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Abstract

Abstract

Drugs of abuse such as cocaine are known to hijack synaptic plasticity mechanisms of
brain circuits underlying motivated behavior. A common mechanism of drugs of abuse is to
elevate extracellular dopamine levels in the nucleus accumbens (NAc), a brain region of the
ventral striatum that is a central part of the brain’s reward circuit, the mesocorticolimbic
dopamine system. NAc synapses are considered as major substrates for neural adaptions
underlying drug reward. It has been shown that in vivo cocaine exposure rejuvenates the NAc
neural network by generating new ‘silent synapses’. These synapses lack stably integrated
AMPA receptors and are hence ‘silent’ or non-transmitting at resting potentials. However,
they bear the potential to be integrated into the neural circuit by switching to transmitting
synapses, through means of AMPA receptor incorporation. So far, the mechanism with which
cocaine exposure induces silent synapses in the NAc remains unknown. My results show that
the function of a2d1, the receptor for synaptogenic astrocyte-secreted proteins called
thrombospondins, in the NAc, is essential for the generation of silent synapses in adult mice
following in vivo cocaine exposure. This brings to light the potential role of a pathway
involving astrocyte-mediated synaptogenesis after cocaine exposure.

In this study, | used cocaine-conditioned place preference (cocaine-CPP), a behavioral
assay to test the positive association of drug experience in mice. The association of cocaine-
induced pleasure with environmental cues, during passive administration of cocaine, was
measured as a preference of the mice to stay longer in the cocaine-paired compartment of
the CPP apparatus. The long-term retention of this association, after a period of prolonged
withdrawal from the drug, was used as a measure of long-term drug-associated memory. This
memory was robust and long-lasting as mice retained the preference at least till 45 days of
withdrawal from cocaine-CPP. To assess the changes in synaptic plasticity at cellular level,
ex vivo electrophysiological measurements from NAc slices of mice were performed at
defined time points of withdrawal from cocaine-CPP. My findings indicate that silent synapses
are induced in the NAc by cocaine-CPP and mature during long-term withdrawal from
cocaine-CPP by gradual incorporation of GluA2-lacking calcium-permeable AMPA receptors
(CP-AMPARS). The association learnt by the mice during the cocaine-CPP paradigm, was
required for the accumulation of CP-AMPARSs in the NAc synapses. On a molecular level, the
function of the DLG-MAGUK proteins - PSD-95 and SAP102 was required for the same.

PSD-95 KO mice have a high proportion of immature silent synapses in the NAc, which do



Abstract

NOT accumulate CP-AMPARs during withdrawal from cocaine-CPP. These mice also lack
long-term retention of the association learnt from the CPP paradigm. However, the loss of
PSD-95 and also SAP102, only from NAc synapses, despite blocking CP-AMPAR
accumulation, does NOT impair the long-term retention of drug-associated memory.
Therefore contrary to the current understanding, the expression and accumulation of CP-
AMAPARSs in the NAc synapses was NOT essential for long-term retention of this drug-
associated memory. Furthermore, after prolonged withdrawal from cocaine self-
administration, the increase in cue-induced cocaine seeking, known as incubation of craving
was NOT affected by NAc-restricted loss of PSD-95. Thus accumulation of CP-AMPARS in
NAc synapses is a signature of associative memories of drug experience however, it is NOT
essential for long-term retention of memory. These results draw attention to the fact that
cellular correlates of memory traces pertaining to drug-associated cues may be stored in
brain regions of the reward circuit other than the NAc.
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1. Introduction

1 Introduction

The mammalian brain is comprised of an enormous network of billions of neurons, which
communicate with each other, via specialized contacts called synapses. Electrochemical
signals at these synapses, govern bodily functions and behavior. Modulation of synapse
number and strength, resulting in alterations of neural connectivity, is considered to be the

basis for learning and memory.

1.1 Synaptic transmission

A neuron typically possesses a soma (cell body), several dendrites and an axon. Neurons
communicate with one another, through functional contacts termed synapses. Synapses can

be broadly divided into two types — electrical and chemical.

Electrical synapses are gap junctions which allow fast transfer of information through a
continuum of cytoplasm between two neurons (Bennett and Zukin, 2004). Rapid bidirectional
electrical coupling through such synapses is important for synchronizing neuronal
populations, such as those in the brainstem for generating breathing patterns (Rekling et al.,
2000). However passive ionic flow through gap junctional channels restricts the possibility of
regulating the strength of these synapses.

