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Abstract

Cannabinoids have been shown to alter synaptic plasticity but the mechanism by which
this occurs at hippocampal CA3-CA1 synapsesin vivo is not yet known. Utilizing in vivo
electrophysiological recordings of field excitatory postsynaptic potentias (FEPSP) on
anesthetized rats and mice as well as three lines of conditional knockout mouse models,
the objective was to show atwo-part mechanistic breakdown of cannabinoid-evoked
CA3-CAllong-term depression (LTD) initsinduction aswell as early and later-phase
expression stages. It was determined that this cannabinoid-induced in vivo LTD requires
cannabinoid type-1 receptors (CB;Rs) on astrocytes, but not CB1Rs on glutamatergic or
GABAergic neuronal axons/terminals. Pharmacol ogical testing determined that
cannabinoid-induced in vivo LTD also requires activation of NMDA receptors (NMDAR)
and subsequent postsynaptic endocytosis of AMPA receptors (AMPAR). There exists a
clear role for NR2B-containing NMDARSs in a persistent, transitory form, potentially
related to prolonged or delayed glutamate release (possibly as a result of the astrocytic
network). A key determination of the expression phaseis the involvement of new protein
synthesis (using translation and transcription inhibitors) — further evidence of the long-

term action of the synaptic plasticity from a single cannabinoid dose.
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Chapter 1: Introduction

1.1 Cannabinoids and CB1Rs

1.1.1 Overview

Cannabis or marijuanais aplant that is believed to be among the most used illicit
substances worldwide (Lorenzetti, 2010). Thisis due mainly to the fact that it contains
tetrahydrocannabinol (THC), which is the mgjor psychoactive component and provides
the “high” affect for recreational users. Cannabinoids are neuromodul ators that are
known to activate type-one cannabinoid receptors (CB1Rs) on the presynaptic terminals
of inhibitory and excitatory neurons as well as on astrocytes, and recently even on
mitochondria (Bénard et a., 2012). Type-two cannabinoid receptors (CB,Rs) also exist

but are found mainly in the immune system (Guo and Ikeda, 2004).

1.1.2 Types of cannabinoids

Cannabinoids are subdivided into several groups including endocannabinoids (eCB)
(developed in the brain and act in the nervous system), phytocannabinoids (from the
Cannabis plant — these are related to THC) and synthetic cannabinoids (Lambert and
Fowler, 2005). Endocannabinoids are known as retrograde signaling moleculesin that
they are released from the postsynaptic neuron, travel back across the synapse and
activate CB1Rs on the presynaptic terminals (Heifets and Castillo, 2009). Although these
chemicals are functionally very similar, this paper will focus on THC and the synthetic

cannabinoid HU210. HU210 was first synthesized by Dr. Mechoulam'’s group at the



Hebrew University (whereit gets its name) and is approximately100 times more potent

than THC (Mechoulam et al., 1988; Devane, 1992).

1.1.3 CB1iR and CB2R

As mentioned earlier, the two types of cannabinoid receptors are CB1R and CB2R. Both
receptor types are linked to G-proteins. These G-proteins can be of the G;, family and
thus inhibit the adenylate cyclase pathway. However, the signaling pathways downstream
of the CB;Rs are much more complex and can involve everything from mTOR,
MAPK/ERK, Ca?* channels, and p38 among others (Demuth and Molleman, 2006;

Pagotto et ., 2006; Puighermanal et a., 2009) (see Fig. 1-1).

1.1.4 Neuronal and astrocytic receptors

The CB;Rs discussed, exist on various neuronal populations (including glutamatergic and
GABAergic) but also are found on astrocytes (Rodriguez et a., 2001). In numerous
papers, Araque’ s group has shown that CB1R activation on astrocytes can lead to
modulation of neuronal transmission (to be discussed later) (Navarrete and Araque, 2008;
Navarrete and Araque, 2010). Recently, our e ectron microscopic evidence has been
presented, and visually shows (via double immunostaining) the presence of CB;Rson
astrocytes (Han et al., 2012). Beyond this work, astrocytic CB1Rs have been researched
by the labs of Guzman, Maccarrone, Stella and Pickel among others (Sanchez et al.,

2001, Bari et a., 2011; Witting et al., 2004; Stella, 2010; Rodriguez et al., 2001).



1.1.5 Cannabinoid function throughout the brain

Cannabinoid function has been seen in many different areas of the brain including the
cerebellum, amygdala, hippocampus, neocortex and striatum among others (Levenes et
al., 1998; Azad et a., 2003; Wise et al., 2009; Sjostrom et al., 2003; Singlaet al., 2007)
and they have been associated with functions including cognition, emotions, mood, etc.
(Abush and Akirav, 2012; Martin et al., 2002; Witkin et al., 2005). Because cannabinoids
act in the hippocampus, they can induce various types of memory impairment. One
example included Cammarota s group showing that the activation of CB;Rs impairs
object recognition memory (Clarke et al., 2008). Influx of psychoactive chemicals such
as cannabinoids is understood to be an experience-related activity and is associated to

learning and memory by means of altering synaptic plasticity (Citri and Malenka, 2008).

1.2 Synaptic plasticity

1.2.1 Synaptic physiology overview

Synapses reguire many necessities similar to other developing areas. Thereisalarge
amount of molecular machinery that isfirst required in order to create synapse
specificity. This specificity in essence allows for coordinated signals via
neurotransmitters in specific areas of the brain (Benson et al., 2001). Beyond this, thereis
tight regulation of numerous other elements including development of the correct
morphological and functional properties, accurate synaptic density requirements as well
as simply the proper assembly of synaptic machinery (Margeta and Shen, 2010). Upon
fulfillment of the appropriate synaptic development, the primary role of the synapseisto

perpetuate and mediate neurotransmission.



In the most basic sense, neurotransmission involves complex presynaptic proteins
and machinery (i.e. the process by which electrical depolarization causes anincreasein
intracellular calcium levels) whose general goal is to cause the appropriate rel ease of
neurotransmitter into the cleft. These neurotransmitters bind to specific receptors on the
postsynaptic density which in turn propagate the signal back into an electrical one (a
postsynaptic potential) (Margeta and Shen, 2010). The alteration (strengthening or
weakening) of the various forms of synaptic neurotransmission is known as synaptic

plasticity (Sostrom et al., 2008).

1.2.2 Long-term synaptic plasticity

Synaptic strength can be atered by various activity- or experience-dependent means. The
two forms of long-term synaptic plasticity are long-term potentiation (LTP) and long-
term depression (LTD). These phenomenavary greatly depending on the location of the
circuits they affect as well asthe function of neuromodulators and other effectors. These
forms of synaptic plasticity commonly involve excitatory synapses —i.e. glutamatergic
synapses (Citri and Malenka, 2008) — although are not exclusive to them (Gaiarsa et d.,
2002). Glutamate can bind to ionotropic receptors (i.e. NMDARs, AMPARS, etc.) or
metabotropic glutamate receptors (i.e. mGIluRs). In terms of NM DA R-dependent synaptic
plasticity, once the postsynaptic neuron is sufficiently depolarized, the Mg®* block can be
removed from the NMDAR and when it binds glutamate, Ca®* aswell as Na' flowsinto
the cell (Mayer et a, 1984). LTD has also been seen to be induced by the binding of

glutamate to mGluRs in many areas of the brain (Gladding et al., 2009). This induction



process essentially refers to the mechanisms by which long-term synaptic plasticity can

be triggered.

1.2.3 Induction mechanisms

Induction mechanisms usually involve increases or decreases in intracellular Ca®*
concentrations (pre or postsynaptically) and activation of kinases or phosphatases
(Anwyl, 2006; Puighermanal et a., 2009). LTP is understood to require a large influx of
calcium whereas LTD isinduced by asmall influx (below arequired threshold) (Malenka
et al., 1996; Reyes and Stanton, 1996). It has been shown by many groups that repetitive
low frequency stimulation (LFS) (i.e. 1 Hz for 10-15 minutes — approx. 900 stimuli)
induces LTD at CA3-CA1 synapses (Citri and Malenka, 2008). LTD can occur in
homosynaptic or heterosynaptic forms. Homosynaptic involves the presynaptic neuron
acting on the postsynaptic one, and is thus activity dependent (modulatory events are
occurring at the same synapse that activation is occurring), where the heterosynaptic form
involves interneurons modul ating the synapse and therefore is not directly activity-

dependent (Escobar and Derrick, 2007).

1.2.4 NMDAR subunits

The main interest for this paper isthe CA3-CA1 synapses of the hippocampus. Based on
many studies of these synapses, it was shown that there existed NMDAR-dependent LTD
and LTP where the induction required NMDAR activation (Kelleher et a., 2004).

NMDARSs contain two NR1 subunits (which in turn have eight potential variants), as well



as two NR2 subunits (A through D), or an NR2 and NR3 combination (Trayneliset al.,
2010). The NR1 subunits as well asthe NR3 (A through B) contain the sites for binding
glycine, while the NR2 have the sites for glutamate binding — both agonists are required
for activation of the NMDAR (Furukawa et al., 2005). Studies have shown that the key
functional unit of NMDARsis the NR1-NR2 heterodimer. The interface of this dimer is
involved in allosteric ateration of gating, opening of theion path, and as previously
mentioned, contains the agonist-binding domains (Furukawa et a., 2005).

Therole of the various NR2 subunits has been studied over the years. Studies
were done to elucidate the involvement of these subunitsininducing LTP and LTD. It
had been at one time shown that selectively blocking the NR2A subunit can prevent LTP
while blocking the NR2B subunit prevents LTD (Liu et a., 2004). However, various
experiments performed have challenged this concept. Malenka s group showed that
putative NR2B antagonists did not fully prevent LTD induction and thus more complex
requirements for induction are implied (Morishita et a., 2007). Another study by Sheng's
group looking at the cytoplasmic tails showed that NR2B is important in the induction of
certain forms of LTP and while the NR2A subunit is not; itstail may contain components
important in interfering with LTP (Foster et a., 2010).

Beyond the role of these subunits, it has been shown that formsof LTPand LTD
can be induced independently of NMDARS, i.e. viamGIuRs (as discussed below)
(Balschun et al., 1999; Citri and Malenka, 2008). Another potential mechanism that may
be related to the bidirectiona selectivity for long-term potentiation or depression is the
dual MAP kinase pathways. The evidence shown by researchers states that the forms of

long-term plasticity, LTP and LTD, may be mediated by the p42/p44 MAPK and p38



MAPK pathways respectively. The 2000 Belardetti study concluded that the p38 MAPK
pathway was involved in the induction of mGluR-dependent LTD at CA3-CA1 synapses
(Bolshakov et a., 2000). The study published by Jin and Feig in 2010 looked at the roles
of NR2 subunitsin relation to MAPK pathways and synaptic plasticity. Their work
concluded that NR2A subunits can induce aform of LTP that is also dependent on a
downstream MAPK pathway, but also that NR2B-containing NMDARS can induce LTP
viaa pathway that does not contain MAPK (Jin and Feig, 2010). Finaly, in lzumi and
Zorumski’s 2012 paper, they present the idea that hippocampal LTD may involve a
mechanism that is dependent on mGluRs, NMDARs and CB1Rs. This paper presents a
unique paradigm that instead of these receptors working independently to induce LTD,
they work in concert with one another. Their proposed mechanism states that NMDARs
and mGluRs are activated early in the induction phase, and then followed by the
endocannabinoid activation of CB;Rs— which collectively cause along-lasting

depression of the synaptic neurotransmission (Izumi and Zorumski, 2012).

1.2.5 Expression and protein synthesis

Based on the work of Kandel and others, it has been shown that in many areas of the
brain including the hippocampus and cerebellum, the expression of both LTPand LTD
can be sub-divided into two main phases: early and late phase (Reymann and Frey, 2007;
Linden, 1996). Early phase expression (E-LTP or E-LTD) beginsimmediately post-
induction, and does not require protein synthesis (is unaffected by translational and
transcriptiona inhibition), while late phase expression (L-LTP or L-LTD) is associated

with long-term maintenance and requires protein synthesis (Manahan-Vaughan et al.,



2000; Linden, 1996; Kelleher et al., 2004). These processes allow for precision flexibility
and seem to be involved in information storing (Kauderer et a., 2000). This
protein/fmRNA synthesis can occur in the soma or dendrites (Huang et a., 2005). While
late-phase expression of LTP has been heavily studied, lessis known about late-phase

expression of LTD.

1.2.6 Presynaptic versus postsynaptic expression

A great deal of evidence states that the mechanisms for the expression of synaptic
plasticity can be postsynaptic or presynaptic. One of the most understood mechanisms by
which LTD isimplemented is AMPAR endocytosis. Thisis a process that involves
phosphorylation of the glutamate receptor subunit (i.e. GIuR2 or GIuR1) followed by
clathrin- or dynamin-mediated internalization of AMPARS (Anwyl, 2006). Thereisaso a
requirement for protein complexes including B-arrestin, adaptor proteins, etc. This can
involve a mechanism such as tyrosine phosphorylation on the endocytic motif of the
GIuR2 subunit. This causes aremoval of the scaffolding protein GRIP and a subsequent
binding of PICK1 (which recruits a clathrin-adaptor protein) (Wang, 2008; Xiaet al.,
2000; Kim et a., 2001). Thusthere is a postsynaptic decrease in AMPAR functioning or
density.

Expression is also associated with the concept of synaptic tagging and capture.
This theory states that at activated synapses, specific mMRNA and/or proteins responsible
for the maintenance of L-LTD are captured by an unknown molecular mechanism. This

allows a synapse to capture previously made proteins or subsequently made ones



(Kelleher 111 et a., 2004). Thisindicates that the early phase of synaptic plasticity may

have arole in contributing to the preparation for the protein synthesisin late phase.

1.3 Other methods to induce LTD

1.3.1 DHPG-induced LTD

Currently, there are two main ways that LTD isinduced in experimental conditions, these
being electrica and pharmacological, with methods like optogenetic, light-gated
channelrhodopsin potentialy in their infancy (Schoenenberger et a., 2011). One type of
LTD seen throughout the brain is an mGluR-dependent form (mMGIUR-LTD). Oneway in
which thisisdoneis via pharmacologica agents such as the group | mGIuR agonist
DHPG (low frequency stimulation-induction is discussed below) (Gladding et al., 2009).
It is understood that because mGIuRs are G-protein coupled receptors, the influx of
calcium is not required for mGIUR-LTD. They exert their function and cause LTD via
second messenger cascades (typically involving phospholipase C, protein kinase C,
MAPK, p38 among others) which may lead to involvement of endocytosis of AMPARs
(asin NMDAR-LTD) (Citri and Maenka, 2008; Gladding et al., 2009).

Because DHPG isagroup | mGIuR agonist, it can activate both mGluR; and
mMGIuRs. Although researchers agree that these group | receptors are key, which is of
more importance has been subject to debate. Some believe that the receptorsinvolved are
dependent on the brain area, where in certain areas (i.e. VTA and cerebellum) mGluR;
are key, whilein other areas (i.e. hippocampus and cortex) mGluRs play the vital role
(Citri and Maenka, 2008; Anwyl, 2006). In one study, researchers showed that mGIuR5S

knockout mice did not show DHPG-LTD in the CA1 region implicating the key role



these receptors play (Huber et al., 2001). In the end, it is currently understood that
although the clear link has been made between mGIuRs and DHPG-LTD, the mGluR;

may play apartia roleaswell (Gladding et a., 2009).

1.3.2 LFS-induced LTD

Electrically-stimulated induction of LTD is used commonly in studies. Most notably, itis
induced vialow-frequency stimulation (LFS) (although high frequency stimulation (HFS)
has also been used). The proposed significant occurrence related to the LFSisthe entry
of calcium viathe NMDARs in the postsynaptic neuron (Bear, 1996). The exact

protocols that produce this effect differ depending on brain region as well as
experimental paradigm and the receptor dependencies (i.e. NMDARs versus mGluRs)
and are far too numerous to go through in this paper, thus the focus here will be on the
CA3-CA1 synapses. Overal, the frequencies used for induction of non-NMDAR-
dependent LTD are normally in the range of 1-10 Hz or in regards to the HFS protocals,
50-300 Hz for hundreds of milliseconds to several seconds (Anwyl, 2006). The NMDAR-
dependent LTD is normally induced by repetitive (i.e. 900) stimuli at 0.5-5 Hz (Malenka
and Bear, 2005).

In regards to the synaptic input into the CA1 region, and dealing with LFS
protocols, even in thisregard there exist numerous types. They are usually dependent on
the age of the animal and more importantly the recent activity that has occurred in the
synapse (Malenka and Bear, 2005; Anwyl, 2006). In Bear’s 1996 review, he outlined

numerous potential dependencies that are required for LFS-induced LTD. These
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included: input specificity, frequency dependence, often the requirement of the activation
of NMDARSs (but not always), age-dependency, that they are saturable and reversible
(Bear, 1996). Ultimately, it comes down to discovering the optimal protocol for the
animal, brain region and synaptic activity in order to properly perform LFS-induced
LTD.

In this study, the protocol was chosen to fit the goal of the research — the slow
aterationsin synaptic plasticity upon treatment with a cannabinoid. Thus the low
frequency stimulation and in vivo conditions were selected in order to maintain
physiological relevance, the pharmacologica induction was performed to imitate a
natural exposure to the drug (opposed to electrical stimulation), adult rodents were used
due to the interest in observing the effect in developed brains (and the potentia for
human trandlation in the future). Using these concepts, previous literature, the guidance
of my colleagues and their past experimentation and knowledge, the protocol (described

in the Methods section) was chosen.

