines, which causes receptor activation and anchoring in the membrane of the PSD®®,

1.2.3. Function

AMPARs serve mainly as ion channels, contributing to synaptic transmission and plasticity,
processes that are possible due to the carefully controlled receptor trafficking, introduced previously.

AMPARs pathway begins with their activation, followed by porous opening, ion influx and
consequential postsynaptic depolarization®®’. In certain conditions, these events lead to NMDARs
activation which in turn initiate Ca**-dependent signaling pathways that modulate the surface presence
of AMPAR. Ultimately, AMPAR activation and consequent cascade of events, leads to the activation
of MAPK/ERK pathway’®. Curiously, CB; and NMDAR activation can also culminate in such
pathway and thought the difference among such mechanism is believed to exist, it is yet to be
clarified.

By allowing ion influx, these receptors are known to play a crucial role during long-term
potentiation (LTP) and depression (LTD), two common forms of synaptic plasticity mechanisms. The
occurrence of such processes depends not only on the brain region, but also on the type of neuron and
its circuitry. Other than this, the availability of Ci and Cp - AMPARs, as well as the correct
functioning of trafficking mechanisms, are also of extreme importance to successfully ensure synaptic
plasticity mechanisms.
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Fig. 4: AMPA receptor tetramer structure and its trafficking mechanisms. (A) Two different
viewpoints of the predicted AMPA receptor structure, acquired with X-ray diffraction and a resolution
of 3.5 A. On the right, we can see the pore opening right in the middle of the receptor. Image was
edited using Chimera software (PDB — 4U2Q). (B) AMPA receptor endocytosis is believed to be
caused by a reduction of postsynaptic calcium influx through NMDARs. On the other hand, exocytosis
is potentiated by calcium influx increase through NMDARS, which leads to the activation of PKA,
PKC and CaMKII. Such proteins promote the insertion and anchoring of AMPARs in the PSD by

phosphorylation in certain AMPAR residues, such as Serines. Image was created with BioRender.com.

1.3. NMDA receptors
N-methyl-D-aspartate receptors (NMDARS) are lonotropic Glutamate receptors, encoded by the
gene family grin in the 9" human chromosome. They bind Glutamate, NMDA and Glycine, being
essential for fast excitatory neurotransmission®. Like AMPARs, NMDAR’s functions in the synapses
are extremely complex, finely tuned and differ between brain regions. Such complexity along with
subunit composition is essential to ensure synaptic plasticity mechanisms®, not only initiation, but

also to ensure its maintenance.

1.3.1. Structure and subunit composition

NMDARs are heterotetramers (Fig. 5A) composed of two obligatory GIuN1 and two regulatory
subunits® - GIuN2 and/or GIuN3. NMDARs have a total of three binding sites and similarly to
AMPARs, each subunit has 3 main parts: intracellular C—terminus binding associate scaffolding
proteins, a transmembrane region comprising three segments and the extracellular N—terminus, which
comprises the binding site®. GIUN2 is mostly expressed in the PSD and is known for conferring high
sensibility to Mg®* blocking®, while GIUN3 is mostly expressed extra-synaptically and has very low
Ca”* influx, being resistant to Mg®* blocking®"®*.
The subunit GIuN2 is of special interest here, not only because it is the most abundant in mature

neurons, but also because of its ability to greatly increase Ca®* influx. Furthermore, GIUN2A is
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responsible for controlling open/close state of the NMDAR’s channel, by allowing a strong Ca®*
influx®® and on the other side GIuN2B is responsible for initiating CamKII cascades®” (Fig. 5B). The
switch between these two subunit types have shown to be essential for synaptic plasticity
mechanisms®, such as LTP.

1.3.2. Location and trafficking

NMDARSs are usually located in the PSD but can also be found pre-** and extra-synaptically®,
depending on their subunit composition. Like AMPARs, NMDARs are trafficked through endocytosis,
exocytosis and lateral diffusion. The main control mechanism is believed to be through the activation
of PKA or PKC which then leads to NMDAR phosphorylation'®**%2, While Tyrosine phosphorylation
affects the surface expression of the receptors, Serine phosphorylations, as well as CAMKII-dependent

phosphorylation of GIUN2A subunits have also shown to increase ion flux through NMDAR pores.