The vast majority of synapses in the vertebrate brain are chemical synapses. Chemical
synapses are asymmetrical cellular junctions that have no cytoplasmic continuity. Instead, the
presynaptic neuron and its target, which could be a postsynaptic neuron, muscle or gland, are
separated by a 20-40 nm gap called the synaptic cleft (Palay, 1956; Burns and Augustine,
1995). Electrical signals, in the form of action potentials propagating through the axons,
invade the presynaptic bouton and are converted to chemical signals. Biochemical
messenger molecules called neurotransmitters, serve as the chemical signals, as they are
released from the presynaptic bouton into the synaptic cleft and bind to and activate,
neurotransmitter-gated ion channels on the post-synaptic membrane. Opening of these
postsynaptic channels, allows ionic influx, which alters the membrane potential of the
postsynaptic neuron. Thus the signal is converted back to electrical impulses within the
postsynaptic dendrite. The summation of such membrane potentials occurs at the cell soma,
and if it exceeds the action potential threshold, a new action potential is generated in this

neuron which propagates along its axon. Chemical synapses have a very high capacity for
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regulation and modulation as synaptic transmission across chemical synapses is highly
complex and extremely tightly regulated (Wojcik and Brose, 2007; Scannevin and Huganir,
2000).

1.1.1 Presynaptic neurotransmitter release

At the presynaptic bouton, neurotransmitters are stored in small synaptic vesicles, a
subset of which are recruited to “active zones” that are specialized release-ready sites at the
presynaptic membrane (Gray, 1963). Each active zone comprises a dense network of protein
complexes that mediate synaptic vesicle mobilization as well as refilling and facilitate fast
synchronous release of neurotransmitter (Sudhof, 2004; Wojcik and Brose, 2007).

Depolarization of the presynaptic neuronal membrane, results in the sequential opening of
voltage gated sodium channels and spread of an action potential along the axon. When the
action potential reaches the presynaptic bouton, it causes the opening of voltage-gated
calcium channels. The influx of Ca?* ions into the cell raises the intracellular concentration of
Ca®", which in turn leads to SNARE-mediated fusion of the synaptic vesicle membrane and
the presynaptic plasma membrane. Hence an action potential triggers neurotransmitter
release into the synaptic cleft by exocytosis of synaptic vesicles (Evans and Zamponi, 2006;
Reid et al., 2003; Catterall and Few, 2008).

1.1.2 Types of neurotransmitters

Neurotransmitters can be single amino acids - glutamate, glycine and GABA (y-
aminobutyric acid); biogenic amines — dopamine, serotonin, epinephrine or peptides — for
e.g., endorphins. However, depending on the type of receptor neurotransmitters interact with
on the postsynaptic membrane, they can be functionally categorized as excitatory, inhibitory

and modulatory —
a) Excitatory neurotransmitters — glutamate

Excitatory neurotransmitters bind to and open cation channels, primarily sodium and
potassium channels, thereby causing depolarization of the postsynaptic membrane and
increasing the likelihood that the postsynaptic neuron would fire an action potential.

Glutamate is the principle excitatory neurotransmitter in the brain.
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b) Inhibitory neurotransmitters — GABA, glycine

Inhibitory neurotransmitters bind to and open chloride-specific channels, thereby
hyperpolarizing the cell membrane and decreasing the likelihood that the postsynaptic

neuron would fire an action potential.
c) Modulatory neurotransmitters — For e.g., dopamine, serotonin, epinephrine

Modulatory neurotransmitters act through secondary messengers and alter the

postsynaptic neuron’s metabolism and membrane permeability.

The neurotransmitter identity is a defining feature of a neuron, as one neuron typically
contains one neurotransmitter. Each neuron however, is often innervated by multiple
neurotransmitters, in accordance to the different types of synaptic connections and therefore

neurons express the respective neurotransmitter receptors.

1.2 Glutamatergic excitatory synapses

The postsynaptic compartment of an excitatory synapse is formed on mushroom-like
protrusions of dendrites, called dendritic spines. Macromolecular protein complexes within
spine heads, form an electron-dense thickening, when viewed under the electron
miscroscope, which is termed the post synaptic density (PSD) (Palay, 1956). The PSD is
directly apposed to the presynaptic active zone and is comprised of neurotransmitter
receptors, scaffold proteins, cell-adhesion molecules, cytoskeletal proteins and several other
proteins for downstream signaling (Sheng, 2001a; Garner et al., 2002; Sheng and
Hoogenraad, 2007).

1.2.1 Glutamate receptors

Neurotransmitter receptors can be broadly categorized into ionotropic receptors and
metabotropic receptors. lonotropic receptors are ligand-gated ion channels that allow the
opening of the channel directly upon ligand-binding (or in this case, neurotransmitter-binding)
due to a conformational change in their protein structure. Owing to their rapid response to the
ligand, they mediate very fast excitatory or inhibitory synaptic transmission. On the other

hand, metabotropic receptors are G-protein coupled receptors (GPCRs) which are directly or
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indirectly linked to the effector ion channel through intracellular signaling of secondary
messenger cascades that have multiple effects. Therefore they mediate slow or modulatory

forms of synaptic transmission (Nicoll et al., 1990).