1.4 Astrocytes
1.4.1 Function and network

An important component of this study is the involvement of astrocytes. Although the
current view of astrocytesis very complex, especialy in their relationship to neuronal
function, the classical understanding was far simpler. This can be seen evenin the
nomenclature given to these types of cellsin the mid 1800s. neuroglia, which essentially
tranglatesinto “nerve glue’ (Zigmond et a., 1999). Astrocytes create this structural

support viatheir long processes and their complex network. Y et beyond the structural

11



network, astrocytes are known to be connected with one another by gap junctions, in this
way forming a syncytium (Zigmond et a., 1999) (see Fig. 1-2). Thisglia syncytium
helps forward the notion that beyond structural importance, astrocytes have a functiona
role in regulating energy supply, neuronal function, blood flow, etc. (Giaume et dl.,
2010). This understanding of astrocytes as structural and functional support of the
neurons persisted until numerous papers published around the 1990s began to present
new data (Santello et al., 2012). Since then, alarge dea of research has been designated
to furthering the understanding of the astrocyte in relation to neurons, playing a far more

active role than previously comprehended.

1.4.2 Astrocyte-neural interactions

More and more work has begun to show that astrocytes play an active role in both the
modification of neuronal activity and the modulation of synaptic plasticity aswell
(Achour and Pascual, 2010). A great deal of this work focuses on the cal cium-dependent
release of transmittersincluding glutamate (known collectively as gliotransmitters) from
an astroglia origin (Fiacco et al., 2009). Astrocytes themselves share a significant deal of
G-protein coupled receptors as well as various transporters with neurons and thusit is
understood that they have the ability to bind transmitters, alter their own intracellular
calcium concentration and even rel ease gliotransmitters (Santello et a., 2012; Fiacco et
al., 2009). From al thiswork, a new view of the synapse has begun to develop and has
been coined the “tripartite synapse” (Araque et a., 1999). In thisview, the classic

presynaptic-postsynaptic neuronal interaction is now accompanied by the astrocytic
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element, providing a new view on how synaptic transmission and plasticity may be

modul ated.

1.4.3 Astrocytes in cannabinoid research

Thusfar, the involvement of astrocytes in cannabinoid research isin itsinfant stages, but
the possibilities seem large and intricate. As cannabinoids in the central nervous system
primarily act via CB;1Rs, the work in this area has been done by studying the effects of
CB1R agonists on various processes.

Araque’s group has been one of the key proponents of thisinter-relationship. In
both their 2008 and 2010 papers, they show how endocannabinoids can activate the
CB1Rs on astrocytes, which in turn lead to phospholipase C (PLC) dependant calcium
mobilization (viaa Gy11 protein coupling), eventually inducing the release of glutamate.
They go further than this, using in vitro whole-cell patch-clamp techniquesin brain slices
to show that this process leads to alteration of synaptic transmission in pyramidal neurons
and this plasticity is NMDAR-dependent (Navarrete and Arague, 2008; Navarrete and
Arague, 2010).

In 2001, Guzman's group showed that the activation of CB1Rs on astrocytes by
cannabinoids including THC, anandamide and HU210, caused the hydrolysis of
sphingomyelin —which may play asignificant role in the regulation of cell physiology
(Sanchez et a., 2001). This phenomenon did not occur with CB1Rs on other cells. This
provided the world with information that cannabinoids play a key role as second
messengers in the determination of some cell fates, but also that astrocytic CB1Rs may be

coupled to proteins that are not of the G, class (Sanchez et a., 2001).
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Maccarrone's lab has provided some seminal work which furthers the
understanding of astrocytic CB;1Rs and the release of glutamate (furthering the novel
work by Araque’s group). Using a gliosome assay (gliosomes being essentidly the end
processes of glial cells—including astrocytes) that is devel oped out of a specific Percoll
fractionation protocol, the investigators were able to move into the in vivo observations
and note that upon activation by CB;R agonists, the intracellular levels of 1P3 and
calcium wereincreased in the astrocytes (Bari et al., 2011). Thus, asin Arague’ s work,
these researchers showed a phospholipase C dependant release of glutamate by
endocannabinoid activation of CB;Rs, yet in these works, they showed these resultsin
vivo (Bari et a., 2011).

In the work done by Stella and colleagues, they took a different approach and

showed that microglia cells actually produce the endocannabinoid 2-AG and do so

through P2X- receptors (Witting et al., 2004). Pickel’s group looked at CB;R localization

in association with p-opioid receptors — one of their observations being that CB;Rs on

glia processes do not have accompanying p-opioid receptors (Rodriguez et al., 2001).

Our lab has recently shown the possible involvement of astrocytes in cannabinoid-evoked

LTD inthe ventral tegmental area (VTA) (Liu et al., 2010). Our current work in Han et
al., 2012, decided to look at the work done in the relationship of astrocytes to
cannabinoid function in the hippocampus and examine an in vivo mechanistic and

behavioura model.
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1.5 Cannabinoid-evoked Synaptic Depression

1.5.1 Background

Cannabinoids have been known to evoke LTD in various locations in the brain. This has
been observed in both the endogenous system and with exogenous treatment. Castillo’s
group observed LTD in the dentate gyrus (DG) due to the effects of anandamide (Chavez
et a., 2010). Maenka' s lab has done work flushing out mechanistic requirements of
endocannabinoid mediated LTD in the striatum (Singla et al., 2007). Zorumski studied
hippocampal LTD created by the cannabinoid system (Izumi and Zorumski, 2012).
Abush and Akirav have written extensively on the relationship between cannabinoids,
synaptic plasticity and memory (Abush and Akirav, 2010).

It has been shown by numerous groups that synaptically stimulated LTD is
abolished by pre-treating with a CB1R antagonistsin regions of the brain including the
neostriatum, frontal cortex, etc. (Anwyl, 2006). CB;R agonists have been shown to
induce mGIluR-dependent LTD in the neostriatum, nucleus accumbens (NAc) and
prefrontal cortex (Chevaleyre et a., 2006). In other studies such as the one performed by
Kim and Thayer, it was shown that cannabinoids inhibited the recruitment and formation
of new synapses in the hippocampus — thus illustrating a possi ble mechanism by which
cannabinoids affect synaptic plasticity independent of neurotransmitter release (Kim and
Thayer, 2001).

Expression of cannabinoid-evoked LTD can aso be associated with presynaptic
neurotransmitter release. Thisis controlled by Ca?* levels and allows strength
modifications of the synapse to be made based on decreasing the amount of

neurotransmitter release (Dobrunz, 2002). Cannabinoids are thought to work this way by
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activating CB1Rs on the presynaptic terminal (induction) and thus causing inhibition of

transmitter release (expression).

1.5.2 Acute versus chronic treatment

A great deal of the research being done with the cannabinoid system involves asingle
treatment of one of the various forms of cannabinoids. Depending on the brain location,
the type of recordings/experiments being performed, and whether it isin vivo or in vitro
can play arole in the affects seen by an acute treatment of cannabinoids. Our study,
viewing the affects of CA3-CA1 synaptic plasticity in association with spatial working
memory (SWM) impairment showed affects lasting more than 24 hours from asingle
cannabinoid treatment (Han et al., 2012). Some future research of the lab will involve
chronic treatment and recordings performed on freely moving rats with implanted
electrodes, to understand the affects that occur in terms of synaptic transmission and
SWM.

Some studies exist, whereby researchers have treated animals chronically with
various cannabinoids and viewed the resulting consequences on synaptic plasticity. In
2004, Christie' s group at the University of British Columbia did a study whereby they
treated rats for 15 days with HU210. They utilized electrical methodsto induce LTP
including the weak and strong theta-patterned stimulus (TPS) protocol. The HU210
treated groups showed a significant impairment of LTP compared with the control groups
(Hill et al., 2004).

In avery recent study, done by Abush and Akirav, the chronic treatment of the

CB;R agonist WIN-55,212-2 was performed on adolescent rats for two weeks and the
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resulting lasting affects were examined at various time intervals post-treatment including
24 hours, 10 days and 30 days (Abush and Akirav, 2012). Recordings were made at the
nucleus accumbens and dentate gyrus. WINS5,212-2 did not have an affect on LTP
induction in the PP-DG pathway, while it greatly impaired electrically induced LTP in
the NAc pathway for the 24 hour and 10 day post treatment tests (Abush and Akirav,
2012). These studies provide in vivo evidence of the ateration of synaptic plasticity via

chronic cannabinoid treatment.

1.5.3 Transient verses long-term effects

One concept as to whether or not a process islong term or transient in terms of receptor-
ligand relationships is whether or not the produced affect is easily reversible by means of
antagonism —i.e. is a continuous activation of CB1Rs by cannabinoid agonists required.
In our paper, we show that a single treatment of HU210 is blocked by pretreatment of a
CB;R antagonist (AM 281) but not post-treatment (see Figure 3-2). However, in many in
vitro studies, this has not been the case. In Freund’s 2001 paper, the depressing effects of
WINS55,212-22 was reversed with an antagonist treated 10 minutes after the cannabinoid
(Hajoset a., 2001). Similar observations were made by Kano’s group and such results as
suggested by Castillo display the likelihood that due to the fact of reversibility by
antagonism, these observations are of aform of depression that is transient and not long-
lasting (Kawamura et al., 2006; Chevaleyre et al., 2006).

Making observations for time-passing phenomenais adifficult thingtodo asit is
subject to the limitations of current electrophysiological experimentation. Thefirst issue

one faces when attempting to determine if treatments (both acute and chronic) will have
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long-lasting effectsis the necessity for in vivo recording. It is very difficult to preserve a
brain slice for aperiod of time necessary to make these recordings. Another issue that
arises is that even within the bounds of in vivo recording, an anesthetized rat or mouse
can only be held under for a certain period of time before fatigue, damage or other
considerations will occur and ater the recording — thus for recordings where the desireis
to observe long-term affects, although anesthetized rats can be used, freely moving rat
electrophysiology can be as well (procedures such as optogenetics may provide even
moreinsight if used in these types of studiesin the future).

Although numerous studies have shown the immediate effects of cannabinoids on
synaptic plasticity, very few have looked at animal recordings to see the long-lasting
effects of chronic or acute treatments. Two 2012 studies have shown evidence of
electrophysiological effects that are long-lasting. In the Akirav study, using anesthetized
rats, but waiting various periods after the 2 week-long treatment ended (i.e. 24 hours, 10
days and 30 days), they would record. What they discovered was that a 2 week long
cannabinoid treatment, (14 i.p. injections — one per day) caused impairment of
electrically-induced LTP 24 hours later and 10 days later but not 30 days later, giving a
time frame whereby more chronic treatment lasts (Abush and Akirav, 2012). Our 2012
study showed, by utilizing freely moving ratsin order to establish a common baseline and
observe the relationship from the starting point of a single treatment of HU210 to later
time points, that the observed LTD lasted over 24 hours after asingle treatment (Han et

a., 2012).
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1.6 Working Memory
1.6.1 Overview

Working memory is understood to be the holding of information in the brain to be used
later on for processes such as reasoning and comprehension (Baddeley, 2003). This type
of memory is linked heavily to the hippocampus and ultimately the output from this leads
to the cortex and the performing of tasks of higher function. The current understanding of
the model of working memory relates to the Baddeley and Hitch proposed three
component system. These include the two storage sub-systems:. the phonological 1oop and
the visuospatial sketchpad, both linked to the control system known as the central
executive (Baddeley, 2003) (see Fig. 1-3).

The phonological loop is the element of working memory that deals with
language and sound. In this system of memory, serial recall tests are heavily implemented
where strings of letters or words are recalled based on similarity or dissimilarity of sound.
The notion comes into clarity that for short-term memory, the actual acoustics are key for
memorization, where for long-term memory, the meaning of the sound/language becomes
far more significant (Baddeley, 2003). Other interpretations imply that the cue of the
previous letter/word iswhat is significant for the memorization to occur, known as the
“chaining interpretation” (Brown et a., 2000). This association of cues may involve the
amygdala or another brain region in this form of working memory.

The visuospatial sketchpad, which isthe relevant system for this study, focuses,
as its name suggests, on memory associated with form, colour and location (Luck and
Vogel, 1997). The portmanteau of the name of thisloop refersto the what (visual) and

where (spatial) of working memory. Numerous tasks are used to study this loop including
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the Morris water maze (see Fig. 1-3) and the Brooks' matrix task (Baddeley, 2003). It is
understood that thisloop is related to developing an understanding of objects, their
function, how to utilize them and their architecture as well as perhaps being linked with
kinesthetic learning (Baddel ey, 2000).

The central executive isresponsible for the regulation of the two sub-systems as
well as having functions of its own. These potentially include, intervention when normal
control by the loops has gone awry, fusion of multiple sources of input, implementation
of habitual patterns, etc. (Repovs and Baddeley, 2006). However, the function of the
central executive continues to be misunderstood and much more research has to be done

in this areato determine a clearer function and comprehension.

1.6.2 Memory and the hippocampus

A great deal of research has gone into the associations between the role of the
hippocampus and the spatia element of working memory. An array of experimental
techniques have been utilized in the cognitive dissection of hippocampal sub-regions and
how they relate to the normal and impairing function of SWM.

The hippocampusis a part of the limbic system and thus, beyond itsrole in
learning and memory has been associated with other functions including fear and emotion
(Zigmond et al., 1999). The hippocampus has many subfields or regions that are
extremely well organized and allow for fairly simple studying. The main input path that
exists within the hippocampus is known as the perforant path. This path links input from
the entorhinal cortex to granule cells of the dentate gyrus. From here, mossy fibers

connect to the CA3 region, where finally, connections arise viaipsilateral Schaeffer
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collaterals as well as contralateral commisural fibersto the CA1 region (which ultimately
provides most of the output of the hippocampus) (Lavenex and Amaral, 2000).

In the 1950s, it became understood that the hippocampus was associated with
memory when a surgeon had removed the hippocampus from a patient and discovered
that they began to suffer from aform of amnesia (Scoville and Milner, 1957). Since then,
agreat deal of work has been done in human and animal models in the hippocampus, a
significant amount of which has been the relation of memory to place cells, brain lesions

and synaptic plasticity in this area.

1.6.3 Place cells and memory

Place cells in the hippocampus were named that way due to the fact that their firingis
dependent on the location of the animal in the environment. They were discovered in the
1970s and extensive research has been done in rodent models (little evidence has been
shown in primates) (Eichenbaum et al., 1999). The existence of place cells has alowed
researchers to develop atheory that one of the roles of the hippocampusisto create a
cognitive map of space, defined by the firing of these cellsin response to environmental
cues (Martin and Clark, 2007). They believe this heavily plays into the role of the

hippocampus in spatial working memory (see Fig. 1-3).

1.6.4 Brain lesions and memory

The use of lesions made in specific areas of the hippocampus gave more insight into how

the hippocampus relates to memory. This technique allowed researchers to implicate

21



different structures with different forms of memory. Although, as with all brain research,
it isunderstood that various brain regions work as networks, often in tandem with one
another, thus, lesion experiments did not conclude results in which scientists claimed that
certain areas of the hippocampus were solely responsible for atype of memory, but
merely that a certain form of learning and memory was dependent on a certain region.
Lesionsin hippocampal regions have been associated with impairment of spatial working
memory, pattern separation and disrupted novelty detection (Gasbarri et a., 1996; Gilbert

et al., 1998; Honey et d., 1998).

1.6.5 Synaptic plasticity and memory

Finally, agreat deal of work has been donein the field, relating synaptic plasticity in the
hippocampus to various forms of memory. Y ears of studies involving the use of NMDAR
and mGIuR antagonists, inducing or blocking LTP and LTD, modulating AMPAR
subunits, and many other experiments have provided a window into the relationship
between synaptic plasticity in the hippocampus and memory (Moser et a., 1998; Nakao
et a., 2002; Escobar and Derrick, 2007; Han et al., 2012). Countless research has shown
the association of synaptic plasticity to SWM with the ultimate conclusion, thus far, that
bidirectional synaptic plasticity isvita in regulating SWM (Martin and Clark, 2007) (see

Fig. 1-3).

22



1.6.6 Association with cannabinoids

From genera patient observation to the relationship of cannabinoidsto aterationsin
synaptic plasticity of the hippocampus, a number of associations have been made that
correlate both chronic and acute treatment of cannabinoids to behavioural tasks
associated with one or more types of working memory. The 2008 paper from
Cammarota s group studied the effects that CB1R activation (utilizing WIN-55,212-2 as
their agonist and VDM-11 to test the endocannabinoid system) after training on novel
object recognition tasks. They determined that both of these substances, when given post-
training had no affect on short-term memory, yet completely blocked long-term object
recognition memory (Clarke et a., 2008).

Beyond this was the Akirav study which showed results for both object
recognition tasks and water maze ones and although both showed impairment, among the
two, the more pronounced impairment was in the object recognition task (they suggest
that the difference in the robustness of these results may be due to the varying aversive
levels of the tasks) (Abush and Akirav, 2012).

Using differing cannabinoid treatments and various experimental protocols (T-
maze, water maze paradigms, knockout models, etc.) groups including those of Lichtman,
Gessa, Martin and Christie among others observed and concluded that cannabinoids
cause an impairment of SWM performance (Lichtman and Martin, 1996; Navaet al.,
2001; Varvel and Lichtman, 2002; Hill et a., 2004; Wise et al., 2009). The Riedel 2007
work produced seemingly contrasting results to the Christie paper and they suggest in
their discussion that the spatial memory deficit that they do see comes from a spatial

processing deficit —which in itself arises from aterationsin hippocampal neuron firing
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(Robinson et al., 2007). Partially due to contrasting opinionsin this field, the HU210-
induced SWM implication was further evaluated in the paper presented in thisthesis (see

Discussion).

1.7 Aims

The primary aim of this study is to determine the relation of astroglial and neuronal
CB;Rs with the induction of cannabinoid-evoked LTD at excitatory CA3-CA1 synapses.
Based on the work of Araque, Akirav and others and utilizing previous knowledge
obtained with hippocampal signalling pathways, as well as various knockout models, |
hypothesize that astroglial, and not neuronal, CB;Rs induce cannabinoid-evoked LTD in
the hippocampal CA3-CA1 synapses.