1.3.3. Function

NMDARs have ion flux as their main function: opening of the NMDAR channel allows K*
efflux and also Na* and Ca®* influx, which consequently triggers intracellular signaling pathways (Fig.
5B). Similarly to AMPARs, NMDAR activation by Glutamate binding leads to open channel state,
hence favoring Ca®* influx, especially in GIuN2-containing NMDARs. Such increase in the
intracellular Ca** will induce the activation of CaMKII followed by the MAPK/ERK pathway®.
Ultimately, such pathway can lead to nuclear gene expression by controlling the transcription factor
ARC™1% The proteins produced are essential to allow for the growth and stabilization of newly
formed spines, therefore contributing to synaptic strengthening.




AMPAR MAPK/ERK
exocytosis pathway
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Fig. 5: NMDA receptor tetramer structure and related functions. (A) Two different viewpoints of
the predicted NMDA receptor structure, acquired with X-ray diffraction and a resolution of 3.8 A. On
the right, we can see the pore opening right in the middle of the receptor. Image was edited using
Chimera software (PDB — 4TLM). (B) Once Glutamate binds NMDARsS, these get activated and in
open-channel state. Consequently, there is an increase in postsynaptic calcium influx which can
activate CaMKII and both PKA and PKC. While CaMKII leads to MAPK/ERK pathway followed by
gene expression, PKA and PKC contribute to AMPAR exocytosis. Altogether, these events lead to

increased synaptic strength. Image was created with BioRender.com.

1.4. Nucleus Accumbens core

1.4.1. Location and Function

The Nucleus Accumbens (NAc) is located in the basal forebrain and is part of the ventral
striatum. Each cerebral hemisphere has its NAc, which is formed by two structures differing in
function and morphology - an outer shell and an inner core'®. It is anatomically located in a way that
serves emotional and behavioural components of feelings, while being considered as a neural interface
between motivation and action®".

Functionally, the NAc is a major player in the Mesocorticolimbic circuit (or Reward System), a
group of neural structures responsible for incentive salience (motivation and desire), associative
learning (positive reinforcement and classical conditioning) and also positively valenced emotions,

particularly pleasure-associated (joy and euphoria)'®*,

More specifically, the NAc core is
responsible for the cognitive processing of motor functions related to reward and reinforcement, while
also being responsible specifically for cocaine and amphetamine addiction'*>™**. Other than playing a
major role in cognitive, emotional and psychomotor functions, the NAc is involved in psychiatric

disorders, not only addiction but also depression, schizophrenia, among many others.



1.4.2. Morphology and Circuitry

The NAc core is composed of 90% GABAergic medium spiny neurons (MSNs) (Fig. 6A),
while the other 10% are GABAergic and Cholinergic interneurons. Furthermore, in this brain region,
MSNs can be divided into those expressing dopamine receptor D1 (D1R) or dopamine receptor D2
(DZR)llS,llGI

As a central part of the mesolimbic pathway, the NAc receives Dopamine inputs from the
Ventral Tegmental Area and Glutamatergic inputs from the Basolateral Amygdala (BLA), Ventral
Subiculum, Hippocampus and Prefrontal Cortex (Fig. 6B). The output neurons of the NAc send

axonal projections to the Ventral Pallidum, Hypothalamus, Midbrain and also effector motor

Fig. 6: (A) Example of a Biocytin filled MSN, after Streptavidin-AF646 counterstaining. Image was

obtained with a confocal microscopy system and reconstructed using Las X and Photoshop softwares.

(B) NAc circuitry involves Glutamatergic inputs from the hippocampus, Prefrontal cortex and
1 1 Inniite fram tha

Basolateral amygdala and Dopaminergic i o e e bopaminergi o—< GABABIIC

Ventral Tegmental Area. The major GABAergic output is

to the Ventral Tegmental Area. Image was created with BioRender.com.

1.4.3. Addiction and the NAc
The NAc plays a key role in the neural circuitry related to motivation and drug addiction™®'%,
Moreover, we now know that drug addiction involves activity-dependent plasticity at glutamate
synapses within neural circuits important for motivated behaviors****?. Other than the fact that drugs
of abuse can influence fundamental cellular processes that regulate synaptic strength, considerable
evidence suggests that activation of NAc MSNs by glutamate inputs originating from limbic and
cortical regions is the final common pathway for drug seeking in many animal models of addiction'®.

122 50 it is not

124-126

The activation of NAc MSNs by glutamate inputs is primarily mediated by AMPARs
surprising that cocaine-elicited drug seeking depends on AMPARSs transmission in the NAc

Other than this, it is also known that enhanced AMPAR transmission in the NAc is associated with
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enhanced drug seeking and that the strength of AMPAR transmission in the NAC represents a

113

critical determinant of intensity of drug seeking™. Altogether and along with the fact that Cp-

126

AMPAR formation in the NAc mediates incubation of cocaine craving™, it is extremely important to

investigate GluA2-lacking AMPARSs, in order to fully understand addiction mechanisms.