At the excitatory post-synaptic membrane, glutamate binds to its cognate ionotropic or

metabotropic receptors —

a) lonotropic glutamate receptors — AMPARs, NMDARs and KARs

There are three families of ionotropic glutamate receptors - AMPARs (a-amino-3-hydroxy-
5methyl-4-isoxazolepropionic acid receptors), NMDARs (N-methyl-D-aspartic acid receptors)
and KARs (Kainic acid receptors); each named after its respective synthetic agonist.
AMPARs and KARs mediate the fast or early component of excitatory postsynaptic currents
(EPSCs), whereas NMDARs which have higher conductance but slower kinetics, mediate the
slow or late component (Stern et al., 1992). Unlike AMPARs and KARs, which are directly
activated by glutamate binding, NMDARs are coincident detectors. At resting membrane
potentials (-60 to -70mV), the ion pore of NMDARs is blocked by extracellular Mg®*. This
block is voltage sensitive, and can be relieved upon membrane depolarization. Therefore
membrane depolarization along with binding of glutamate and glycine which is a necessary
co-agonist, is needed for NMDARSs to open and allow influx of Na*and Ca*" and efflux of K*
ions. Therefore, gating of NMDARSs require the coincident detection of pre- and postsynaptic
activity (Stern et al., 1992; Kleckner and Dingledine, 1988; Laube et al., 1998). Ca*" entry
triggers several downstream signaling events that are important for synapse modulation
(Berridge, 1998).

lonotropic glutamate receptors are tetramers and their properties are defined by their
subunit composition and their modifications (Dingledine et al., 1999; Dingledine and Conn,
2000).

AMPARs are hetero-oligotetramers of four subunits (Hollmann and Heinemann, 1994) —
GluAl to GluA4 (also known as GIuR1l to GIuR4 or GIuRA-D, according to previous
nomenclature (Collingridge et al., 2009)). The exact subunit composition of AMPARs differs
between brain regions, however in hippocampus and cortex, majority of the AMPARs are
GluA1/2 heterodimers and remainder are mostly GluA2/3 heterodimers (Wenthold et al.,
1996; Mansour et al., 2001; Lu et al.,, 2009). GluA4-containing AMPARSs are present in

immature neurons of the hippocampus, very early in development and are replaced by

4
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GluA2-containing AMPARs (Zhu et al., 2000). GluA2-lacking AMPARs, i.e. GIuAl/3
heterodimers and to a lesser extent, GIuA1 homomers, can also be assembled (Wenthold et
al., 1996). The properties of GluA2-lacking AMPARs are notably different from GIuA2-
containing AMPARs, as they are calcium permeable or bear significant Ca** conductance
(they are also referred to as CP-AMPARSs — calcium permeable AMPARS). The GIuA2 subunit
undergoes vigorous RNA editing, a post-translational modification that substitutes a
glutamine residue with an arginine, thereby rendering GluA2-containing AMPARS, which are
the majority, impermeable to Ca** (Seeburg et al., 1998).

NMDARs are heterotetramers composed of a combination of subunits namely GIuN1,
GIuN2A, GIuN2B, GIuN2C, GIuN2D (also called NR1, NR2A, NR2B, NR2C, NR2D according
to previous nomenclature (Collingridge et al., 2009)) and the more distally related members -
GIuN3A and GIuN3B. NMDARs typically contain two obligatory GIuN1 subunits with two
GIuN2 subunits or one GIuN2 and one GIuN3 subunit (Traynelis et al., 2010). In the forebrain,
GIuN2A and GIuN2B are the most abundant, whereas GIUN2C and GIuN2D are abundant in
the cerebellum and superior colliculus respectively (Goebel and Poosch, 1999). NMDARs at
birth are comprised of predominantly GIuN1/GIuN2B subunits, however during early postnatal
development there is a switch to preferentially GIuN2A-containing NMDARs, which is
regulated in an experience and activity-dependent manner (Sheng et al., 1994; Quinlan et al.,
1999; Liu et al.,, 2004; Gray et al., 2011). GIuN2A and GIuN2B assemble into canonical
NMDA heterodimers or heterotrimers with slower decay time kinetics than AMPARSs, high
Ca®" flux and strong voltage-dependent Mg?* block. However the less extensively studied,
GIuN3A assembles into non-.canonical NMDARs having lower conductance, lower Ca*

permeability and reduced Mg?®* sensitivity (Tong et al., 2008; Paoletti, 2011).