The secondary objective of thisthesisisto show the pre-treastment versus post-
treatment affects of the CB;R antagonist AM 281. Castillo suggests that when synaptic
alteration can be easily reversed by antagonism, the effect is normally transient. |
hypothesize that utilizing the in vivo protocol that we do, we will not see areversal of the
synaptic depression by post-treatment with AM 281.

Thirdly, isto determine the relation of protein synthesis with the expression of
cannabinoid-evoked LTD at excitatory CA3-CA1 synapses. In this case, based on the
work by Kandel, Frey and others, showing a protein synthesis-dependent component of
hippocampal long-term depression, | hypothesize that cannabinoid-evoked LTD
expression in the hippocampus is maintained by protein synthesis (from pre-existing and

newly synthesized mRNA).
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The fourth element is to determine the relationship of NMDAR activation with
cannabinoid-evoked LTD at excitatory CA3-CA1 synapses. In thisaim, our lab has
already observed the involvement of these receptorsin the induction phase (see Han et
al., 2012); 1 hypothesi ze that the activation of extrasynaptic NR2B-specific NMDARs
may play arolein the early, transient stages post-induction during cannabinoid-evoked
LTD in the hippocampus. This NMDAR dependency may persist until further
downstream mechanisms take over (i.e. protein synthesis). Furthermore, | hypothesize
that other forms of LTD, including DHPG-LTD will be long-lasting as the cannabinoid-
evoked formis(i.e. not reversed by antagonism) but will not be dependent on CB;Rs.

Thefinal aim of this study is two-fold. To first determine whether direct intra
CA1l treatments will match thei.p. injections of HU210 and secondly to observe whether
the viewed LTD occursin the PP-DG pathway (due to the potential involvement of this
pathway in spatial working memory impairment). | predict that HU210 treatment will
cause asimilar LTD when given intra-CA1, related to the involvement of astrocytic
CB1Rs within the CA1 area and that this will not occur when recording from the DG
(perhaps due to possible implications that SWM impairmentsin this area may be related

to paradigms beyond synaptic plasticity (Martin and Clark, 2007)).
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Figure 1-1 Downstream pathwaysinvolved in CB;R activation by cannabinoids. Thisfigureillustrates
the numerous downstream pathways that are potentially involved in the activation of CB;Rs. The top of the
figure shows the CB;R, coupled to a G-protein. The mgjority of the research shows that, most commonly,
the G-protein typeis of the G, nature (the right column), but it is also believed that in some cases Gy,
type proteins are involved (left column) (Navarrete and Araque, 2008). The G, type proteins are involved
in decreasing the amount of adenylate cyclase, which in turn inhibits the conversion of CAMP from ATP.
The Gy1 type proteins cause the activation of phospholipase C, which in turn metabolizes PIP2 producing
DAG and IP3. These second messengers and/or signal amplifiers (including PKA and others beyond what
have been mentioned) have then been seen to activate various pathways including the PI3-K, mTOR,
MAPK/ERK, and the p38, ultimately leading to alterations in nuclear transcription or trandation, in
particular immediate early genes (IEG) including c-fos, c-jun and BDNF.
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Figure 1-2 Astrocyte network surrounding a neuronal synapse. Glia outnumber neurons 9to 1inthe
brain (Zigmond et a., 1999). Neuronal synapses, including those found in the hippocampus, are surrounded
by avast array of astrocytes, existing in a network. This network is heavily due to the existence of gap
junctions on the astrocytes, connecting the individual glial with one another. This intricate connection aids
with normal functioning of the brain as well as neuronal modulation. In athus far unpublished result, our
lab discovered that a half knockout of connexin 43 (aglia gap junction protein) using a short hairpin RNA
vector (shRNA Cx43) prevented the induction of cannabinoid-evoked CA3-CA1 LTD.
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Figure 1-3 Schematic of various components of the working memory paradigm. This schematic shows
some of the theories and protocols utilized to show the relationship between the hippocampus and working
memory. At thetop is acorona view of the brain with the hippocampus highlighted in yellow. The
connections are made (from I eft to right) first to the Baddeley and Hitch concept of the three elements of
WM: the phonological loop, visuospatia sketchpad and central executive. The second circle shows highly
branched neurons very organized and in close proximity. Thisrefersto the extremely high organization of
the hippocampus into various regions, which has allowed researchers to easily perform el ectrophysiological
experimentation to help decipher the involvement of neuronal firing and transmission in working memory.
Thirdly istheillustration of two behavioura mechanisms whereby scientists study WM. These are the T-
maze and the Morris water maze. After that, we see a place field, data obtained from studying place cellsin
the hippocampus and determining the relationship of their firing with the location of objectsin space.
Finally, we see a synapse whereby an AMPAR is being endocytosed. Thisis meant to illustrate the
involvement of synaptic plasticity in the hippocampus with WM.
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Chapter 2: Materials and Methods

2.1 Animal Protocol
Adult male Sprague-Dawley rats (Charles River, Saint-Constant, QC, Canada) weighing
250-350 g were used. Animals were housed 1 or 2 per cage at standard experimental
conditions (12 hour light/dark cycle, lightson at 7:00 AM, temperature of 21 + 1° C, 40-
50% relative humidity) with access to food and water ad libitum. All procedures were
performed in accordance with the guidelines established by the Canadian Council on
Animal Care as approved by the Animal Care Committee (ACC) of the University of
Ottawa Institute Mental Health Research.

Conditional Glu-CB;R-KO and GABA-CB;R-KO mice and inducible GFAP-
CB;R KO mice were provided by Dr. Giovanni Marsicano’s lab at University Bordeaux
(see Sections 2.4.2 and 2.4.3 aswell as Fig. 2-3 for knockout construct details). Mice

were housed 2-8 per cage at standard experimental conditions as above.

2.2 Drugs and Vehicles

HU210 (Sigma, St. Louis, USA) was dissolved in DM SO: Tween 80: 0.9 % NaCl
(2:1:37). THC (Sigma, St. Louis, USA) had the vehicle Ethanol: Tween 80: 0.9% NaCl
(1:1:10). Anisomycin (Sigma, St. Louis, USA) was dissolved in saline. Actinomycin-D
(Sigma, St. Louis, USA) was dissolved in DM SO: Tween 80: 0.9 % NaCl (2:1:37). The
vehiclefor AM 281 (Tocris Bioscience, Ellisville, USA) was DM SO: Tween 80: 0.9 %

NaCl (2:1:37). The vehicle for Ro25-6981 (Sigma, St. Louis, USA) was also be 0.9 %
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saline. NVP-AAMO77 (Novartis Pharma, AG) was dissolved in ddH2O. Ifenprodil
(Sigma, St. Louis, USA) was dissolved in ddH,0. E4CPG and S-DHPG (Tocris

Bioscience, Ellisville, USA) had 0.9% NaCl astheir vehicles.

2.3 Electrophysiology

2.3.1 In vivo setup

The hippocampal field excitatory postsynaptic potentials (fEPSPs) were recorded using
the following protocol. Rats were anesthetised using 40 % urethane (3 ml/kg of body
weight, i.p.) complemented with 4 % chlora hydrate (3 mi/kg, i.p.). Therat’s temperature
was regulated by the use of atemperature therapy mat and T/PUMP at 37 °C (Gaymar,
Orchard Park, NY) throughout the entirety of the experiment. The rat’s skull was then
fixed to a stereotaxic frame (Model 1730, David Kopf Instruments) followed by drilling a
hole in the skull and inserting two electrodes into the CA1 area or the angular bundle and
dentate gyrus with the following coordinates: (I) CA1 area, B/P -4.00 mm, M/L -2.80
mm, D/V 2.40 mm for the recording €l ectrode (glass micropipette, tip diameter — approx.
0.20 mm, Stodlting, Illinois, USA), and B/P +3.50 mm, M/L +3.84 mm, D/V -2.40 mm
for the stimulating el ectrode (SNEX-200X 70mm, Rhodes Medical Instruments Inc.,
Summerland, CA) (see Fig. 2-2); (I1) dentate gyrus, B/P -2.80 mm, M/L -1.05 mm, D/V
4.10 mm for the recording el ectrode, and angular bundle, B/P +8.00 mm, M/L +5.42 mm,
D/V -2.98 mm for the stimulating electrode (where B/P is posterior to the bregma, M/L is
mediolateral, D/V is dorsoventral and the atlas used was Paxinos and Watson, 1998). The

stimul ating el ectrode was placed into the correct region manually while the glass
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microelectrode containing 2 M NaCl (resistance of 2-4 MQ) was moved first manually to
the brain surface and then by a Hydraulic Micropositioner (Model 2650, David K opf
Instruments) to ensure accuracy. The two electrodes were adjusted to find the best wave
(negative wave —to ensure that it is extracellular; apx. 6-18 ms from stimulation point to
trough; baseline amplitude of 1-2 mV — gain = 100x).

The recordings were performed with aModel MDA-3 AC Differential Amplifier
(BAK Electronics, Inc.). Using a concentric bipolar electrode, fEPSPs were evoked by
applying single pulses of stimulation at 0.067 Hz. Stimulus pulse intensities were
typically 20-60 nA with a duration of 500 ps. A stimulus intensity that yielded
approximately 60% of the maximal response was selected for baseline measurements —
using a Stimulator (Model S88, Grass Telefactor) and a Stimulus Isolator (Model A385,
World Precision Instruments). To conclude the experiment, a high frequency stimulation
(HFS, 100 Hz train for one sec x 3 times - 20 sec apart) was performed (see Fig. 2-1). If
the HFS induced a potentiation the neurons were assumed to be in good condition and the
observed LTD was not due to damage or fatigue (see Fig. 2-2). If the HFS did not evoke
aresponse, the result could not be considered a consequence of the pharmacol ogical

treatment a one and thus was not accepted as a |l egitimate observation.

2.3.2 Intraperitoneal treatments

In al cases, once the ideal placement of the electrodes was established, a recording was
made of baseline conditions for at least 20 minutes. Theinitia study involved HU210 (50
ug/kg, i.p.) treatment and AM 281 (3 mg/kg, i.p.) (Cui et al., 2001) a CB;R antagonist or

its vehicle was administered 10 minutes before, 10 minutes after (Fig. 3-2) and 30
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minutes after (Fig. 3-5). The fEPSPs were recorded for 120 minutes and then HFS was
performed on the rat. Using the 50 pg/kg, i.p. dose for HU210 was chosen for several
reasons: (I) by testing different doses, it was determined that both 50 and 100 pg/kg, i.p.
gave afunctiona effect; (1) this dose fits well within the confines of the dose response of
this agonist of 3-100 pg/kg to various tests including rectal temperature, catalepsy,
locomotor behaviour and tail-flick (Little et al., 1989); (111) previous literature reveal s the
use of this dose and higher doses in numerous plasticity and memory-related
experimentation (Ferrari et a., 1999; Hill et al., 2004; Robinson et a., 2007).

Anisomycin (18 mg/kg, i.p.) (Puighermanal et al., 2009), a protein translation
inhibitor, or vehicle was given to the rat. The baseline conditions were established in the
recording and 2 hours after the anisomycin treatment, HU210 (50 pg/kg, i.p.) was
administered to the rat. The fEPSPs were recorded for 120 minutes and then the HFS
control was done (Fig. 3-3 A).

R025-6981 (6 mg/kg, i.p.) (Fox et a., 2006) and ifenprodil (5 mg/kg, i.p.)
(Higgins et a., 2005), NR2B subunit antagonists, NVP-AAMO077 (1.2 mg/kg, i.p.) (Fox
et al., 2006), an NR2A antagonist, or their vehicles were given 30 min. after HU210 (50
ng/kg, i.p.) treatment (Fig. 3-4, 3-5). The experiment was conducted for 120 minutes.
Following this, the experiment in which the same conditions existed, however, the rat
was treated with Ro25-6981 (6 mg/kg, i.p.) 1 hour after HU210 treatment was performed
(Fig. 3-4 C). Recording went for 120 minutes followed by HFS. Ro25-6981 (6 mg/kg,

i.p.) was aso tested aone, without any cannabinoid treatment (Fig. 3-4 C).
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2.3.3 Intracerebroventricular treatments

Actinomycin-D (72 pg/12 pl, i.c.v.) (Manahan-Vaughan et al., 2000), a transcription
inhibitor, or vehicle was given to the rat. The intracerebroventricular microinjections
were performed by implanting a cannula guide (22G, 20 mm, HRS Scientific, Montreal,
QC) just above the lateral ventricle (LV). The needle (30G, 20 mm, PlasticsOne,
Roanoke, VA) threaded through the cannula releases the drug directly in the LV where it
isunderstood that it will spread throughout the brain. The coordinates for the cannula
guide from the bregmawere: B/P: -0.92 mm, M/L: -1.40 mm, D/V: -2.60 mm (Peterfi et
a., 2010). The needle was 0.90 mm deeper than the guide cannula. The placement
coordinates were verified by colleagues, who injected fast green through the cannula
guide then immediatel y performed a decapitation, removing and freezing the brain to
prevent spreading of the fast green. Finally brain slices were made to determine that it
wasin the LV. Movement of the cannulawas prevented by the use of screws and cement
mix. The microinjection was given at a pace of approximately 1 pl/min. The baseline
conditions were established in the recording and 2 hours after the actinomycin-D
treatment, HU210 (50 ug/kg, i.p.) was administered to the rat. The fEPSPs were recorded
for 120 minutes and then the HFS control was performed (Fig. 3-3 A).

As controls, experiments were done to evaluate the affects of AM 281 on DHPG-
induced LTD. E4CPG (35 nM/3.5 pl, i.c.v) was given 5 min. prior or 5 min. after an
injection of S-DHPG (100 nM/5 pl, i.c.v) (Fig. 3-6 A). Comparatively, AM 281 (3 mg/kg
1.p.) was given 5 min. prior to an injection of S-DHPG (100 nM/5 pl, i.c.v) (Fig. 3-6 C).

HFS was performed at the end of the 120 min. recordings.
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2.3.4 lontophoresis treatments

lontophoresis was used for experiments with anesthetized rats, where the procedure
paralleled the above electrophysiology protocol, except for the treatment. In these
experiments, a multi-barreled micropipette was utilized to both record from the CA1
region and dispense the drug. The experimentation consisted of HU210 administration at
50 pg/ml, iontophoretic gjection at -40 nA for 30 sec. The same iontophoretic gection
was performed using the HU210 vehicle: DM SO: Tween 80: 0.9 % NaCl, as a control
(Fig. 3-7 A).

Initially, the literature was searched for general iontophoretic experimentation
with various drugs, including antidepressants and glutamate (Haddjeri and Blier, 1995;
Kiyatkin and Rebec, 1999). The current and duration were chosen primarily because of a
functional effect. The HU210 had a slightly negative charge and a pH of 8.5, and thus the

chosen negative current would repel it out of the barrel into the CA1 region.

2.4 Knockout Mice Models

2.4.1 Electrophysiology

The CA3-CAL1 field excitatory postsynaptic potentials were recorded using the following
protocol. Mice wereinitialy anesthetized in a box with 4 % halothane. The mouse's
temperature was regulated at approx. 37 +1 °C by the use of atemperature therapy mat
and T/PUMP and verified with arectal thermometer (Harvard Apparatus, SA.R.L.,
France) throughout the entirety of the experiment. The mouse’s skull was then fixed to a
stereotaxic frame (Unimecanique, France) and nose placed in an anesthetic mask,

whereby the mouse received 1.5% hal othane anesthesia for the duration of the



experiment. The locations for the two electrodes (stimulating and recording) were found,
using the bregma as a guide. The coordinates for the recording e ectrode (glass
micropipette, tip diameter — approx. 0.10-0.20 mm, Harvard Apparatus Ltd., France)
from the bregma were: B/P: -1.94 mm, M/L: -1.20 mm, D/V: 1.33 mm. The coordinates
for the stimulating electrode (concentric biopolar, 250 um diameter, Phymep, Paris,
France) from the bregma were: B/P: +1.82 mm, M/L: +2.13 mm, D/V: -1.70 mm. The
stimul ating el ectrode was implanted into the correct region manually while the recording
electrode was moved first manually to the brain surface and then by Micropositioner
(Unimecanique, France) to ensure accuracy. The two el ectrodes were then adjusted to
find the best wave.

The recordings were performed with aModel 1700 Differential AC Amplifier (A-
M Systems). The fEPSPs were evoked at 0.067 Hz using a concentric bipolar electrode
every 15 seconds. Stimulus pulse intensities were typically 1-3 mA with a duration of
100 ps (selected due to equipment available in Bordeaux — less than minimal degree of
stimulation but still physiologically relevant). A stimulus intensity that yielded
approximately 60% of the maximal response was selected for baseline measurements —
using aModel DS3 Isolated Constant Current Stimulator (Digitimer Ltd.). A glass
microelectrode full of 0.5M sodium acetate and 2% pontamine sky blue was used as the
recording electrode. Spike2 software was utilized to record data. KO or wild-type mice

were treated with either THC (5 mg/kg, i.p.) or vehicle and recorded for 120 min.
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2.4.2 CB,f/ f mice

CB,"" mice were generated and genotyped (PCR analysis of genomic material obtained
through tail clippings) by Dr. Giovanni Marsicano’s lab using the following protocol. The
CB, " were generated by crossing two mouse lines. The first carried the CB;-floxed-neo
alele. A genomic library was screened to isolate fragments of DNA that contained the
CB; locus and two loxP sites were used to flank the CB; gene. In order to create the final
construct, two homology arms and a FRT-flanked PGK-neo cassette (encoding the
neomycin resistance gene with a eukaryotic promoter) were also used (Marsicano et al.,
2002). The CB;-floxed-neo allele was thus created by electroporating this construct into
E14 mouse embryonic stem cells (Marsicano et a., 2002). These mice were then crossed
with flipase-deleter mice. Flipase-deleter mice involved utilizing a vector containing Flp
recombinase target sites (pFRTZ). This vector was developed by inserting the
Hindlll/Sall fragment from pSLh3APr-lacZ-pA into the Hindl11 and Sall sites of
pFRT2neo.lacZ (Dymecki, 1996). From these plasmid sequences, the transgenes were
purified and injected into fertilized eggs, allowing the development of amouse line. This
crossis performed for it alows for the deletion of the FRT-PGK-Neo selection cassette

(Marsicano et al., 2003) (see Fig 2-3).