1.4.4. CB; influence in the NAc

Even though the circuitry and neurotransmitters in the NAc have been extensively described,
there are still many questions concerning CB; influence in this brain region. Even though these
receptors are sparsely expressed in the NAc, they play an important role in its core'®. Furthermore,
they are usually expressed in presynaptic membranes, specifically in glutamatergic terminals that
contact GABAergic cell bodies”**.

It has been previously shown that pharmacological CB,; activation decreases evoked
glutamatergic transmission, in both ex vivo and in vivo experiments, suggesting that it plays a relevant

physiological role for NAc excitability™***"

. Such presynaptic mechanism has already been
extensively studied, however postsynaptic changes are also believed to occur. It is important for us to
understand the relationship between AMPA, NMDA and CB; receptors in the NAc because they are

essential for synaptic transmission and plasticity, hence affecting many behavioral outcomes.

1.5. Goal
The first goal of this investigation project is to determine whether the chronic lack of CB;
affects glutamatergic synaptic activity in the Nucleus Accumbens core of adult mice. Secondly, to
investigate whether there are any synaptic changes in the postsynaptic membrane, specifically
concerning AMPAR and NMDAR subunit composition. Lastly, to check which type of neurons is

involved in such mechanisms.
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2. Materials and Methods

2.1. Animals

Throughout the study, animals had ad libitum access to food and water. They were housed
under controlled temperature (20-22°C), humidity (50-55%) and 12 hour light/dark cycle. All animals
used in the experiments were adults (ca. 8-12 weeks old). Adequate measures were taken to minimize
pain and discomfort of the animals, as well as the number of animals used in the experiments, on the
basis of the 3Rs (replacement, reduction and refinement) principle. All experiments were conducted in
strict compliance with the European Union recommendations and were approved by the French
Ministry of Agriculture and Fisheries and the local ethical committee.

We used full CB; knockout (CB;”) mice %, conditional knockout animals lacking CB; in
GABAergic DIx positive neurons (GABA-CB;™) ** %32 and also knockout animals lacking CB; in

16, 132

Glutamatergic Nex positive neurons (Glut-CB;™) . As controls we used their wild-type

littermates. All the animals used were breed and born in the facility where the experiments took place.

2.2. Electrophysiology Recordings

2.2.1. Brain slice preparation

Whole-cell electrophysiology recordings were obtained in acute brain slice preparations (Fig.
7A) from mice previously described. Animals were euthanized under isoflurane anesthesia after which
the head was separated, followed by a sagittal cut along the skull and a coronal cut along the eye
sockets. After brain extraction, it was placed in the specimen holder of the Vibratome which was then
filled with oxygenated (95% O,; 5% CO,) and halfway-frozen cutting solution (in mM: 180 Sucrose,
2.5 KClI, 1.25 NAH,PO,, 26 NaHCOs3, 11 Glucose, 0.2 CaCl,, 12 MgCl,). After cutting 350 um-thick
coronal slices, these were transferred into a chamber filled with continuously oxygenated (95% O,; 5%
CO,) artificial Cerebral-spinal fluid (aCSF, in mM: 123 NaCl, 26 NaHCOs;, 11 Glucose, 2.5 KCI, 2.5
CaCl,, 1.3 MgCl,, 1.25 NaH,PQO,4) and left incubating at 34°C, for 30 minutes. After a minimum of 20
minutes recovery at room temperature (RT, 22-25°C), slices were transferred to a recording chamber

with continuously perfused oxygenated aCSF, at RT.