2.4.3 Glu-CB,R-KO mice

Conditiona Glu-CB;R-KO mice were generated and genotyped by Dr. Giovanni
Marsicano’s lab using the following protocol. The Glu-CB;R-KO mice were generated by

crossing CB,"™" (floxed CB;R gene carrying mice) and NEX-Cre mice (Monory et al.,

36



2006). The mutant mice had variable genetic backgrounds but the mgjority contribution
came from the C57BL6/6NCrIBR (Monory et a., 2006).

This CB," transgenic line (generation previously described in section 2.4.2) was
crossed with NEX-Cre mice. The Cre-recombinase sequence in these mice is associated
with the NEX locus (prominent in the hippocampa neurons) (Kleppisch et al., 2003) (see

Fig 2-3).

2.4.4 GABA-CB,R-KO mice

Conditional GABA-CB;R-KO mice were generated and genotyped by Dr. Giovanni
Marsicano’s lab using the following protocol. The GABA-CB;R-KO mice were

generated by crossing CB,""

(floxed CB;1R gene carrying mice) and DIx5/6-Cre mice
(Monory et al., 2006). The generation of CB,"" is described previously in section 2.4.2.
The DIx5/6-Cre mice are generated using the following protocol. 156i and 156ii
intergenic enhancer sequences were used to control the Cre gene. A plasmid with aCre
coding sequence was created and a fragment from the zebrafish dix5a/dIx6a |ocus was

added (Monory et a., 2006). The transgenic mice were produced by excising the

transgene from the plasmid and injecting it into eggs (Zeruchaet a., 2000) (see Fig 2-3).

2.4.5 GFAP-CB,R-KO mice

GFAP-CB;R-KO mice were generated at the Marsicano lab in Bordeaux, France utilizing

the following procedure. Two genetically altered mouse lines were crossed using a three-
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step backcrossing procedure; these were CB,"

(floxed CB;1R gene carrying mice) and
GFAP-CreERT2 mice (Hirrlinger et a., 2006). The mutant mice had variable genetic
backgrounds but the mgjority contribution came from the C57BL6-N strain (Han et d.,
2012). The generation of CB," is described previously in section 2.4.2.

The GFAP-CreERT2 mice were generated following the protocol developed by
Kirchhoff’s group. A fusion protein was developed combining an estrogen receptor’s
(ER) mutated ligand-binding domain and DNA recombinase Cre. Thisfusion protein was
controlled by the human GFAP promoter (Hirrlinger et a., 2006). The overall vector used
was generated using the previously mentioned promoter aong with the open reading
frame of CreERT2, tamoxifen-inducible Cre-recombinase, an immunoglobulin G splice
acceptor site and an adenovirus splice donor (together make an intron used to express the
transgene in a broad range of tissues), as well as the human growth hormone polyA site
(for structural stability) (Hirrlinger et al., 2006; Choi et a., 1991; Fig. 2-3). The GFAP-
CreERT2 DNA fragment was eventually injected into fertilized oocytes. The
backcrossing procedure thus gave CB, R P CreERT2 (GEA P.CB,R-K O) and CB;R""
(GFAP-CB;1R-WT) littermates (see Fig 2-3).

Tamoxifen (1 mg, i.p. — vehicle of 90% sunflower oil and 10% ethanol — given at
aconcentration of 10 mg/ml — Hirrlinger et a., 2006) — an ER agonist, was used to
activate the CreERT?2 protein (causes the release of CreERT2 and thus alowsit to move
into the nucleus where gene ateration can occur — Hirrlinger et a., 2006). The treatment
was eight injections/day for eight weeks in order to delete the astroglial CB;R gene with a
recovery period of four weeks. The lack of protein was verified by a double

immunohistochemistry analysis (Han et al., 2012).
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2.5 Statistical Analysis
SPSS 9.0 for Windows was used for analysis of statistics. Results are reported as means +
SE. Statistical analysiswill be performed utilizing one-way ANOV As, followed with the

Tukey HSD post hoc test. Statistical significanceis noted for p < 0.05.
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Recording Electrode Electrical Stimulation

1

Stimulation Electrode

Figure2-1 lllustration of in vivo eectrophysiology protocol. Theillustration shows arat in an
anesthetised state as would exist when it would be placed in the stereotaxic frame. The two el ectrodes are
inserted into the brain at the proper coordinates, through a small hole drilled into the skull. In the right
column is the genera protocol for many of the experiments performed in this study. This followsthe
general outline: electrical stimulation, given in a constant, unchanging fashion to implement basal
transmission, thisis recorded as the baseline for a minimum of twenty minutes. Following this, whatever
drug treatment that we were interested in was given, followed by arecording for aminimum of two hours.
Finaly, high frequency stimulation was given at the end of the experiment to ensure that the neurons were
still responsive and the synaptic transmission was not atered due to damage.
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Figure 2-2 Schematic showing various protocolsinvolved in the study. A. Brain cross section showing
placement of the two electrodes: stimulating (gold — B/P +3.50 mm, M/L +3.84 mm, D/V -2.40 mm) and
recording (grey — B/P -4.00 mm, M/L -2.80 mm, D/V 2.40 mm) for the CA1 region. B. Sample graph
showing the HFS induced response at approx. 120 min. (black bar above the graph) and the resulting
potentiation. C. Sample of data recorded — 3 fEPSP responses 15 seconds apart. Ticks on the top bar
represent when the stimulation was given. Voltage on the y-axis and Time on the x-axis. D. The paramaters

for ameasured slope of atypica fEPSP.
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Figure 2-3 lllustration of various knockout mice models and the schematics of their constructs. The
figure shows the three lines of knockout mice used in this study. All were developed by crossing CB,”" with
different other transgenic models. The CB,"" construct has the oxP sites (grey triangles) flanking the CB,
open reading frame (blue box), with FRT standing for the Flp recombinase recognition target site (beige
box). In theleft column, the CB," mice are crossed with NEX-Cre mice (containing the Cre-recombinase
sequence (light blue box) associated with the NEX locus (orange box)) to generate the Glu-CB;R-KO
mouse line. The middle column shows the CB,"" mice crossed with DIx5/6-Cre mice (containing the Cre
coding sequence (light blue box) contained by 156i and 156ii intergenic enhancer sequences (pink boxes) at
the DIX5 and DIXx6 sites (orange boxes)) to generate the GABA-CB;R-KO mouse line. The right column
shows the CB,"" mice crossed with GFAP-CreERT2 mice (containing the human GFAP promoter (green
box), the tripartite intron (beige box), the CreERT?2 open reading frame (light blue box) and the human
growth hormone polyA site (red box), as well as Swal restriction sitesand ATG — the transcription
initiation site), then treated with tamoxifen to generate the GFAP-CB;R-KO mouse line.
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Chapter 3: Results

3.1 GFAP-CB1R-KO mice do not experience cannabinoid-evoked
hippocampal LTD while Glutamate and GABA-CB1R-KO mice still

do

GFAP-CB;R-KO mice as well astheir GFAP-CB;R-WT line (containing the floxed sites
and tamoxifen treatment) received an injection of THC (5 mg/kg, i.p.). The GFAP-CB;R-
KO mice did not experience any change in synaptic transmission, while the GFAP-CB;R-
WT experienced the equivalent LTD as seen in the rats (to around 40% of baseline
conditions). The wild-type mice also received vehicle treatment as a control, which
resulted in no affect to synaptic transmission (see Fig. 3-1 A).

Glu-CB;R-KO and GABA-CB;R-KO mice aswell astheir WT line al received an
injection of THC (5 mg/kg, i.p.). Both KO mice and their WT counterparts al
experienced the equivaent LTD as seen in the rats (to around 40% of baseline
conditions) (see Fig. 3-1 C).

THC (5 mg/kg, i.p.) was used for the mice while HU210 (50 ug/kg, i.p.) was
utilized for the rats due to the lack of availability of HU210 at the Marsicano lab in
Bordeaux. Experimentation was performed by myself and colleagues to verify that avery
similar LTD effect was seen when treating both rats and mice with these doses of these

two cannabinoids.



3.2 AM 281 pretreatment but not post-treatment, prevents HU210

-evoked hippocampal LTD

Therats received atreatment of AM 281 (3 mg/kg, i.p.) 10 min prior to an HU210
injection. In these conditions, the HU210-evoked LTD was completely blocked. This was
not the case for the vehicle treatment. When the AM 281 treatment was given 10 min
after the HU210 injection, the normally viewed LTD to approximately 40% of baseline

conditions occurred (see Fig. 3-2).

3.3 Protein synthesis is a component of cannabinoid-evoked

expression of later-phase LTD at excitatory CA3-CA1 synapses

It was shown by my colleagues, that AMPAR endocytosis plays akey role in the
expression of cannabinoid-evoked hippocampal CA3-CA1 LTD, thus my desire was to
look forward to discover what else isinvolved in the expression stage, in particular the
late phase. When the rats received a two hour pre-treatment with anisomycin (18 mg/kg,
i.p.), which acts on the 60S ribosomal subunit and prevents the formation of the 80S
complex therefore preventing elongation and thus protein synthesis (van Venrooij et d.,
1977), followed by HU210 treatment, L-LTD was blocked (approximately +40 min after
HU210 treatment) without altering E-LTD (initial approximately 30 min). Baseline
conditions were gradually re-established after dropping to around 70% during the initial

40 minutes of LTD (see Fig. 3-3).



Another experiment was designed where rats received a two hour pre-treatment
with actinomycin-D (72 pg/12 pl, i.c.v.), which acts on the transcription initiation
complex and therefore inhibits RNA-chain elongation (Sobell, 1985), and then HU210
treatment, L-LTD was blocked (approximately +30 min after HU210 treatment) without
atering E-LTD (initial approximately 30 min). Baseline conditions were gradualy re-
established after dropping to around 70% during the initial 30 minutes of LTD (see Fig.

3-3).

3.4 NR2B-containing NMDAR antagonists return depressed
transmission to baseline conditions in HU210-evoked

hippocampal LTD

It had previously been discovered (in Han et a., 2012) that pre-treatment with ifenprodil,
and R025-6981 but not NVP-AAMO77 prevented the induction of cannabinoid-evoked
LTD, so we continued on this thought process to see if we could determine atime-line for
the involvement of NMDARS (see Fig. 3-4 A, 3-5A). No changein LTD (i.e. the fEPSP
slopes decreased to approximately 40 % of the baseline) was seen when the rats were
treated with the NR2A-specific antagonist NVP-AAMO77 (1.2 mg/kg, i.p.) or the CB;R
antagonist AM 281 (3 mg/kg, i.p.) aswell astheir vehicles, 30 minutes after HU210
treatment (see Fig. 3-5 A). Thisindicates that beyond the knowledge we previously
obtained of the lack of involvement of these types of receptors in induction, the NR2A
subunit of NMDARs and the CB;Rs are not involved in the transient post-induction

depression of cannabinoid-evoked LTD in the CA3-CA1 synapses.
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When treated with the NR2B-specific antagonist Ro25-6981 (6 mg/kg, i.p.) or
vehicle, 1 hour after HU210 (50 pg/kg, i.p.) treatment the following was observed. The
slope of the fEPSPs decreased to approximately 40 % of baseline conditionsin the first
hour after HU210 treatment. After Ro25-6981 treatment, the slopes of fEPSPs stayed at
40 % of baseline (see Fig. 3-4 C). When the treatment of Ro25-6981 or another
structurally different NR2B-specific antagonist ifenprodil was given 30 minutes after
HU210 administration, LTD was blocked and the fEPSPs returned to baseline conditions
(see Fig. 3-4 A). Thiswas not seen with the vehicle treatments. This beginsto imply that
the activation of NR2B-containing NMDARs isinvolved in the transient post-induction

depression of cannabinoid-evoked LTD in the CA3-CA1 synapses.

3.5 E4CPG blocks S-DHPG induced LTD through pretreatment
but not post-treatment while AM 281 does not block S-DHPG

induced LTD

To understand this process better, numerous controls were performed to compare the
NMDA R-dependent cannabinoid-LTD that we viewed with an mGluR-dependent form
of LTD. The rats received a treatment of the mGluR antagonist E4ACPG (35 nM/3.5 pl,
1.c.v) 5 min prior to an injection of the mGIluR agonist S-DHPG (100 nM/5 pl, i.c.v). In
these conditions, the SS DHPG-evoked LTD was completely blocked by EACPG. When
the EACPG treatment was given 5 min after the SSDHPG injection, the normally viewed

LTD occurred. Thiswas the same in the case for the vehicle treatment (see Fig. 3-6 A).
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In another experiment, rats were given AM 281 (3 mg/kg, i.p.) 5 min before S
DHPG treatment and no change in the LTD occurred (see Fig. 3-6 C). These experiments
acted as controls, showing that AM 281 is specific for cannabinoid-evoked LTD and not

other formsof LTD.

3.6 Equivalent HU210-evoked LTD occurs in excitatory CA3-CA1

synapses when given intra-CA1 as in systemic injections

The rats received a treatment of HU210 (50 pg/ml, iontophoretic ejection at -40 nA for
30 sec). In this experiment, the HU210-evoked LTD was equivalent to the intraperitoneal
treatments shown by our lab previoudly (i.e. a reduction of fEPSP slope to approximately
40% of baseline conditions) (see Fig. 3-7 A). Due to the notion that the drug in these
experiments was given directly into the brain opposed to i.p. may lead one to believe that
the onset of LTD would have been quicker. However, the observation made showed a
similar latency to the intraperitoneal treatments (see Fig. 3-1 to 3-5). The speculation that
can thus be made is that the onset of action of the cannabinoid occurs within the first 5
min. even when given i.p. From here, the physiological processes proceed slowly and
reach a plateau at approximately 90 minutes. The same iontophoretic gections (-40 nA
for 30 sec.) was performed using the vehicle for HU210, where no fEPSP reduction

occurred (see Fig. 3-7 A).
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3.7 HU210 has very little affect in synaptic transmission in the

perforant path-dentate gyrus pathway

The rats received a treatment of HU210 (50 pug/mg, i.p.) while recording in the dentate
gyrus region of the hippocampus. The HU210 did not evoke significant depression of
synaptic transmission in this region. The reduction of fEPSP slopes only went to

approximately 82 % of baseline conditions (see Fig. 3-7 C).
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Figure 3-1 GFAP-CB;R-KO mice do not experience cannabinoid-evoked hippocampal LTD while
Glutamate and GABA-CB;R-KO micedo. A. THC (5 mg/kg, i.p.) wasinjected into GFAP astrocytic
CB;R KO (black triangles) or WT mice (red triangles). Ethanol: Tween 80: 0.9 % NaCl vehicle was
injected into GFAP WT mice (gold squares). Slope of field excitatory postsynaptic potentials are presented
as a percentage of the baseline EPSPs. Average individual fEPSP traces. black — average baseline fEPSP,
red — average fEPSP for 100-110 min. time frame. B. Percent change of fEPSPs for THC or vehicle
treatment from baseline to 110 min. into recording. Error bars established for £SE. * p < 0.05 (Tukey HSD
post hoc test). C. THC (5 mg/kg, i.p.) wasinjected into Glu-CB;R-KO (black triangles), GABA-CB;R-KO
(red triangles) or WT mice (gold squares). Slope of field excitatory postsynaptic potentias are presented as
a percentage of the baseline EPSPs. Average individua fEPSP traces. black — average baseline fEPSP, red
—average fEPSP for 100-110 min. time frame. D. Percent change of fEPSPs for THC or vehicle treatment
from baseline to 110 min. into recording. Error bars established for £SE. * p < 0.05 (Tukey HSD post hoc
test).
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Figure 3-2 AM 281 pretreatment but not post-treatment, prevents HU210-evoked hippocampal LTD.
A. AM 281 (3 mg/kg, i.p.) injected 10 minutes before (blue arrowhead) HU210 (50 pg/kg, i.p.) treatment
(black triangles) or 10 min. after (red triangles) (green arrowhead). DM SO: Tween 80: 0.9 % NaCl vehicle
injected 10 minutes before (blue arrowhead) HU210 (50 pg/kg, i.p.) treatment (blue squares) or 10 min.
after (gold sguares) (green arrowhead). Slope of field excitatory postsynaptic potentials are presented as a
percentage of the baseline EPSPs. Average individua fEPSP traces: black — average baseline fEPSP, red —
average fEPSP for 100-110 min. time frame. B. Percent change of fEPSPsfor AM 281 or vehicle treatment
from baseline to 110 min. into recording. Error bars established for £SE. * p < 0.05 (Tukey HSD post hoc
test).
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Figure 3-3 Anisomycin and actinomycin-D return depressed transmission to baseline conditionsin
HU210-evoked hippocampal LTD. A. 2 hour pretreatment of anisomycin (18 mg/kg, i.p.), followed by
HU210 (50 pg/kg, i.p.) treatment (red triangles) or 2 hour pretreatment of actinomycin-D (black triangles).
0.9 % saline vehicle for anisomycin vehicle injected 2 hours prior to HU210 (50 pg/kg, i.p.) treatment (blue
squares) or 0.9 % saline vehicle for actinomycin-D vehicleinjected 2 hours prior (gold squares). Slope of
field excitatory postsynaptic potentials are presented as a percentage of the baseline EPSPs. Average
individual fEPSP traces. black — average baseline fEPSP, red — average fEPSP for 100-110 min. time
frame. B. Percent change of fEPSPs for anisomycin, actinomycin-D or vehicle treatments from baseline to
110 min. into recording. Error bars established for +SE. * p < 0.05 (Tukey HSD post hoc test).
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Figure 3-4 NR2B-containing NM DAR antagonistsreturn depressed transmission to basdine
conditionsin HU210-evoked hippocampal LTD. A. Ro25-6981 (6 mg/kg, i.p.) injected 30 minutes after
HU210 (50 pg/kg, i.p.) treatment (black triangles) or ifenprodil (5 mg/kg, i.p.) injected 30 minutes after
HU210 (50 pg/kg, i.p.) treatment (red triangles). 0.9 % saline vehicle injected 30 minutes after HU210 (50
ug/kg, i.p.) treatment (gold squares) or ddH,O vehicle injected 30 minutes after HU210 (50 pg/kg, i.p.)
treatment (blue sgquares). 30 minute post HU210 treatment denoted by a green arrowhead. Slope of field
excitatory postsynaptic potentials are presented as a percentage of the baseline EPSPs. Average individual
fEPSP traces. black — average baseline fEPSP, red — average fEPSP for 100-110 min. time frame. B.
Percent change of fEPSPs for Ro25-6981, ifenprodil or vehicle treatments from baseline to 110 min. into
recording. C. Ro25-6981 (6 mg/kg, i.p.) injected 1 hour after HU210 (50 pg/kg, i.p.) treatment (red
triangles) (treatment time denoted by green arrowhead). Ro25-6981 (6 mg/kg, i.p.) injected alone (black
triangles). Slope of field excitatory postsynaptic potentials are presented as a percentage of the baseline
EPSPs. Average individual fEPSP traces: black — average baseline fEPSP, red — average fEPSP for 100-
110 min. time frame. D. Percent change of fEPSPs for Ro25-6981 treatments from baseline to 110 min.
into recording. All Error bars established for +SE. * p < 0.05 (Tukey HSD post hoc test).
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Figure 3-5 NR2A-containing NM DAR antagonists and AM 281 do not return depressed transmission
to baseline conditionsin HU210-evoked hippocampal LTD. A. NVP-AAMO77 (1.2 mg/kg, i.p.) injected
30 minutes after HU210 (50 pg/kg, i.p.) treatment (red triangles) or AM 281 injected 30 min. after (black
triangles). ddH.,0 vehicle injected 30 minutes after HU210 (50 pg/kg, i.p.) treatment (blue squares) or
DMSO: Tween 80: 0.9 % NaCl vehicle injected 30 min. after (gold squares) (treatment time denoted by
green arrowhead). Slope of field excitatory postsynaptic potentias are presented as a percentage of the
baseline EPSPs. Average individua fEPSP traces: black — average baseline fEPSP, red — average fEPSP for
100-110 min. time frame. B. Percent change of fEPSPsfor NVP-AAMO077, AM 281 or vehicle treatments
from baseline to 110 min. into recording. All Error bars established for +SE. * p < 0.05 (Tukey HSD post
hoc test).
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Figure 3-6 E4CPG blocks S-DHPG induced LTD through pretreatment but not post-treatment while
AM 281 does not block SSDHPG induced LTD. A. E4CPG (35 nM/3.5 pl, i.c.v.) injected 5 minutes
before S-DHPG (100 nM/5 l, i.c.v.) treatment (black triangles) or 5 min. after (red triangles). 0.9 % saline
vehicle injected 5 minutes after S-DHPG (100 nM/5 pl, i.c.v.) treatment (gold squares). Slope of field
excitatory postsynaptic potentials are presented as a percentage of the baseline EPSPs. Average individual
fEPSP traces. black — average basdline fEPSP, red — average fEPSP for 100-110 min. time frame. B.
Percent change of fEPSPs for EACPG and S-DHPG or vehicle and S-DHPG treatment from baselineto 110
min. into recording. Error bars established for £SE. * p < 0.05 (Tukey HSD post hoc test). C. AM 281 (3
mg/kg, i.p.) injected 5 minutes before S-DHPG (100 nM/5 pl, i.c.v.) treatment (black triangles). Slope of
field excitatory postsynaptic potentials are presented as a percentage of the baseline EPSPs. Average
individual fEPSP traces. black — average baseline fEPSP, red — average fEPSP for 100-110 min. time
frame. D. Percent change of fEPSPsfor AM 281 treatment from baseline to 110 min. into recording. Blue
arrowheads denote 5 min. before S-DHPG treatments and green arrowheads denote 5 min. after SDHPG
treatments. Error bars established for +SE. * p < 0.05 (Tukey HSD post hoc test).
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Figure 3-7 HU210 evoked L TD occursin excitatory CA3-CA1 synapses when given intra-CA1 but
has little affect with systemic treatment in the PP-DG pathway. A. HU210 (50 pg/ml, iontophoretic
gjection at -40 nA for 30 sec), treatment (black triangles) or DM SO: Tween 80: 0.9 % NaCl vehicle (red
triangles). Slope of field excitatory postsynaptic potentials are presented as a percentage of the baseline
EPSPs. Average individual fEPSP traces: black — average baseline fEPSP, red — average fEPSP for 100-
110 min. time frame. B. Percent change of fEPSPsfor HU210 or vehcile treatments from baseline to 110
min. into recording. Error bars established for £SE. * p < 0.05 (Tukey HSD post hoc test). C. HU210 (50
ng/kg, i.p.) treatment (black triangles) or DMSO: Tween 80: 0.9 % NaCl vehicle injection (red triangles).
Slope of field excitatory postsynaptic potentials are presented as a percentage of the baseline EPSPs.
Average individual fEPSP traces: black — average baseline fEPSP, red — average fEPSP for 100-110 min.
time frame. D. Percent change of fEPSPs for HU210 or vehicle treatments from baseline to 110 min. into
recording. Error bars established for £SE. * p < 0.05 (Tukey HSD post hoc test).
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Figure 3-8 Proposed mechanism for cannabinoid-evoked hippocampal L TD. Exogenous cannabinoids
enter the CA1 region of the hippocampus and bind to astroglial CB1 receptors which causes glutamate
build up in the extrasynaptic area, these bind to NR2B-containing NMDARs which in turn cause AMPAR
endocytosisthat leadsto LTD and is ultimately correlated with spatial working memory impairment.
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Chapter 4: Discussion

4.1 Involvement of astroglial CBiRs over neuronal ones

These results clearly show the importance of astrogliad CB1Rsin cannabinoid-evoked
LTD at the CA3-CAL1 synapses. The neuronal CB;Rs, on the other hand, do not seem to
play alarge role in this mechanism. The use of conditional knockouts allows one to
eliminate a gene from atarget area opposed to the entire organism. This allows for more
precision, accuracy and the greater chance that survival or developmental issues will not
play arolein the development of the organism (in this case — mice). Because the
pharmacological treatment with cannabinoids, induced the LTD we observed in both the
Glu-CB;R-KO and the GABA-CB;R-KO, it can be speculated that these CB;Rs are not
necessary in the mechanism both acutely or developmentally. In order to understand
when the gene/protein is necessary, an inducible knockout can be utilized. This type of
knockout alows for temporal control —i.e. in terms of the CreER/lox system, excision of
the desired gene does not occur until the ligand binding domain of the ER (which is fused
to the Cre recombinase) is activated by tamoxifen; this allows the CreER to move into the
nucleus and excise the DNA that is flanked by loxP sites (Feil et a., 1996). Therefore, by
utilizing this form of inducible knockout with the GFAP-CB,R-KO, it alowed for more
control in terms of avoiding developmental issues.

The reasoning for why astroglial CB1Rs are necessary for this LTD and neuronal
ones seem to not be, could be the result of several circumstances. One, in the CA3-CA1

synapses; it has previously been shown that the density levels of the presynaptic CB;Rs
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are just above background levels (Kawamura et a., 2006). The sheer number of
astrocytes and thus density of the receptorsin comparison with the low presynaptic CB1R
densities, could account for the resultant preference to astroglial CB;Rs. Beyond this
concept, in the early 2000s, based on their own results conflicting with the prevailing
theories on cannabinoid-sensitive receptors, Freund’ s group discussed the possibility of a
novel receptor that is pharmacologically unique (Hajos et a., 2001; Hg os and Freund,
2002). Although purely speculative in nature, it is not totally implausible to conceive that
perhaps the reason why cannabinoids target astroglial CB1Rsin the CA3-CA1 synapsesis
due to some pharmacol ogically unique development that alows for their affinity for
cannabinoids to increase well beyond that of the neuronal CB;Rs. It has already been
shown numerous times that the affinity of cannabinoid receptors for different
cannabinoids (endogenous and exogenous) varies greatly (Pertwee, 2010), therefore, one
could also speculate that this phenomena occurs by utilizing the cannabinoids used in
these experiments, whereby using endogenous cannabinoids, or even different exogenous
ones, could produce a different mechanism and even outcome.

Another unknown issue is whether or not this astroglial CB;R-dependent LTD
occurs throughout the brain. There exists the notion that although there are far more
CB;Rs on GABAergic terminals than glutamatergic (Kawamura et a., 2006; Marsicano
et al., 2003), in some areas of the brain, cannabinoids still seem to preferentially target
glutamatergic ones (as discussed in Monory et a., 2007). Due to the results my
colleagues and | obtained, it isfair to speculate that beyond preferential targeting of
various neuronal CB;Rsin certain areas of the brain, that astrogliad CB;Rs could also be

preferentialy activated. My colleagues have found that a similar form of cannabinoid-
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evoked synaptic long-term depression does occur inthe VTA (Liu et a., 2010). However,
based on other preliminary data, this cannabinoid-evoked LTD does not arise universally
throughout the brain, as can be seen in Figure 3-7 C, where the phenomenon did not
significantly occur in the PP-DG pathway. This can be related to studies whereby
cannabinoids did not have the ability to alter synaptic plasticity in the DG region (Abush
and Akirav, 2012). Dueto these findings, it is likely that athough the preferential
targeting of astroglial CB;Rs by cannabinoids may occur in other areas of the brain
beyond the CA3-CA1 region, it isunlikely that it arises everywhere, the reason for this
phenomenon and the extent of the areas of the brain where it occurs remains to be
unknown.

Finally, as discussed earlier, the potential significance of dlicing the brain and the
prospective consequence this may have on changing cannabinoid targeting from

astroglial CB;Rs to neuronal ones, remains an areato be researched further.

4.2 Gliosomal fractionation and glutamate release experiments

One element of the proposed mechanism that we have yet to show iswhat occurs from
astroglial CB;R activation to glutamate build-up. One strong possibility, as theorized
based on the work of Araque, Bonanno, Maccarrone and others, is that glutamate is
released from the astrocyte upon activation of the CB;Rs (Navarrete and Arague, 2010;
Milanese et al., 2009; Bari et al., 2011).

In order to test this possibility, we can use a gliosome protocol, prepared viaa

Percoll gradient fractionation. As of this point, our lab has achieved this step (separated
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out synaptosomes and gliosomes from hippocampal samples). From here, both fraction 2
and 4 are separated on 10% SDS-PAGE gels, and then transferred onto Nitrocellulose
membranes. Following this, membranes are probed with antibodies to GFAP and MAP-2.
Utilizing parallel superfusion chambers, filtration and radioactivity protocols, aliquid
scintillation counting method can be used. By comparing control experiments to the drug-
treated samples, one can determine aratio by which the concentration of glutamate
outside the gliosomes can be determined and by consequence, discover whether the
amount of glutamate released increases with cannabinoid treatment (Milanese et dl.,

2009; Bari et al., 2011).

4.3 In vitro versus in vivo cannabinoid studies

In the cannabinoid-antagonist experiments (Fig. 3-2), AM 281 (3 mg/kg, i.p.) treatment
10 min. after HU210 administration does not block LTD. In certain in vitro studies from
literature, investigators have noted that thistime frame will block LTD. My colleagues
and | feel that the reason for the difference isthat the slice preparation for in vitro studies
would damage the network of astrocytes that we feel is a necessity for cannabinoid-
evoked LTD (discussed later).

This givesthefirst indication that what is being viewed isin fact long-term
depression and not a transient form. Only the pretreatment was affective, implying that a
single activation of CB;Rs s sufficient to induce along-term effect. Thisis different than
previous findings shown in papers such as Chevaleyre et a., 2006 and Kawamura et a.,

2006 among others, where they showed in in vitro studies that a cannabinoid-induced
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synaptic depression could be reversed by post-treastment with AM 281. So the second
consequence of thisdiscovery isthat thereis asignificant difference when doing
experimentation of this sort in vivo opposed to in vitro.

A potential reason as to why there are differences in terms of how the
phenomenon is studied is currently unknown but one can speculate on numerous
possihilities. One such possibility could be that of CB1R endocytosis. Vesicular
trafficking of CB1R in both neurons and astrocytes has been described (Daigle et a.,
2008; Osborne et al., 2009). A potential implication as to why in vivo differs fromin vitro
in terms of CB1R agonism/antagonism could be that in vivo, CB;Rs are internalized upon
activation, whilein vitro, they are not. If the receptor would be internalized, AM 281 or
any CB;R antagonist would not be able to produce any affect on the receptor. However,
if they are not endocytosed (potentially asin the in vitro state), the CB;R antagonist may
be able to outcompete the agonist and in turn prevent the effect (in this case LTD) that
would normally be seen. Thisis speculative and the reason for this difference may be
difficult to prove.

Beyond the differences seen with CB1R antagonism, there are also more general
in vivo variations as seen in the involvement of protein translation and transcription in
synaptic plasticity. In his 2000 paper, Kandel showed, using electrophysiological
methods and pharmacological agents, that there exists a protein-dependent element of
long-term synaptic plasticity when observed in an in vivo-type environment (Kauderer
and Kandel, 2000). Other labs, including Frey’s, mirrored this observation in freely
moving rats (Manahan-Vaughan et a., 2000). Work of this nature provided controversia

comparisons between in vivo and in vitro protocols. Kandel discusses the fact that
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initialy, utilizing acute brain dlices, the damage to the brain may prevent one from
observing a protein-dependent late phase to hippocampal LTD (as their own and Huber et
al., 2000 results of NMDAR-dependent LTD showed) but ultimately upon creating an in
vivo-type environment and subsequently doing in vivo e ectrophysiological studies, the
late phase expression was seen to be dependent on protein synthesis (Kauderer and
Kandel, 2000). Beyond hippocampal LTD, this phenomenon has been seen in other areas
of the brain including the cerebellum (Linden, 1996), implying afairly ubiquitous nature
to the protein synthesis involvement in in vivo experimentation.

One such reason asto the in vivo/in vitro differences (including as mentioned
earlier: CB1R antagonism, protein synthesis, aswell asLTP versus LTD effects, and role
of NMDARsin the MAPK/ERK pathway (Derkinderen et al., 2003)) could be the
anatomical and physiological damage done by the act of slicing the brain. In the
hippocampus, as well as most areas throughout the brain, neurons are surrounded by
astrocytic networks (see Fig. 1-2). These networks, connected by gap junctions, provide
important roles in neuronal nodulation and numerous other brain functions (Giaume et
al., 2010). Asfurther evidence of the importance of these networks, our lab has collected
data showing that ahalf KO of connexin 43 (aglia gap junction protein) had such a
significant affect as to prevent the LTD that we normally obsevered at the CA3-CA1
synapses after cannabinoid treatment (unpublished results). Thisleads us to hypothesize
that perhaps one of the reasons why the effects differ, often very significantly (see Han et
al., 2012 showing in vivo astrocytic CB;R-dependent exogenous cannabinoid-induced

LTD, opposed to Navarette and Araque, 2010 showing in vitro astrocytic CB;R-
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dependent endocannabinoid induced L TP at remote synapses) may be due to the damage
inflicted on this network when the brain is sliced.

This study our lab published may also provide insight into the use of in vivo
techniques while observing the effects of other drugs of abuse. In many studies
examining drugs of abuse and their ability to alter synaptic plasticity, often in vitro brain
slice techniques are utilized. It would be interesting to examine these same protocols, but
to instead use in vivo methods, and beyond this, to potentially examine the role of
astrocytes in these outcomes.

Ultimately, this study is an observation of the effects of a pharmacologically
induced LTD, opposed to that induced by means of electrical stimulation. Dueto this, we
can stress the importance of physiological conditions. Many protocols involving the
induction of LTD in vitro use non-realistic firing patterns, it has also been speculated that
pathological events (including epilepsy) occur when inducing LTP due to the firing
frequencies utilized, as opposed to it being a physiological condition. Thisis dueto the
fact that these frequencies are often far beyond the limits of physiological conditions
(Sostrom et a., 2008). It is known that low firing rates naturally occur in the brain, thus
we attempted to keep our electrophysiology paradigm to these standards. Beyond this,
utilizing exogenous cannabinoids opposed to the endogenous variety allows for another
control in the separation of pharmacology and electrophysiology. If we utilized
endogenous cannabinoid paradigms to view this phenomenon (i.e. JZL 184 —which
inhibits the degradation of 2-AG by inhibiting the enzyme monoacylglycerol lipase
(MAGL) (Long et al., 2009)), we run the risk of having our basal firing affect the

release/removal of endocannabinoids as their own production/release can be induced by
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electrical means (Heifets and Castillo, 2009). However, using an exogenous substance
allows us to separate the effects.

Another possibility asto potentially explain the differences between in vivo and in
vitro outcomes could lie in the temperature variability that may exist inin vitro
experimentation. In numerous papers, it has been shown that slices incubated at different
temperatures can produce significantly variable results in relation to the induction of
synaptic plasticity. Some examples of this occurring include the following. In a 1999
study, investigators showed that by increasing the temperature of their hippocampa
slices, they could inhibit excitatory transmission. They further reported that they believed
this to occur due to regulation via an adenosine mechanism (Masino and Dunwiddie,
1999). Other studies showing varying synaptic transmission results due to alterationsin
temperature include the Verkhratsky study that showed by using an interleukin-1 receptor
antagonist, they were able to block LTP at 34-36 °C, but not when the incubation
temperature was set to 21-24 °C (Ross et al., 2003). Finally, while looking at short-term
plasticity in hippocampal slices, Klyachko and Stevens showed that by increasing the
temperature from 23 to 38 °C, the synaptic strength went from a depression in response
to high frequency stimulation, to an augmentation (Klyachko and Stevens, 2006). These
among other studies show the significance and potential alteration that can occur to
Synapses upon variation in temperature. Therefore, the results | obtained in these studies
may differ from in vitro studies due to the idea that the temperature in those studies may

have been variable and caused a different outcome to occur.