2.2.2.  Whole-cell patch-clamp electrophysiology recordings

Recordings were performed using Multiclamp 700B amplifier (Molecular devices) in Medium
Spiny neurons (MSNs) of the NAc core, clamped with 4-6 MU borosilicate glass pipettes. For
recordings at - 70 and - 80 mV, experiments were performed with Potassium Gluconate - based
intracellular solution (in mM: 130 KCI, 10 HEPES, 1 EGTA, 2 MgCl,, 0.3 CaCl,, 7 Phosphocreatin, 3
Mg,-ATP, 0.3 Na,-GTP; pH = 7.2; 290mOsm). For recordings of NMDA receptors at + 40 mV, a Cs’-
based intracellular solution was used (in mM: 20 HEPES, 0.4 EGTA, 5 TEA-CI, 2.5 Mg,-ATP, 0.25
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Na,-GTP, 2.8 NaCl, 117 CH3CsO3S, 290 mOSM, pH 7.2 — 7.4). The brain region was identified
based on its relative position to the Anterior Commissure (Fig. 7B). MSNs were distinguished from
interneuron cell types based on morphological (size, shape) and biophysical properties ***** (Fig. 7C).
Electrophysiological data were acquired and filtered at 1Hz using an amplifier and fed to a computer
using a Digidata. Neurons were recorded in voltage clamp mode of the patch clamp technique and the
resting membrane potential and an access resistance was continuously monitored. Cells in which the
access resistance changed more than 20% were discarded. Miniature EPSC recordings were recorded
at -80 mV and isolated in the presence of TTX (1uM), Picrotoxin (50uM) and CGP54626 (1uM) to
block Na* channels'**, GABAL'*® and GABAg"® receptors, respectively.

T R A

50 mV

Fig. 7: (A) The NAc is located in the basal forebrain, surrounding the Anterior Commissure. Image
was created with BioRender.com. (B) Pipette applying positive pressure in a MSN in the NAc. The
dark region on the top left corresponds to the Anterior Commissure. (C) Representative traces of a
current clamp recording of a NAc core MSN showing its response to hyperpolarizing and depolarizing

steps.

2.2.3. Synaptic stimulation

Stimulator was connected to an aCSF-filled borosilicate glass pipette that was used for bipolar
stimulation in MSNs of the NAc core. EPSCs were isolated using Picrotoxin (50uM) and CGP54626
(1uM). NMDA currents were measured in the presence of NBQX (10p) which blocks AMPAR™. The
AMPA/NMDA ratio was measured by stimulating at -80mV and +40mV which allow us to obtain
AMPA currents and AMPAR+NMDAR currents, respectively. D-AP5 (50 uM, NMDAR antagonist)
was then applied to block NMDARs'*® and isolate the AMPA current at +40mV*%.

AMPA EPSC_gomp

ratio
NMDA EPSC+40mv - EPSC+4—0 mV/DAPS
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2.3. Streptavidin staining

Slices from mice brains were obtained as described in 2.2.1. and MSNs in the NAc were
patched with a pipette containing internal solution with 0.05% biocytin. To perform immunostaining
of biocytin filled neurons, the slices were fixed at 4% PFA overnight at 4°C. After fixation, slices were
transferred and washed in PBS, 3 times for 10 minutes. Biocytin filled MSNs were blocked (1x PBS,
0.3% Tritox-X) for an hour at RT before a 4-hour incubation with Streptavidin-AF647 (1:500) at RT.
Brain slices were then washed in PBS, 3 times for 10 minutes before being mounted on gelatin-coated
slides. Finally the cover slips were mounted with anti-fade prolong gold mounting medium and led to

dry for 24h. Slices were imaged using a multiphoton SP5 from Leica.

2.4. Analysis and Statistics

2.4.1. Electrophysiology data analysis

Electrophysiological data were filtered at 1kHz by a Digidata and collected during the full
length of each condition. Electrical properties of mEPSCs were analyzed with Axograph in which a
temple function was created (5ms baseline, 30 ms length, -25 pA amplitude, 0.5 ms rise, 3 ms decay).
Parameters were detected with a variable amplitude template (O minimum event separation, 5 ms
capture baseline, 30 ms length). mEPSC amplitudes were tested and synaptic events smaller than 5 pA
and bigger than 100 pA were discarded. The measures analyzed for mEPSCs were mean amplitude of
response, frequency of events, rise-time and decay-time (Fig. 8B). To compare mEPSCs, data were
analyzed 5 minutes before and 15 after Rimonabant treatment. The measures analyzed for EPSCs were
mean amplitude of EPCS response. Baseline mean EPSC amplitude was obtained by averaging mean
values obtain within 5 minutes of baseline recordings and mean EPSC amplitudes were normalized to
baseline. NASPM effect was statistically tested by comparing the mean of normalized EPSCs
amplitude recorded during the 5 minute of baseline and 20 minutes after the drug, for 5 minutes.
PEAQX effect was statistically tested by comparing the mean of normalized EPSCs amplitude

recorded during the 3 minute baseline and 15 minutes after the drug, for 5 minutes.