4.4 Implications of the involvement of protein synthesis

The resultsin this study imply the necessity for protein translation and mRNA
transcription in the later-phase expression of LTD. Based on similar but not exact time
courses, the implication can be made that protein synthesis may stem from pre-existing
MRNA asweéll as newly transcribed mRNA. This fitsin with the data produced by
investigators including Kandel and Frey who showed that later phase LTD expression
involves the synthesis of new proteins (Kauderer and Kandel, 2000; Manahan-Vaughan
et a., 2000). The proteins that may be involved in this process are as of yet unknown but
may involve |EGs that are transported to the dendrites (where local protein synthesis may
occur) aswell as nuclear mRNA (different time frames) in asimilar sense that the Arc
protein (involved in AMPAR endocytosis and LTD) is produced on demand (Waung et

al., 2008).

4.5 Experimentation to define what proteins may be involved in

cannabinoid-evoked expression of later-phase LTD

Due to the fact that anisomycin and actinomycin-D blocked L-LTD, it can only be
assumed that certain genes will be up-regulated after HU210 treatment. In order to gain
further knowledge as to the specific genes and proteins that are up regulated, a
microarray analysis could be performed of the CA1 region and perhaps even the CA3
region (as the proteins could potentialy be presynaptically translated). This knowledge

can then be used to target certain proteins that would be translated from these up-
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regulated genes by creating specific viral vectors or knockouts to silence their effects.
Thiswill hopefully lead to an occlusion of L-LTD and thus knowledge of the proteins
involved in this overall mechanism. Greenberg and others have looked at similar
experiments and noted as many as 65 atered genes after cannabinoid treatment in mice

(Parmentier-Batteur, 2002).

4.6 Glutamate receptors in cannabinoid evoked LTD

Due to the fact that NMDAR activation was still important 30 min. after HU210
treatment, thereis an implication that a continuous or delayed release of glutamate may
be occurring. Because AM 281 had no effect when administered 30 min. into the LTD, it
could be hypothesized that thereis afairly quick removal of HU210 from the synapse,
thus one explanation is that a single dose of HU210 causes a continuous or prolonged
release of glutamate from astrocytes, which can then in turn act upon the postsynaptic
NMDARs over an extended period of time. Glutamate reuptake may be prevented in
astrocytes during thisform of LTD, asasimilar LTD has been seen in the CA3-CA1l
synapses when the glutamate-uptake inhibitor DL-threo-3-benzyloxyaspartate
(TBOA) treatment is utilized (Han et al., 2012). Another possibility isthat thereis a delay
in the release of glutamate from neighbouring astrocytes due to the fact that long-range
signaling has been seen to be performed by astrocytes (Navarrete and Araque, 2010).
Beyond this, the notion of NR2B-specific NMDA receptors playing akey role
over NR2A-specific ones, may be related to a developmental paradigm. NR2B-

containing NMDARs are the only type of NMDARs present in the early stages of
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development while the NR2A variety begin to develop and become up regul ated several
days postnatal. This development pattern also correlates with the devel opment of
synapses (occurring basically simultaneously with the NR2A-containing NMDAR
development). This may create a correlation with localization of these two types of
NMDARSs (NR2B-type localizing extrasynaptically while the NR2A-type localized in the
synapse) (Tovar and Westbrook, 1999; Barria and Mainow, 2002). Dueto this
possihility, the NR2B-containing NMDARs may be more readily available to interact
with the increased levels of extracellular glutamate introduced after CB;Rs on astrocytes

are activated.

4.7 NR2B-subunit knockout mice models

A potential future experiment that could be implemented to further understand the
significance of the various NMDAR subunits would be to develop aline of knockout
mice models that lacked the NR2B or NR2A subunit. This would eiminate any question
of the specificity of various antagonists and therefore strongly corroborate the results we
observed using R025-6981, NVP-AAMOQ77 and ifenprodil.

Numerous investigators have produced viable NR2B-KO or NR2A-KO mice
using various protocols. In 1995, Mishina' s group created a specific knockout of the
NR2A subunit gene by using the targeting vector pTVGRel (a blunted fragment with
neomycin phosphotransferase gene into NR2B genomic DNA, under phosphoglycerate
kinase promoter), followed by removal of the key multi-cloning sequence (Sakimura et

al., 1995). They used these mice to perform various electrophysiological and behavioural
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studies. Other groups including that of Holmes' as well as Becker’s, have utilized floxed-
NR2B mice (which they refer to as GIuN2B-floxed) crossed with CaMKI1 promoter
driven Cre recombinase transgenic mice, to create viable NR2B subunit specific
knockouts, which they then used to test various hypotheses involving synaptic plasticity,
learning, metabolism, etc. (Brigman et al., 2010; Badanich et a., 2011). By utilizing one
of the previously mentioned protocols, a viable KO model could be designed and then
treated with various cannabinoids and the resulting observations noted. | hypothesize that

the results will match those seen when utilizing the receptor antagonists (Fig. 3-4, 3-5).

4.8 AMPAR endocytosis in L-LTD

Biochemical work done for the AMPAR endocytosis experiments in our lab, involving
Western blotting with antibodies specific to AMPAR subunits (i.e. GIuR1, GluR2, and
GluR3) will alow acomparison of band intensity between vehicle and HU210
treatments. A change in surface expression of AMPAR would be a significant indication
of endocytosis during L-LTD. Thisiswhat is being seen (Han et al., 2012).

When treated with the Tat-GluR23y peptide 30 min. after HU210 treatment, |
hypothesize LTD expression will be blocked and basdline conditions will be restored.
Thiswill not be the case for the scrambled peptide, where LTD will continue at around
40 % of the baseline conditions. This phenomenon has been seen to occur in
cannabinoid-evoked LTD in VTA dopamine neurons (Liu et al., 2010). The GluR23y
peptide functions by interfering with the GIuR2 subunit tyrosine phosphorylation

dependent endocytic motif, and thus does not alow the binding of proteins such asthe
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clathrin adaptor protein (Wang, 2008). The Tat protein (Y GRKKRRQRRR) alows the

peptide to be delivered into neurons (Wang, 2008).

4.9 Correlation with spatial working memory impairment

As can be seen in the paper Han et a., 2012, the data observed from el ectrophysiol ogical
studies was correlated with behavioural ones. Utilizing the delayed non-match to sample
T-maze and the delayed-matching to place version of the Morris Water Maze, members
of the lab as well as collaborators from other |abs showed a correlation of the observed
LTD with impairment of spatial working memory. Using the three part mechanism
discovered (astroglia CB1Rs, dependence on NMDARs and involvement of AMPAR
endocytosis) the researchers studied the affects on SWM.

The knockout models along with their WT's (tamoxifen-treated GFAP-CB;R-KO
and GFAP-CB;R-WT; aswdll as Glu-CB;R-KO, GABA-CB;R-KO and their WT) were
tested in terms of SWM performance/impairment using a delayed-matching-to place
(DMTP) version of the Morris water maze paradigm. In al experiments, mice were put
through threetrials of habituation that occurred 24 hours before the training sessions
began. Thiswas done in order for the mice to learn the rules/goal without spatial cues.
The trials then began with varying organization of the platform and times (seeHan et al.,
2012 for details). In al trias, recordings for the latency to reach the platform were made.
During the spatial learning training sessions, the submerged platform'’s location was
altered daily (the mice were a so treated with saline to become habituated to treatment —

trials 1-5). These sessions had four trials where the mice had three varying starting points
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each time. Vehicle treatments were given for trials 6-12 (30 min. before session) —this
developed a baseline for learning. The thirteenth session involved THC treatment. Path
saving ratio and latency saving ratio formulas can be seenin Han et a., 2012. The THC
caused an impairment in SWM performance (both path saving ratio and latency saving
ratio) in all WT groups compared to vehicle treatments. The THC did not cause an effect
on the GFAP-CB;R-KO mice. The Glu-CB;R-KO and GABA-CB;R-KO mice showed an
impairment when treated with THC aswell (see Han et ., 2012 for details).

To determine the effects of NMDAR antagonists: NVP-AAMQ77,
ifenprodil and Ro25-6981, as well asthe AMPAR endocytosis blocking peptide Tat-
GluR23y, a delayed nonmatching-to-sample T-maze protocol (DNMTST) was used.
These experiments consisted of first, pretest training sessions (3 days — habituation:
exploring of the maze, eating treats in a goal arm, blocking one arm occasionally, etc.).
Following this was acquisition training which consisted of 6 days— 10 trials/day. There
was a sample and choice run for each trial. For the sample run, the rat had access to one
goa box with treats in the initia trial. In the choice run, the rat had access to both goa
boxes, but was only rewarded with treats if they entered the one opposite to the sample
run. Thefinal step was the performance test which consisted of two days. The rats were
treated with the pharmacological agent(s) of interest and SWM performance was
determined by the average value of the two days (for further details, see Han et al., 2012).
HU210 treatment caused an impairment of the SWM performance. This however, was
blocked by pretreatment with ifenprodil, Ro25-6981, the Tat-GluR23y peptide, but not
NVP-AAMO77 (Han et a., 2012). These agents were a so tested on the DM TP version of

the Morris water maze paradigm with the same conclusions obtained. For all behavioural
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experimentation, numerous control studies were undertaken including swim speed,
locomotor activity, €l evated-plus-maze and motor balance tests (see Han et a., 2012 for
details).

These results mirror the conclusions made by the electrophysiology. Namely that
in the cannabinoid-induced impairment of SWM, the underlying mechanism involves:
astroglial CB;1Rs (shown in the KO experiments), NR2B-containing NMDARS (shown in
the antagonist experiments) and AMPAR endocytosis (shown in the peptide
experiments). This alows one to put forward the notion that in this particular form of
SWM impairment, the involvement of synaptic plasticity alterations (i.e. LTD) may play

alargerole and by preventing these transformations, one can prevent the impairment.

4.10 Conclusion

These experiments show electrophysiological evidence of the mechanism of cannabinoid-
evoked induction and expression of early- and late-phase LTD in excitatory CA3-CA1
synapses. Thisnovel study strongly suggests the importance of astroglial CB;Rs, protein
synthesis and NR2B-containing NMDARs, along with the discoveries made by other
members of our lab; we have proposed a mechanism whereby astroglial CB1R activation
by exogenous cannabinoids causes glutamate build-up in the extrasynaptic area, which
activates NR2B-containing NMDARs that cause AMPAR endocytosis, which leads to

LTD (see Fig. 3-8).

71



References

Abbott, L. F., Nelson, S.B. (2000). Synaptic plasticity: taming the beast. Nature
Neur oscience supplement volume 3: 1178-1183.

Abush, H., Akirav, I. (2010). Cannabinoids M odulate Hippocampa Memory and
Plasticity. Hippocampus 20: 1126-1138.

Abush, H., Akirav, I. (2012). Short- and Long-Term Cognitive Effects of Chronic
Cannabinoids Administration in Late-Adolescence Rats. PLoSone, Vol 7-2; 1-12.

Achour, B.S,, Pascual, O. (2010). Glia: The many ways to modulate synaptic plasticity.
Neurochemistry International 57: 440-445.

Anderson, C.M., Swanson, R.A. (2000). Astrocyte Glutamate Transport: Review of
Properties, Regulation, and Physiological Functions. Glia 32:1-14.

Anwyl, R. (2006). Induction and expression mechanisms of postsynaptic NMDA
receptor-independent homosynaptic long-term depression. Progressin
Neurobiology 78: 17-37.

Araque, A., Parpura, V., Sanzgiri, R.P., Haydon, P.G. (1999). Tripartite synapses: dlia,
the unacknowledged partner. Trends Neurosci. 22: 208-215.

Asimaki, O., Mangoura, D. (2010). Cannabinoid receptorlinduces a biphasic ERK
activation viamultiprotein signaling complex formation of proximal kinases
PKCe, Src, and Fyn in primary neurons. Neurochemistry International .

Azad, S.C., Eder, M., Marsicano, G., Lutz, B., Zieglgansberger, W., Rammes, G. (2003).
Activation of the cannabinoid receptor type 1 decreases glutamatergic and
GABAergic synaptic transmission in the lateral amygdala of the mouse. Learning
& Memory 10: 116-128.

Badanich, K.A., Doremus-Fitzwater, T.L., Mulholland, P.J., Randall, P.K., Delpire, E.,
Becker, H.C. (2011). NR2B-deficient mice are more sensitive to the locomotor
stimulant and depressant effects of ethanol. Genes, Brain and Behavior 10: 805~
816.

Baddeley, A. (2003). Working Memory: Looking Back and Looking Forward. Nature
Reviews —Neuroscience, Vol. 4: 829-839.

Baddeley, A. (2000). The episodic buffer: A new component of working memory?
Trendsin Cognitive Science 4 (11): 417-423.

72



Balschun, D., Manahan-Vaughan, D., Wagner, T., Behnisch, T., Reymann, K.G., Wetzdl,
W. (1999). A Specific Role for Group | mGluRs in Hippocampal LTP and
Hippocampus-Dependent Spatia Learning. Learning & Memory 6: 138-152.

Bari, M., Bonifacino, T., Milanese, M., Spagnuolo, P., Zappettini, S., Battista, N.,
Giribadi, F., Usai, C., Bonanno, G., Maccarrone, M. (2011). The
endocannabinoid system in rat gliosomes and its role in the modul ation of
glutamate release. Cell. Mal. Life Sci. 68:833-845

Barria, A., Malinow, R. (2002). Subunit-specific NMDA receptor trafficking to
synapses. Neuron 35, 345-353.

Bear, M.F., Abraham, W.C. (1996). Long Term Depression in Hippocampus. Annu. Rev.
Neur oscience 19:437-62.

Beattie, E.C., Carroll, R.C., Yu, X., Morishita, W., Yasudal, H., von Zastrow, M.,
Malenka, R.C. (2000). Regulation of AMPA receptor endocytosis by asignaling
mechanism shared with LTD. Nature neuroscience, volume 3 no 12: 1291-1300.

Bénard, G., Massal, F., Puente, N., Lourencol, J., Bellocchio, L., SoriaeGomez, E.,
Matias, |., Delamarre, A., Metna-Laurent, M., Cannich, A., Hebert-Chatelain, E.,
Mulle, C., Ortega-Gutiérrez, S., Martin-Fontecha, M., Klugmann, M.,
Guggenhuber, S., Lutz, B., Gertsch, J., Chaouloff, F., Lépez-Rodriguez, M.L.,
Grandes, P., Rossignal, R., Marsicano, G. (2012). Mitochondrial CB1
receptors regulate neuronal energy metabolism. Nature Neuroscience, Val. 15,
No. 4: 558-567.

Benson, D.L., Colman, D.R., Huntley, G.W. (2001). Molecules, maps and synapse
specificity. Nature Reviews — Neuroscience, Vol. 2: 899-909.

Bergles, D.E., Jahr, C.E. (1998). Glial Contribution to Glutamate Uptake at Schaffer
Collateral-Commissural Synapses in the Hippocampus. The Journal of
Neuroscience. 18(19):7709-7716

Bolshakov, V.Y ., Carboni, L., Cobb, M.H., Siegelbaum, S.A., Belardetti, F. (2000). Dua
MAP kinase pathways mediate opposing forms of long-term plasticity at CA3—
CA1 synapses. Nature Neuroscience 3(11): 1107-1112.

Brandon, E.P, Zhuo, M., Huang, Y., Qi, M., Gerhold, K.A., Burton, K.A., Kanddl, E.R.,
McKnight, G.S., Idzerda, R.L. (1995). Hippocampal |ong-term depression and
depotentiation are defective in mice carrying atargeted disruption of the gene
encoding the RIPB subunit of cAMP-dependent protein kinase. PNASVol. 92, pp.
8851-8855.

Brigman, J.L., Wright, T., Taani, G., Prasad-Mulcare, S., Jinde, S., Seabold, G.K.,

73



Mathur, P., Davis, M.1., Bock, R., Gustin, R.M., Colbran, R.J., Alvarez, V.A.,
Nakazawa, K., Delpire, E., Lovinger, D.M., Holmes, A. (2010) Loss of GIuN2B-
containing NMDA receptorsin CA1 hippocampus and cortex impairs long-term
depression, reduces dendritic spine density, and disrupts learning. Journal of
Neur oscience 30, 4590-4600.

Brown, G.D.A., Preece, T., Hulme, C. (2000). Oscillator-based memory for serial order.
Psychol. Rev. 107, 127-181.

Carroll, R.C., Besttie, E.C. von Zastrow, M.,Maenka, R.C. (2001). Role of AMPA
Receptor Endocytosisin Synaptic Plasticity. Nature neuroscience Vol. 2: 315-
324.

Chévez, A.E., Chiu, C.Q., Cadtillo, P.E. (2010). TRPV 1 activation by endogenous
anandamide triggers postsynaptic long-term depression in dentate gyrus. Nature
Neuroscience, 13: 1511-1520.

Chevaleyre, V., Takahashi, K.A., Castillo, P.E. (2006). Endocannabinoid-Mediated
Synaptic Plasticity in the CNS. Annu. Rev. Neurosci. 29: 37-76.

Chhatwal, J.P., Resdler, K.J. (2007). Modulation of Fear and Anxiety by the Endogenous
Cannabinoid System. CNS Spectr. 12(3): 211-220.

Chiu, C.Q., Castillo, P.E. (2008). Input-specific plasticity at excitatory synapses mediated
by endocannabinoids in the dentate gyrus. Neuropharmacology. 54(1): 68-78.

Choai, T., Huang, M., Gorman, C., Jaenisch, R. (1991). A Generic Intron Increases Gene
Expression in Transgenic Mice. Molecular and Cellular Biology 11(6):3070-
3074.