2.4.2. Statistics
Electrophysiological data expressed as mean + SEM.was analyzed and represented with Prism
Software. Paired or unpaired statistical analyses were obtained with Student’s t test. Statistical

differences were established with p < 0.05 (*) and p < 0.01 (**).
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Table 1: Chemicals, animal models, softwares/ algorythms and other materials used in

investigation project.

the

Name Source Identifier
Chemicals
aCSF and Cutting solution
Sucrose Sigma-Aldrich S0389
KCI Sigma-Aldrich P9541
NAH,PO, Merck 1063461000
NaHCO; Sigma-Aldrich S6014
Glucose Sigma-Aldrich G5767
CaCl, Sigma-Aldrich C3881
MgCl, Sigma-Aldrich M0250
NaCl Sigma-Aldrich 746398
Internal solutions
KCI Sigma-Aldrich P9541
HEPES Sigma-Aldrich H3375
EGTA Sigma-Aldrich E4378
MgCl, Sigma-Aldrich M0250
CaCl, Sigma-Aldrich C3881
Phosphocreatin Sigma-Aldrich P7936-5G
Mg-ATP Sigma-Aldrich A9187-500MG
Na-GTP Sigma-Aldrich G8877-25G
TEA-CI Sigma-Aldrich T-2265
CH3Cs05S Sigma-Aldrich C1426
Drugs
Picrotoxin Sigma P1675
CGP 54626 Hydrochloride TOCRIS Bioscience 1088
Tetodrotoxin Cytrate TOCRIS Bioscience 1069
Biocytin Sigma-Aldrich B4261
NASPM TOCRIS Bioscience 2766
PEAQX TOCRIS Bioscience 5018
Rimonabant Cayman Chemical Company 9000484
NBQX Abcam Biochemicals ab120046
D-AP5 Abcam Biochemicals ab120003
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Experimental Model: Organisms/ strains

Mice: CB,™" N/A N/A
Mice: GABA-CB,” N/A N/A
Mice: Glut-CB, ™ N/A N/A
Software/ Algorythms
Axograph Axograph software N/A
Chimera RBVI 1.11.2
Clampfit Molecular devices Pclamp10
Clampex Molecular devices Pclamp10
Graphpad Prism 6.0 Graphpad software Prism 6.0
Other
Carbogene Messer 105112501
Digidata Molecular devices 1440 A
Humbug Quest scientific N/A
MultiClamp amplifier Molecular devices 700 B
Patch-clamp microscope Zeiss Examiner A
Stimulator Digitimer LTD DS2A-mk.11
Vibratome Leica VT 1200 S
Micropipettes BT-150-10
Miicropipette puller Sutter Instrument Company 51600
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3. Results
3.1. Total CB; deletion affects synaptic activity in the NAc core

To study the effect of total CB; deletion in synaptic activity, miniature excitatory synaptic
potentials (MEPSCs) were recorded in both WT mice and CB;”" mice. The experiments were carried in
a bath with the presence of TTX (1uM) to inhibit cell firing and Picrotoxin and CGP.

The results show that the frequency of mEPSCs is increased in the CB,” compared to the WT
(Fig. 8C). Both populations show similar mEPSCs amplitude (Fig. 8D) and rise-time (Fig. 8E).
Moreover, the mEPSCs decay-time is significantly reduced in the CB;” compared to their WT

littermates (Fig. 8F).
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Fig. 8: Full CB; deletion increases the frequency and decay-time of mEPSCs, at glutamatergic
synapses of the NAc core. (A) Representative trace of mEPSCs in the NAc core. (B) Representative
trace of a single mEPSC in the NAc core and the parameters analyzed. (C) Average mEPSC frequency
recorded at glutamatergic synapses. (D) Average mEPSC amplitude recorded at glutamatergic
synapses. (E) Average mEPSC rise-time recorded at glutamatergic synapses, showing no difference

between mice populations. (F) Average mEPSC decay-time recorded at glutamatergic synapses.
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3.2. CB; blocking with Rimonabant does not affect basal synaptic activity in the NAc core

In order to understand if eCBs are being tonically released, CB; was blocked in WT mice, with
the antagonist Rimonabant™ (1uM). mEPSCs were recorded and the parameters were measured both
before and after the treatment. The experiments were carried in the presence of TTX, CGP and
Picrotoxin in the bath.

Blocking CB; with Rimonabant showed no changes in any of the parameters analyzed, when
compared to the baseline (Fig. 9). Such results suggest that eCBs are not being tonically released in
this brain region and make us wonder if basal activity is only affected by the chronic lack of CB;.
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Fig. 9: Rimonabant treatment in NAc slices does not affect basal synaptic activity of the NAc
core. (A) Average mEPSC frequency in the presence of Rimonabant, showing no difference between
pre and after treatment. (B) Average mEPSC amplitude in the presence of Rimonabant, showing no
difference between pre and after treatment. (C) Average mEPSC rise-time in the presence of
Rimonabant, showing no difference between pre and after treatment. (D) Average mEPSC decay-time

in the presence of Rimonabant, showing no difference between pre and after treatment.

3.3. Total CB; deletion does not affect AMPA/NMDA ratio in the NAc core
To check if the lack of CB; is affecting the post-synapse we first measured the AMPA/NMDA
ration as an indicator of synaptic plasticity. Particularly, this ratio would change if the amount of
AMPARs and/or NMDARs changes due to receptor motility or synapse remodeling™*'*°. NMDARs
are blocked by Mg* at normal resting membrane potentials but this blockade is removed at
depolarizing potentials'”. Thus, stimulations at -80 mV and +40 mV allowed us to obtain AMPA
currents (EPSC gomy) and AMPAR+NMDAR (EPSC.4omv), respectively. To isolate the AMPA current

during our recordings at +40 mV, D-AP5 (concentration, a NMDA antagonist) was then used to block
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the NMDAR component of the EPSC (EPSC.4omviaps).- The NMDA component of the EPSC was then
calculated by subtracting the EPSC.omviaps from the EPSC.smy. The AMPA/NMDA ratio was
calculated as seen in the equation below. The experiments were carried using a bath with CGP and

Picrotoxin to isolate excitatory synaptic transmission.

AMPA EPSC_gomy
ratio =
NMDA EPSC,s0mv — EPSC 40 my/paprs

The results show that there are no changes in the AMPA/NMDA ratio, between CB;” mice and
their WT littermates, indicating that either there are no differences in receptor numbers in the synapses

of these two mouse lines, or that both receptors increase or decrease in similar way.
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Fig. 10: The lack of CB; in the NAc core does not affect the AMPA/NMDA ratio nor changes the
AMPAR 1-V relationship. (A) Representative traces of the EPSCs used to determine the trace
associated to NMDAR currents. (B) Representative traces of the EPSCs used to calculate the
AMPA/NMDA ratio. (C) Average AMPA/NMDA ratios in MSNs from the NAc core, showing no

difference between mice populations.
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3.4. Total CB; deletion impairs Cp-AMPARSs activity in NAc core MSNs

Next, we used another approach to assess postsynaptic modifications in the MSNs. During
synaptic plasticity Ci-AMPAR are replaced in the synapse by Cp-AMPAR due to changes in their
subunit composition. We therefore studied the subunit composition of AMPARs by recording EPSCs
at -70 mV before and after the application of NASPM 25uM (GluA2-containing AMPAR antagonist)
which blocks Cp-AMPARs'*,

Blockage of Cp-AMPARs by NASPM showed a decrease in EPSC amplitude in WT mice,
indicating that WT mice contain both CP and Ci-AMPARs. However, in CBl'" mice NASPM did not
have an effect, indicating that CB,” mice lack Cp-AMPARs. These results suggest that while WT
mice undergo normal synaptic changes during development, CB,” mice lack certain mechanisms that
allow for these synaptic modifications, probably due to the lack of endocannabinoid signaling.

CB; receptors are expressed in different cell types including the excitatory inputs that arrive to
the NAc, but also in local GABAergic interneurons. In order to understand which cell types are
involved in the AMPA modification, NASPM was then applied to brain slices from different
CB;conditional mutants. Because CB; is enriched in presynaptic terminals, we first used a mouse line
that lacks CB; in glutamatergic neurons (Glut-CB,™), however, we did not find a significant difference
between these mice and their WT littermates in the effect of NASPM. These results show that
presynaptic CB; in the glutamatergic terminals is not involved in the AMPA receptor remodeling
deficits observed in the CB,™. Next we tested a mouse line that lacks CB in the GABAergic neurons
and, surprisingly, we did not find a significant difference between these mice and their WT littermates
in the effect of NASPM, indicating that CB; expressed in the MSN or in GABAergic interneurons is
not involved in the AMPA receptor remodeling deficits observed in the CB,™. Altogether these results
show that the impairment of Cp-AMPARSs replacement in the synapse that we observed in CB,” mice
is caused either by the global CB; deletion or by other cell type such as Acetilcholinergic interneurons,

Dopaminergic terminals or astrocytes.
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Fig. 11: The lack of CB, impairs Cp-AMPARs activity in full knock-outs but not in Glut-
CB," nor in GABA-CB;™. (A) Time course of normalized EPSC amplitude and quantification of
average EPSC amplitude during NASPM bath application, in both CB,” and their WT littermates. (B)
Time course of normalized EPSC amplitude and quantification of average EPSC amplitude during
NASPM application, in Glut-CB,” mice. (C) Time course of normalized EPSC amplitude and
quantification of average EPSC amplitude during NASPM application, in GABA-CB,” mice.