Choo, A.M., Geddes-Klein, D.M., Hockenberry, A., Scarsella, D., Mesfin, M.N., Singh,
P., Patel, T.P., Meaney, D.F. (2012). NR2A and NR2B subunits differentially
mediate MAP kinase signaling and mitochondrial morphology following
excitotoxic insult. Neurochem. Int. pp. 1-11.

Chowdhury, S., Shepherd, J.D., Okuno, H., Lyford, G., Petrdia, R.S., Plath, N., Kuhl, D.,
Huganir, R.L., Worley, P.F. (2006). Arc/Arg3.1 Interacts with the Endocytic
Machinery to Regulate AMPA Receptor Trafficking. Neuron 52, 445-459.

Citri, A., Madenka, R.C. (2008). Synaptic Plasticity: Multiple Forms, Functions, and
M echanisms. Neuropsychophar macol ogy Reviews 33, 18-41.

Clarke, JR., Rossato, J.1., Monteiro, S, Bevilagqua, L.R.M., Izquierdo, |., Cammarota, M.
(2008). Posttraining activation of CB1 cannabinoid receptorsin the CA1 region of
the dorsal hippocampus impairs object recognition long-term memory.
Neurobiology of Learning and Memory 90: 374 381.

74



Cui, S.S., Bowen, R.C., Gu, G.B., Hannesson, D.K., Yu, P.H., and Zhang, X. (2001).
Prevention of cannabinoid withdrawal syndrome by lithium: involvement of
oxytocinergic neuronal activation. J. Neurosci. 21, 9867-9876.

Cummings, J.A., Mulkey, R.M., Nicoll, R.A., Maenka, R.C. (1996). Ca** Signaling
Requirements for Long-Term Depression in the Hippocampus. Neuron, Vol. 16,
825-833.

Daigle, T.L., Kwok, M.L., Mackie, K. (2008). Regulation of CB1 cannabinoid receptor
internalization by promiscuous phosphorylation-dependent mechanism. J.
Neurochem. 106: 70-82.

Dadlton, G.L., Wu, D.C., Wang, Y.T., Horesco, S.B., Phillips, A.G. (2012). NMDA
GIuN2A and GIuN2B receptors play separate roles in the induction of LTP and
LTD in the amygdaaand in the acquisition and extinction of conditioned fear.
Neuropharmacol ogy 62. pp. 797-806.

Demuth, D., Molleman, A. (2006). Cannabinoid signalling. Life sciences 78 (6): 549
563.

Derkinderen, P., Valjent, E., Toutant, M., Corvol, J-C., Enden, H., Ledent, C., Trzaskos,
J., Caboche, J,, Girault, J-A. (2003). Regulation of extracellular signal-regulated
kinase by cannabinoids in hippocampus. Journal of Neuroscience 23, 2371-2382.

Devane, W.A., Breuer, A., Sheskin, T., Jarbe, T.U., Eisen, M.S., Mechoulam, R. (1992).
A novel probe for the cannabinoid receptor. Journal of medicinal chemistry 35
(12): 2065-9.

Dobrunz, L.E. (2002). Release probability is regulated by the size of the readily
releasable vesicle pool at excitatory synapses in hippocampus. Int. J. Devi
Neuroscience 20 : 225-236.

Dunkley, P.R., Jarvie, P.E., Robinson, P.J. (2008). A rapid Percoll gradient procedure for
preparation of Synaptosomes. Nature Protocols. Vol. 3, No. 11: 1718-1728.

Dymecki, S.M. (1996). Flp recombinase promotes site-specific DNA recombination in
embryonic stem cells and transgenic mice. PNAS, 93: 6191-6196.

Eichenbaum, H., Dudchenko, P., Wood, E., Shapiro, M., Tanila, H. (1999). The
Hippocampus, Memory, and Place Cdlls: Is It Spatial Memory or a Memory
Space? Neuron, Vol. 23, 209-226.

Eng, L.F., Ghirnikar, R.S,, Lee, Y.L. (2000). Glia Fibrillary Acidic Protein: GFAP

Thirty-One Y ears (1969-2000). Neurochemical Research, Vol. 25, Nos. 9/10, pp.
1439-1451.

75



Escobar, M.L., Derrick, B. (2007). Long-Term Potentiation and Depression as Putative
Mechanisms for Memory Formation. In Bermudez-Rattoni F. Neural plasticity
and memory: from genes to brain imaging. Boca Raton: CRC Press. Chapter 2.

Fiacco, T.A., Agulhon, C., McCarthy, K.D. (2009). Sorting Out Astrocyte Physiology
from Pharmacology. Annu. Rev. Pharmacol. Toxicol. 49:151-74.

Feil, R., Brocard, J., Mascrez, B., Lemeus, M., Metzger, D., Chambon, P. (1996).
Ligand-activated site-specific recombination in mice. PNAS 93: 10887-10890.

Ferrari, F., Ottani, A., Vivali, R., Giuliani, D. (1999). Learning Impairment Produced in
Rats by the Cannabinoid Agonist HU 210 in a Water-Maze Task. Pharmacology
Biochemistry and Behavior 64(3): 555-561.

Foster, K.A., McLaughlin, N., Edbauer, D., Phillips, M., Bolton, A., Constantine-Paton,
M., Sheng, M. (2010). Distinct Roles of NR2A and NR2B Cytoplasmic Tailsin
Long-Term Potentiation. The Journal of Neuroscience 30(7):2676 —2685.

Fox, C.J., Russdll, K.I., Wang, Y.T., and Christie, B.R. (2006). Contribution of NR2A
and NR2B NMDA subunits to bidirectional synaptic plasticity in the
hippocampus in vivo. Hippocampus 16, 907-915.

Furukawa, H., Singh, S.K., Mancusso, R., Gouaux, E. (2005). Subunit arrangement
and function in NMDA receptors. Nature 438:185-192.

Gaiarsa, J-L., Caillard, O., Ben-Ari, Y. (2002). Long-term plasticity at GABAergic and
glycinergic synapses. mechanisms and functional significance. TRENDSIn
Neurosciences Vol.25 No.11: 564-570.

Gasbarri, A., Sulli, A., Innocenzi, R., Pacitti, C., Brioni, J.D. (1996). Spatial Memory
Impairment Induced by Lesion of the Mesohippocampal Dopaminergic Systemin
the Rat. Neuroscience Vol. 74, No. 4, pp. 1037 1044.

Ge, Y., Donga, Z., Bagot, R.C., Howland, J.G., Phillips, A.G., Wong, T.P., Wang, Y.T.
(2010). Hippocampal long-term depression is required for the consolidation of
gpatial memory. PNAS, Vol. 107, No. 38: 16697-16702.

Giaume, C., Koulakoff, A., Roux, L., Holcman, D., Rouach, N. (2010). Astroglia
networks: a step further in neuroglial and gliovascular interactions. Nature
Reviews Neuroscience, Vol. 11: 87-99.

Gilbert, P.E., Kesner, R.P., DeCoteau, W.E. (1998). Memory for spatial location: role of

the hippocampus in mediating spatial pattern separation. J. Neurosci. 18, 804 —
810.

76



Gladding, C.M., Fitzjohn, S.M., Molnar, E. (2009). Metabotropic Glutamate Receptor
Mediated Long Term Depression: Molecular Mechanisms. Pharmacological
Reviews Vol. 61, No. 4: 395-412.

Guo J., Ikeda S.R. (2004). Endocannabinoids Modulate N-Type Calcium Channels and
G-Protein-Coupled Inwardly Rectifying Potassium Channelsvia CB1
Cannabinoid Receptors Heterologously Expressed in Mammalian Neurons. Mol
Pharmacol 65:665-674.

Haddjeri, N., Blier, P. (1995). Pre- and post-synaptic effects of the 5-HT3 agonist 2
methyl-5-HT on the 5-HT system in the rat brain. Synapse 20(1): 54-67.

Hajos, N., Ledent, C., Freund, T.F. (2001). Novel cannabinoid-sensitive receptor
mediates inhibition of glutamatergic synaptic transmission in the hippocampus.
Neuroscience Vol. 106, No. 1: 1-4.

Hajos, N., Freund, T.F. (2002). Pharmacological separation of cannabinoid sensitive
receptors on hippocampal excitatory and inhibitory fibers. Neurophar macol ogy
43: 503-510.

Hamilton N.B., Attwell, D. (2010). Do astrocytes really exocytose neurotransmitters?
Nature Reviews, vol. 11: 227-238.

Han, J., Kesner, P., Metna-Laurent, M., Duan T., Xu, L., Georges, F., Koehl, M., Abrous,
D.N., Mendizabal-Zubiaga, J., Grandes, P., Liu, Q., Bai, G., Wang, W., Xiong, L.,
Ren, W., Marsicano, G., Zhang, X. (2012). Acute Cannabinoids Impair Working
Memory Through Astroglial CB; Receptor Modulation of Hippocampal LTD.
Cdll, 148: 1039-1050.

Heifets, B.D., Chevaeyre, V., Cadtillo, P.E. (2008). Interneuron activity controls
endocannabinoid mediated presynaptic plasticity through calcineurin. PNAS Vol.
105, No. 29: 10250-10255.

Heifets, B.D., Castillo, P.E. (2009). Endocannabinoid Signaling and Long-Term Synaptic
Plasticity. Annu. Rev. Physiol. 71: 283-306.

Higgins, G.A., Bdlard, T.M., Enderlin, M., Haman, M., and Kemp, J.A. (2005).
Evidence for improved performance in cognitive tasks following selective NR2B
NMDA receptor antagonist pre-treatment in the rat. Psychopharmacol. 179, 85—
98.

Hill, M.N., Froc, D.J., Fox, C.J., Gorzalka, B.B., Christie, B.R. (2004). Prolonged
cannabinoid treatment results in spatial working memory deficits and impaired
long-term potentiation in the CA1 region of the hippocampusin vivo. European
Journal of Neuroscience, Vol. 20: 859-863.

77



Hirrlinger, P.G., Scheller, A., Braun, C., Hirrlinger, J., Kirchhoff, F. (2006). Temporal
control of gene recombination in astrocytes by transgenic expression of the
tamoxifen-inducible DNA recombinase variant CreERT2. Glia 54, 11-20.

Honey, R.C., Watt, A., Good, M. (1998). Hippocampa Lesions Disrupt an Associative
Mismatch Process. The Journal of Neuroscience 18(6): 2226-2230.

Huang, F., Chotiner, J.K., Steward, O. (2005). The mRNA for Elongation Factor 1a Is
Localized in Dendrites and Translated in Response to Treatments That Induce
Long-Term Depression. The Journal of Neuroscience, 25(31):7199 —7209.

Huber, K.M., Kayser, M.S., Bear, M.F. (2000). Role for Rapid Dendritic Protein
Synthesis in Hippocampa mGluR-Dependent Long-Term Depression. Science
288, 1254-1256.

Huber K.M., Roder J.C., and Bear M.F. (2001). Chemical induction of mGIuR5- and
protein synthesis—dependent long-term depression in hippocampal area CA1. J.
Neurophysiol 86: 321-325.

Isaac, JT.R., Nicall, R.A., Malenka, R.C. (1995). Evidence for Silent Synapses:
Implications for the Expression of LTP. Neuron, Vol. 15, 427-434.

Iversen, L. (2003). Cannabis and the brain. Brain, 126: 1252-1270.

lzumi, Y., Zorumski, C.F. (2012). NMDA Receptors, mGluR5, and Endocannabinoids
are Involved in a Cascade Leading to Hippocampal Long-Term Depression.
Neur opsychophar macol ogy, 37: 609-617.

Jin, S, Feig, L.A. (2010). Long-Term Potentiation in the CA1 Hippocampus Induced by
NR2A Subunit-Containing NMDA Glutamate Receptors Is Mediated by Ras-
GRF2/Erk Map Kinase Signaing. PLoS ONE 5(7): e11732.

Jourdain, P., Bergersen, L.H., Bhaukaurally, K., Bezzi, P., Santello, M., Domercg, M.,
Matute, C., Tonello, F., Gundersen, V., Volterra, A. (2007). Glutamate exocytosis
from astrocytes controls synaptic strength. Nature Neuroscience, 10: 331-340.

Karachot, L., Shirai, Y., Vigot, R., Yamamori, T., Ito, M. (2001). Induction of Long
Term Depression in Cerebellar Purkinje Cells Requires a Rapidly Turned Over
Protein. J Neurophysiol 86:280-289.

Kauderer, B.S., Kanddl, E.R. (2000). Capture of a protein synthesis-dependent
component of long-term depression. PNASvol. 97 u no. 24: 13342-13347.

Kawamura, Y., Fukaya, M., Magiima, T., Yoshida, T., Miura, E., Watanabe, M., Ohno

78



Shosaku, T., and Kano, M. (2006). The CB1 cannabinoid receptor is the major
cannabinoid receptor at excitatory presynaptic sites in the hippocampus and
cerebellum. J. Neurosci. 26, 2991-3001.

Kelleher 111, R.J., Govindargian, A., Tonegawa, S. (2004). Trandlational Regulatory
Mechanisms in Persistent Forms of Synaptic Plasticity. Neuron, Vol. 44, 59-73.

Kim, C., Chung, H.J,, Lee, H., Huganir, R.L. (2001). Interaction of the AMPA receptor
subunit GluR2/3 with PDZ domains regul ates hippocampal long-term depression.
PNASvol. 98 no. 20: 11725-11730.

Kim, D., Thayer, SAA. (2001). Cannabinoids Inhibit the Formation of New Synapses
between Hippocampal Neuronsin Culture. The Journal of Neuroscience, Vol. 21:
1-5.

Kiyatkin, E.A., Rebec, G.V. (1999). Striatal Neurona Activity and Responsivenessto
Dopamine and Glutamate after Selective Blockade of D1 and D2 Dopamine
Receptorsin Freely Moving Rats. The Journal of Neuroscience 19(9):3594-3609.

Kleppisch, T., Wolfsgruber, W., Fell, S., Allmann, R., Wotjak, C.T., Goebbels, S., Nave,
K.A., Hofmann, F., and Feil, R. (2003). Hippocampa cGM P-dependent protein
kinase | supports an age- and protein synthesis-dependent component of long-
term potentiation but is not essential for spatial reference and contextual memory.
J. Neurosci. 23, 6005-6012.

Klumpers, F., Denys, D., Kenemans, J.L., Grillon, C., van der Aart, J., Baas, JM.P.
(2012). Testing the effects of A9-THC and D-cycloserine on extinction of
conditioned fear in humans. Journal of Psychopharmacology 0(0): 1-8.

Klyachko, V.A., Stevens, C.F. (2006). Temperature-Dependent Shift of Balance among
the Components of Short-Term Plasticity in Hippocampal Synapses. The Journal
of Neuroscience 26(26):6945— 6957.

Kotaeski, JH., Blackwell, K.T. (2010). Modeling the molecular mechanisms of synaptic
plasticity using systems biology approaches. Nature Reviews, vol. 11: 239-251.

Lambert D.M., Fowler C.J. (2005). The endocannabinoid system: drug targets, |ead
compounds, and potential therapeutic applications. J. Med. Chem. 48 (16): 5059—
87.

Lavenex, P., Amaral, D.G. (2000). Hippocampal-Neocortica Interaction: A Hierarchy of
Associativity. Hippocampus 10: 420-430.

Levenes, C., Daniel, H., Soubrie, P., Crepel, F. (1998). Cannabinoids decrease excitatory

synaptic transmission and impair long-term depression in rat cerebellar Purkinje
cells. Journal of Physiology, 510: 867-879.

79



Lichtman, A.H., and Martin, B.R. (1996). D9-tetrahydrocannabinol impairs spatial
memory through a cannabinoid receptor mechanism. Psychopharm. 126, 125—
131.

Linden, D. (1996). A Protein Synthesis-Dependent Late Phase of Cerebellar Long-Term
Depression. Neuron, Vol. 17, 483-490

Li, Q., Yan, H., Wilson, W.A., Swartzwelder, H.S. (2010). Modulation of NMDA and
AMPA-mediated synaptic transmission by CB1 receptorsin frontal cortical
pyramidal cells. Brain Research, 1342: 127-137.

Little P.J., Compton D.R., Mechoulam R., Martin B.R. (1989). Stereochemical effects
of 11-0H-A®-THC-dimethylheptyl in mice and dogs. Pharmacol ogy Biochemistry
& Behavior 32: 661-666.

Liu, L., Wong, T.P., Pozza, M.F., Lingenhoehl, K., Wang, Y ., Sheng, M., Auberson,
Y.P., Wang, Y.T. (2004). Role of NMDA Receptor Subtypes in Governing the
Direction of Hippocampal Synaptic Plasticity. Science 304, 1021; 1021-1025.

Liu, Z.,Han, J, Jia L., Maillet, J.C., Bal, G., Xu, L., Jia, Z., Zheng, Q., Zhang, W.,
Monette, R., Merdl, Z., Zhu, Z., Wang, W., Ren, W., Zhang, X. (2010). Synaptic
Neurotransmission Depression in Ventral Tegmental Dopamine Neurons and
Cannabinoid-Associated Addictive Learning. PLoS ONE 5: €15634.

Long, J.Z., Li, W., Booker, L., Burston, J.J., Kinsey, S.G., Schlosburg, J.E., Pavon, F.G.,
Serrano, A.M., Sdlley, D.E., Parsons, L.H., Lichtman, A.H., Cravatt, B.F. (2009).
Selective blockade of 2-arachidonoylglycerol hydrolysis produces cannabinoid
behavioral effects. Nature Chemical Biology, Vol. 1, No. 5: 37-44.

Lorenzetti, V., Lubman, D.l., Whittle, S., Solowij, N., Yucel, M. (2010). Structural MRI
Findingsin Long Term Cannabis Users: What Do We Know? Substance Use &
Misuse, 45:1787-1808.

Lovinger, D.M. (2008). Presynaptic Modulation by Endocannabinoids. Handbook of
Experimental Pharmacology 184: 435-477.

Luck, S.J., Vogd, E.K. (1997). The capacity of visua working memory for features and
conjunctions. Nature 390, 279-281.

Malenka, R.C., Bear, M.F. (2005). LTP and LTD: an embarrassment of riches. Neuron
44, 5-21.

Manahan-Vaughan, D., Kulla, A., and Frey, J.U. (2000). Requirement of translation but

not transcription for the maintenance of long-term depression in the CA1 region
of freely moving rats. J. Neurosci. 20, 8572-8576.

80



Margeta, M.A., Shen, K. (2010). Molecular Mechanisms of Synaptic Specificity. Mol
Cell Neurosci. 43(3): 261-267.

Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder, M., Cannich, A., Azad,
S.C., Grazia Cascio, M., Ortega Gutierrez, S., Van der Stelt, M., Lopez-
Rodriguez, M.L., Casanova, E., Schutz, G., Zieglgansberger, W., Di Marzo, V.,
Behl, C., Lutz, B. (2003). CB1 cannabinoid receptors and on-demand defense
against excitotoxicity. Science 302:84-88.

Marsicano, G., Wotjak, C.T., Azad, S.C., Bisogno, T., Rammes, G., Cascio, M.G.,
Hermann, H., Tang, J., Hofmann, C., Zieglgansberger, W., Di Marzo, V., and
Lutz, B. (2002). The endogenous cannabinoid system control s extinction of
aversive memories. Nature 418, 530-534.

Martin, M., Ledent, C., Parmentier, M., Madonado, R., Valverde, O. (2002).
Involvement of CB1 cannabinoid receptors in emotional behaviour.
Psychopharmacology 159: 379-387.

Martin, S.J., Clark, R.E. (2007). The rodent hippocampus and spatial memory: from
synapses to systems. Cell. Mol. Life Sci. 64: 401-431.

Martini, L., Waldhoer, M., Pusch, M., Kharazia, V., Fong, J., Lee, J.H., Freissmuth, C.,
Whistler, J.L. (2006). Ligand-induced down-regulation of the cannabinoid
lreceptor is mediated by the G protein-coupled receptor-associated sorting protein
GASP1. The FASEB Journal. pp. 802-811.

Masino, SA., Dunwiddie, T.V. (1999). Temperature-Dependent Modulation of
Excitatory Transmission in Hippocampal Slices Is Mediated by Extracellular
Adenosine. The Journal of Neuroscience 19(6):1932-1939.

Mayer, M.L., Westbrook, G.L., Guthrie, P.B. (1984). Voltage-dependent block by Mg**
of NMDA responsesin spina cord neurones. Nature 309, 261-263.

Mechoulam, R., Feigenbaum, J.J., Lander, N., Segal, M., Jarbe, T.U., Hiltunen, A.J,,
Consroe, P. (1988). Enantiomeric cannabinoids. stereospecificity of psychotropic
activity. Experientia 44 (9): 762-4.

Milanese, M., Bonifacino, T., Zappettini, S., Usai, C., Tacchetti, C., Nobile, M.,
Bonanno, G. (2009). Glutamate rel ease from astrocytic gliosomes under
physiological and pathological conditions. International Review of Neurobiol ogy.
85: 295-318.

Monory, K., Blaudzun, H., Massa, F., Kaiser, N., Lemberger, T., Schutz, G., Wotjak,

81



C.T., Lutz, B., Marsicano, G. (2007). Genetic dissection of behavioura and
autonomic effects of Delta(9) tetrahydrocannabinol in mice. PLoSBiol 5: 2354-
2368.

Monory, K., Massa, F., Egertova, M., Eder, M., Blaudzun, H., Westenbroek, R., Kelsch,
W., Jacob, W., Marsch, R., Ekker, M., Long, J., Rubenstein, J.L., Goebbels, S.,
Nave, K.A., During, M., Klugmann, M., Wdlfel, B., Dodt, H.U., Zieglgansberger,
W., Wotjak, C.T., Mackie, K., Elphick, M.R., Marsicano, G., Lutz, B. (2006). The
endocannabinoid system controls key epileptogenic circuits in the hippocampus.
Neuron 51, 455-466.

Morishita, W., Lu, W., Smith, G.B., Nicoll, R.A., Bear, M.F., Malenka, R.C. (2007).
Activation of NR2B containing NMDA receptors is not required for NMDA
receptor-dependent long-term depression. Neuropharmacol. 52: 71-76.

Moser, E.1., Krobert, K.A., Moser M.-B., Morris, R.G.M. (1998) Impaired spatia
learning after saturation of long-term potentiation. Science 281, 2038 — 2042.

Nakao, K., Ikegaya, Y., Yamada, M.K., Nishiyama, N., Matsuki, N. (2002).
Hippocampal long-term depression as an index of spatial working memory.
European Journal of Neuroscience, Vol. 16, pp. 970-974.

Nava, F., Carta, G., Colombo, G., and Gessa, G.L. (2001). Effects of chronic Delta(9)
tetrahydrocannabinol treatment on hippocampal extracellular acetylcholine
concentration and alternation performance in the T-maze. Neuropharm. 41, 392—
399.

Navarrete, M., Arague, A. (2008). Endocannabinoids Mediate Neuron-Astrocyte
Communication. Neuron 57, 883-893.

Navarrete, M., Arague, A. (2010). Endocannabinoids Potentiate Synaptic Transmission
through Stimulation of Astrocytes. Neuron 68, 113-126.

Navarrete, M., Pereal, G., Fernandez de Sevilla, D., Gomez-Gonzalol, M., Nunez, A.,
Martin, E.D., Araque, A. (2012). Astrocytes Mediate In Vivo Cholinergic-
Induced Synaptic Plasticity. PLoS Biology vol. 10: 1-12.

Normann, C., Peckys, D., Schulze, C.H., Walden, J., Jonas, P., Bischofberger, J. (2000).
Associative Long Term Depression in the Hippocampus Is Dependent on
Postsynaptic N-Type Ca21 Channels. The Journal of Neuroscience, 20(22):8290—
8297.

Nosyreva, E.D., Huber, K.M. (2005). Developmental Switch in Synaptic Mechanisms of

Hippocampal Metabotropic Glutamate Receptor-Dependent Long-Term
Depression. The Journal of Neuroscience, Vol. 25(11): 2992-3001.

82



Osborne, K.D., Lee, W., Malarkey, E.B., Irving, A.J., Parpura, V. (2009). Dynamic
imaging of cannabinoid receptor 1 vesicular trafficking in cultured astrocytes.
ASN Neuro 1(5): 283-296.

Pagotto, U., Marsicano, G., Cota, D., Lutz, B., Pasguali, R. (2006). The emerging role of
the endocannabinoid system in endocrine regulation and energy balance.
Endocrine reviews 27 (1): 73-100.

Parmentier-Batteur, S., Jin, K., Xie, L., Mao, X.O., Greenberg, D.A. (2002). DNA
Microarray Analysis of Cannabinoid Signaling in Mouse Brain in Vivo.
Molecular Pharmacology, Vol. 62, No. 4: 828-835.

Pavlowsky, A., Alarcon, J.M. (2012). Interaction between Long-Term Potentiation and
Depression in CA1 Synapses: Temporal Constrains, Functional
Compartmentalization and Protein Synthesis. PLoSone, vol. 7: 1-15.

Paxinos, G., Watson, C. (1998). The Rat Brain: In Stereotaxic Coordinates, Fourth
Edition. Academic Press. Figures 31, 34, 26 and 52.

Pertwee, R.G. (2010). Cannabinoid Receptor Ligands. Tocris Reviews 27: 1-15.

Peterfi, Z., McGinty, D., Saral, E., Szymusiak, R. (2010). Growth hormone-releasing
hormone activates sleep regulatory neurons of the rat preoptic hypothalamus.
American Journal of Physiology — Regulatory, Integrative and Comparative
Physiology 298: R147-R156.

Puighermanal, E., Marsicano, G., Busquets-Garcia, A., Lutz, B., Maldonado, R., Ozaita,
A. (2009). Cannabinoid modulation of hippocampal long-term memory is
mediated by mTOR signaling. Nature Neuroscience. Vol. 12, Num. 9 : 1153-1160.

Repovs, G., Baddeley, A. (2006). The Multi-Component Model of Working Memory:
Explorations in Experimental Cognitive Psychology. Neuroscience 139: 5-21.

Reyes, M., Stanton, P.K. (1996). Induction of Hippocampal Long-Term Depression
Requires Release of Ca’™* from Separate Presynaptic and Postsynaptic
Intracellular Stores. The Journal of Neuroscience, 16(19):5951-5960.

Reyes, R.C., Verkhratsky, A., Parpura, V. (2012). Plasmaemmal Nat+/Ca2+ exchanger
modulates Ca2+ dependent exocytotic release of glutamate from rat cortical
astrocytes. ASN Neuro 4 (1): 33-45.

Reymann, K.G., Frey, J.U. (2007). The late maintenance of hippocampal LTP:
Requirements, phases, ‘ synaptic tagging’, ‘late-associativity’ and implications.
Neuropharmacol ogy 52: 24-40.

Robinson, L.,Goonawardenal, A.V., Pertwee, R.G., Hampson, R.E., Riedel, G. (2007).

83



The synthetic cannabinoid HU210 induces spatial memory deficits and suppresses
hippocampal firing rate in rats. British Journal of Pharmacology 151, 688—700.

Rodriguez, J.J., Mackie, K., Pickell, V.M. (2001). Ultrastructural Localization of the
CB1 Cannabinoid Receptor in u-Opioid Receptor Patches of the Rat Caudate
Putamen Nucleus. The Journal of Neuroscience, 21(3): 823-833.

Rolls, E.T., and Kesner, R.P. (2006). A computational theory of hippocampal function,
and empirical tests of the theory. Prog. Neurobiol. 79, 1-48.

Ross, F.M., Allan, S.M., Rothwell, N.J., Verkhratsky, A. (2003). A dua role for
interleukin-1 in LTP in mouse hippocampal slices. Journal of Neuroimmunol ogy
144: 61— 67.

Sgikumar, S., Frey, J.U. (2003). Anisomycin inhibits the late maintenance of long-term
depression in rat hippocampal slicesin vitro. Neuroscience Letters 338: 147-150.

Sakimura, K., Kutsuwada, T, Ito, I., Manabe, T., Takayama, C., Kushiya, E., Yagi, T.,
Aizawa, S., Inoue, Y., Sugiyama, H., Mishina, M. (1995) Reduced hippocampal
LTP and spatial learning in mice lacking NMDA receptor €1 subunit. Nature
373:151-155.

Sanchez, C., Rueda, D., Segui, B., Galve-Roperh, I., Levade, T., Guzman, M. (2001).
The CB1 Cannabinoid Receptor of Astrocytes Is Coupled to Sphingomyelin
Hydrolysis through the Adaptor Protein Fan. Mol Pharmacol 59:955-959.

Santello, M., Cali, C., Bezzi, P. (2012). Gliotransmission and the Tripartite Synapse.
Synaptic Plasticity, Ch. 14: 307-331.

Schoenenberger, P., Scharer, Y-P.Z., Oertner, T.G. (2011). Channelrhodopsin as atool to
investigate synaptic transmission and plasticity. Exp Physiol 96(1): 34-39.

Scoville, W.B., Milner, B. (1957). Loss of recent memory after bilateral hippocampal
lesions. J. Neurol. Neurosurg. Psychiat., 20: 11-21.

Singla S, Kreitzer AC, Malenka RC. (2007). Mechanisms for synapse specificity during
striatal long-term depression. J. Neurosci. 27:5260-64.

Sjostrom, P.J., Rancz, E.A., Roth, A., Hausser, M. (2008). Dendritic Excitability and
Synaptic Plasticity. Physiol Rev 88: 769-840.

Sjostrom, P.J., Turrigiano, G.G., Nelson, S.B. (2003). Neocortical LTD via coincident
activation of presynaptic NMDA and cannabinoid receptors. Neuron 39:641-654.

Smith, T.H., Sm-Selley, L.J., Selley, D.E. (2010). Cannabinoid CB1 receptor-interacting



proteins: novel targets for central nervous system drug discovery? British Journal
of Pharmacology, 160: 454-466.

Sobell, H.M. (1985). Actinomycin and DNA transcription. PNAS Vol. 82: 5328-5331.

Stella, N. (2010). Cannabinoid and Cannabinoid-Like Receptorsin Microglia, Astrocytes,
and Astrocytomas. Glia 58:1017-1030.

Takahashi, K.A., Cadtillo, P.E. (2006). The CB1 cannabinoid receptor mediates
glutamatergic synaptic suppression in the hippocampus. Neuroscience 139: 795—
802.

Tovar, K.R., Westbrook, G.L. (1999). The incorporation of NMDA receptors with a
distinct subunit composition at nascent hippocampal synapsesin vitro. Journal of
Neuroscience 19, 4180-4188.

Traynelis, S.F., Wollmuth, L.P., McBain, C.J., Menniti, F.S., Vance, K.M., Ogden, K.K.,
Hansen, K.B., Yuan, H., Myers, S.J., Dingledine, R. (2010). Glutamate Receptor
lon Channels: Structure, Regulation, and Function. Pharmacological Reviews 62:
405-496.

Turu, G., Hunyady, L. (2010). Signal transduction of the CB1 cannabinoid receptor.
Journal of Molecular Endocrinology 44: 75-85.

Twitchell W., Brown S., Mackie K. (1997). Cannabinoids Inhibit N- and P/Q-Type
Calcium Channels in Cultured Rat Hippocampal Neurons. Journal of
Neurophysiology 78:43-50.

Unoki, T., Matsuda, S., Kakegawa, W., Van, N.T.B., Kohda, K., Suzuki, A., Funakoshi,
Y., Hasegawa, H., Yuzaki, M., Kanaho, Y. (2012). NMDA Receptor-Mediated
PIPSK Activation to Produce PI(4,5)P2 |s Essential for AMPA Receptor
Endocytosis during LTD. Neuron 73, 135-148.

van Venrooij, W.J., van Eenbergen, J., Janssen, A.P.M. (1977). Effect of Anisomycin on
the Cellular Level of Native Ribosomal Subunits. Biochemistry, Vol. 16, No. 11:
2343-2348.

Varvel, SA., and Lichtman, A.H. (2002). Evaluation of CB1 receptor knockout mice in
the Morris water maze. J. Pharmacol. Exp. Ther. 301, 915-924.

Wang, Y.T. (2008). Probing the role of AMPAR endocytosis and long-term depression in
behavioural sensitization: relevance to treatment of brain disorders, including
drug addiction. British Journal of Pharmacology, 153, S389-S395.

Waung, M.W., Pfeiffer, B.E., Nosyreva, E.D., Ronesi, J.A., Huber, K.M. (2008). Rapid

85



Translation of Arc/Arg3.1 Selectively Mediates mGluR-Dependent LTD through
Persistent Increases in AMPAR Endocytosis Rate. Neuron 59, 84-97.

Wisg, L.E., Thorpe, A.J., and Lichtman, A.H. (2009). Hippocampal CB; receptors
mediate the memory impairing effects of Delta(9)-tetrahydrocannabinol.
Neur opsychophar macol ogy 34, 2072-2080.

Witkin, JM., Tzavara, E.T., Nomikos, G.G. (2005). A role for cannabinoid CB1
receptors in mood and anxiety disorders. Behavioural Pharmacology, 16:315—
331.

Witting, A., Walter, L., Wacker, J., Maller, T., Stella, N. (2004). P2X7 receptors control
2 arachidonoylglycerol production by microglia cells. PNASvol 101, no. 9:
3214-3219.

Wong, T.P., Howland, J.G., Robillard, JM., Ge, Y., Yu, W., Titterness, A.K., Brebner,
K., Liu, L., Weinberg, J., Christie, B.R., Phillips, A.G., and Wang Y.T. (2007).
Hippocampal long-term depression mediates acute stress-induced spatial memory
retrieval impairment. Proc. Natl. Acad. Sci. U.S.A. 104, 11471-11476.

Wu, L-J., Xu, H., Ren, M., Cao, X., Zhuo, M. (2007). Pharmacological isolation of
postsynaptic currents mediated by NR2A- and NR2B-containing NMDA
receptors in the anterior cingulate cortex. Molecular Pain, pp. 3-11.

Xia, J., Chung, H.J.,Wihler, C., Huganir, R.L., Linden, D.J. (2000). Cerebellar Long
Term Depression Requires PKC-Regulated Interactions between GluR2/3 and
PDZ Domain—Containing Proteins. Neuron, Vol. 28, 499-510.

Xu, L., Holscher, C., Anwyl, R., Rowan, M.J. (1998). Glucocorticoid receptor and
protein/RNA synthesis dependent mechanisms underlie the control of synaptic
plasticity by stress. PNASVol. 95, pp. 3204-3208.

Yu, T., McKinney, S., Lester, H.A., Davidson, N. (2001). y-Aminobutyric acid type A
receptors modulate cAMP-mediated long-term potentiation and long-term
depression at monosynaptic CA3—CA 1 synapses. PNASvol. 98, no. 9: 5264—
5269.

Zerucha, T., Stuhmer, T., Hatch, G., Park, B.K., Long, Q., Yu, G., Gambarotta, A.,
Schultz, J.R., Rubenstein, J.L., and Ekker, M. (2000). A highly conserved
enhancer in the DIx5/DIx6 intergenic region is the site of cross-regulatory
interactions between DIx genesin the embryonic forebrain. J. Neurosci. 20, 709—
721.

Zhu, P.J., Lovinger, D.M. (2007). Persistent Synaptic Activity Produces Long-Lasting

Enhancement of Endocannabinoid Modulation and Alters Long-Term Synaptic
Plasticity. J Neurophysiol 97: 4386-4389.

86



Zigmond, M.J., Bloom, F.E., Landis, S.C., Roberts, J.L., Squire, L.R. (1999).
Fundamental Neuroscience. Academic Press. pp. 53-61.

87