3.5. Total CB; deletion alters the subunit composition of NMDARSs in NAc core MSNs

Next, we use a similar approach to assess more postsynaptic modifications in the MSNs. During
synaptic plasticity, there are changes in the Ca®* influx through NMDARS, due to changes in their
subunit composition. We therefore studied the subunit composition of NMDARs by recording EPSCs
at +40mV before and after the application of PEAQX 0.5 pM (GluN2A-containing NMDARS
antagonist) which blocks highly Ca**-permeable NMDARs™*,

Blockage of GIuN2A-containing NMDARs by PEAQX showed decreased EPSC amplitude in
WT and CB,” mice, however the PEAQX effect was higher in the CB,” mice, indicating that CB,”
mice are enriched in GIUN2A-containing NMDARs compared to WT. These results suggest that while
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WT mice undergo normal synaptic changes during development, CB,” mice have certain mechanisms
altered, probably due to the lack of endocannabinoid signaling.

CB; is pre-synaptically expressed, including in the excitatory inputs that arrive to the NAc. In
order to understand if glutamatergic neurons are involved in the NMDAR modification, PEAQX was
then applied to brain slices from Glut-CB,™. The results show that Glut-CB,” mice have no significant
difference from their WT littermates, indicating that CB; expression in glutamatergic neurons is not
involved in the enrichment of GluN2A-containing NMDARs found in CB;”" mice. Altogether these
results show that the impairment of highly Ca®*-permeable NMDAR replacement in the synapse that
we observed in CB,” mice is caused either by the global CB; deletion or by other cell type such as

GABAergic cells, Acetilcholinergic interneurons, Dopaminergic terminals or astrocytes.
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Fig. 12: The lack of CB; increases the activity of GIuUN2A-containing NMDARs in NAc core
MSNs from full knock-outs but not in Glut-CB,". (A) Time course of normalized EPSC amplitude
and quantification of average EPSC amplitude during PEAQX bath application, in both CB,” and
their WT littermates. (B) Time course of normalized EPSC amplitude and quantification of average
EPSC amplitude during PEAQX bath application, in both Glut-CB,” and their WT littermates.
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4. Discussion

Our results show that full CB,; knock-out mice have a frequency increase of miniature synaptic
events without changes in their amplitude. However, blocking CB; with the antagonist Rimonabant
shows no effect. Moreover, CB;” lack Calcium-permeable AMPARs and have an increase in
GIluN2A-containing NMDARSs. Our results confirm the CB; presynaptic mechanism of action but also

suggest a complementary postsynaptic mechanism.

4.1. Total CB; deletion affects synaptic activity in the NAc core

Changes observed in event frequency suggest that CB;” mice have a chronic increase in the
number of released glutamate-containing vesicles, which goes accordingly to the CB; presynaptic
mechanism. The lack of change in amplitude suggests that the amount of receptors in the post-synapse
is unchanged between CB,” mice and their WT littermates. Moreover, the lack of change in the rise-
time suggests that the amount of Glutamate in each vesicle is unchanged between the two mice
populations. Furthermore, the decrease in the decay-time in CB,”, suggests that the clearance of
Glutamate from the synaptic cleft is decreased in this population. This effect may be due to a smaller
coverage of the synapse by astrocytes or to a down-regulation of glutamate transporters in the
astrocytes. More experiments are necessary to elucidate what is the cause of such changes.

Altogether, these results suggest that CB; is essential to control the release and clearance of
Glutamate in the NAc core. Glutamatergic release seems to be controlled by presynaptic CB; while
clearance is suspected to be controlled possibly by astrocytic CB;, since they are the ones usually

responsible for Glutamatergic clearance.

4.2. Endocannabinoids are not tonically mobilized in the NAc core
The lack of changes seen with the Rimonabant treatment suggests that endocannabinoids are not

129,131 and one

being tonically produced and mobilized. Our results are supported by previous literature
may hypothesize that the changes seen in the basal synaptic activity in the CB,” mice are due to a
chronic lack of CBy, instead of a simple blockade.

To further understand if the changes are due to CB; in the NAc, one can administer a chronic
Rimonabant treatment, by microinjecting it directly into the NAc core (via neurosurgery). Moreover,
mice can be intraperitoneally injected with Rimonabant, in order to achieve CB; blocking in the entire

body.

4.3. Total CB; deletion does not affect AMPA/NMDA ratio in the NAc core
There was no change in the AMPA/NMDA ratio, suggesting the relative quantity of these
receptors is unchanged between WT and CB;™ mice. The lack of change in these results, together with

the results in 3.1. and 3.2. led us to think that there may be changes in the subunit composition of
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AMPA and/or NMDA receptors. Such changes may be caused by a defective AMPAR switch
mechanism, which might be useful to compensate the lack of CB;.

4.4, Total CB; deletion impairs Cp-AMPARSs activity in NAc core MSNs

The lack of Cp-AMPARs in CB,” mice led us to think that there may be an impairment in
AMPAR switch mechanisms. Such situation can be caused by excessive AMPAR phosphorylation,
which has shown to affect receptor movement in and out of the PSD. With CB; deletion and
consequential impairment of its cascade, a chronic increase in CamKIl and PKA might occur, due to
lack of AC inhibition. PKA activation is known to cause GluA1-containing AMPARSs phosphorylation
and thus their insertion in the PSD and activation. As such, one might hypothesize that CB; deletion
chronically increases PKA activity, hence inhibiting GIuA1-containing AMPARSs dephosphorylation
and internalization, which can affect the switch mechanisms. This being said, CB; may be indirectly
affecting synaptic regulation and influencing AMPARs trafficking by potentiating phosphorylation/
dephosphorylation.

As future experiment and to determine if AMPAR phosphorylation levels are altered, one can
use antibodies, specific for phosphorylated AMPARs. These antibodies can be specific to PKA or

PKC induced phosphorylation, which would be even more elucidating.

4.5. Total CB; deletion alters the subunit composition of NMDARs in NAc core MSNs

The increase of GluN2A-containing NMDARs in CB;” compared to the WT, suggests that
NMDARs are increasing the postsynaptic Calcium influx, due to its increased probability of open
channel state. Such effect might be happening to compensate the increased neurotransmission caused
by the chronic lack of CB;. On the other hand, it can be a consequence of the increased activation of
PKA, PKC and CaMKII which can further increase the probability of open channel state by
phosphorylation. To test this hypothesis, we can determine the phosphorylation levels of NMDARs
with antibodies.

It would be interesting to understand if the lack of CB; is directly affecting AMPARSs and
NMDARs subunit composition or if they are caused by another indirect mechanism. The changes seen
are not due to CB; expression in Glut- or GABAergic cells so it can be due to other cell types like
astrocytes, acetilcholinergic interneurons or Dopaminergic inputs coming from the VTA. While CB;
expression in acetilcholinergic interneurons is very high, the Dopaminergic inputs are improbable as
CB; expression is very low. In astrocytes it is very difficult to detect, however their functional role has
already been described in other brain regions and it would not be surprising that it plays a role here
too. Furthermore, we should also try to understand how such changes affect mice behaviors. Because
the changes in AMPA are the basis of synaptic plasticity and they can also be induces after exposure
to drugs of abuse, it would not be surprising that CB,” mice have altered behavioral response to drugs

of abuse but also to hedonic rewards. Other than this, the NAc receives inputs from different brain
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regions and whether these changes are happening in all those synapses needs to be elucidated. We also
don’t know if these changes occur either in D1 or D2 MSNs and even perhaps in both. If the changes
observed are synapse or cell-type specific, it is possible that the effects observed here are diminished
as the effect may be concealed by the synapses and/or cells that were not undergoing the same
synaptic changes. If the changes are also synapse or cell-type specific it is possible that it will impact
certain behaviors related to those brain areas or cell-types while leaving other behaviors unchanged.

5. Conclusions

With this investigation project we can conclude that the lack of CB; induces changes in the
presynaptic activity, allowing the increase of glutamate release. Furthermore, the chronic lack of CB;
induces postsynaptic changes by modifying the composition of AMPA and NMDA receptor subunits.
The type of AMPAR subunits does not depend on the presence of CB; in Glutamatergic or in
GABAergic neurons, while the type of NMDA subunits does not depend on the presence of CB; in
Glutamatergic neurons. In summary, our findings suggest that the chronic lack of CB; affects synaptic

maturation possibly due to deficits in CB;-dependent synaptic plasticity mechanisms.
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