AMPARs and NMDARs are enriched at excitatory PSDs, while KARs can be localized to
pre-and postsynaptic sites and can modulate synaptic activity. AMPARs and KARs share
several agonists and antagonists and are therefore collectively referred to as non-NMDA
receptors. KAR mediated synaptic transmission was primarily found in hippocampal mossy
fibre synapses, where it has been extensively studied. Unifying features of all KAR-mediated
synaptic current is that it is much smaller than AMPA currents and also much slower, owing

to the slower deactivation kinetics of KARs (Lerma, 2003; Traynelis et al., 2010).
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b) Metabotropic glutamate receptors — mGIluRs

There are 8 mGIluRs with a wide distribution all over the brain, some of which are both pre-
and postsynaptically localized. mGIuRs activate a myriad of different signaling pathways that
can in turn, modulate neuronal excitability and neurotransmitter release. Functionally, they
are categorized into three groups— group | mGluRs (including mGIluR1 and mGIuR5, and
their splice variants) are primarily expressed postsynaptically in perisynaptic zones
surrounding ionotropic receptors (Lujan et al., 1996); group Il mGIluRs (including mGIuR2
and mGIuR3) are located at pre-and postsynaptic sites; and group Il mGluRs (including
MGIuR4, mGIuR6, mGIuR7 and mGIuRS8) are primarily presynaptic. In broad terms, activation
of group | mGIuRs is positively coupled to phosphoinositide hydrolysis through Gq protein
and leads to enhanced neuronal excitation. On the contrary, activation of group Il and group
Il mGIuRs is negatively coupled to adenylate cyclase through Gi protein and negatively
modulates glutamate release (Pomierny-Chamioto et al., 2014; Cartmell and Schoepp, 2000).

1.2.2 Structural and functional PSD scaffolds

The PSD contains several PDZ-domain-containing scaffold proteins. PDZ domains are
modular protein-protein interaction domains, specialized for binding to specific sequences in
the extreme C-terminal motifs of other proteins, thereby mediating protein targeting and
multiprotein complex assembly. The PDZ-domain containing proteins at the PSD are involved
in clustering of glutamate receptors at the cell surface and their trafficking, organization of
protein complexes for downstream signaling as well as cytoskeletal dynamics (Feng and
Zhang, 2009; Kim and Sheng, 2004). The DLG-MAGUK (disc large membrane associated
guanylate kinases) family of proteins plays a prominent role in glutamate receptor trafficking
(Elias et al., 2006). The proteins of this family share similar domain structures consisting of
three PDZ domains, one SH3 (src homology 3 domain) and an enzymatically inactive GK
(guanylate kinase) domain. There are four members of this family — PSD-95 (postsynaptic
density protein of 95kD MW), PSD-93, SAP-97 (synapse associated protein 97) and SAP102.

PSD-95 is present in particularly high abundance in the PSD (Cho et al., 1992; Kistner et
al., 1993; Peng et al., 2004). It plays a dominant role in governing synapse strength, due its
influence on AMPAR trafficking and retention at the synapse (Ehrlich and Malinow, 2004;
Schllter et al., 2006). At first it was discovered that PSD-95 directly binds to a C-terminal
motif on NMDAR subunits, thereby stabilizing NMDARs at synapses (Kornau et al., 1995;

6



1. Introduction

Roche et al.,, 2001; Sheng, 2001b). However PSD-95 also binds, though indirectly, to
AMPARs through Stargazin (an auxillary subunit or TARP — transmembrane AMPAR
regulatory protein) thereby mediating AMPAR delivery to synapses (Chen et al., 2000;
Schnell et al., 2002). PSD-95 was shown to be responsible for maturation of glutamatergic
synapses by clustering of AMPARSs, but not NMDARSs, at synapses (El-Husseini et al., 2000).
Overexpression of PSD-95 or replacing endogenous PSD95 with its major isoform, PSD-95q,
increases AMPAR-mediated synaptic transmission (Schnell et al., 2002; Ehrlich and Malinow,
2004; Schliuter et al., 2006). This was concomitant with results from RNAi-mediated knock-
down of PSD-95, which resulted in a decrease of synaptic strength due to reduction of
AMPAR-mediated EPSCs to about 50%, while NMDARs EPSCs were largely unaffected
(Elias et al., 2006; Schluter et al., 2006).

Studies using knock-out (KO) mice of different DLG-MAGUKSs, have revealed that the
proteins of this family have compensatory roles. This explains why PSD-95K0O, PSD-93 KO
and SAP102 KO mice have no impairments in basal excitatory transmission (Migaud et al.,
1998; McGee et al., 2001; Cuthbert et al., 2007; Elias et al., 2006). PSD-95/PSD-93 double
knock-out (DKO) mice though, have impaired AMPAR-mediated basal transmission (Elias et
al., 2006). SAP102 is usually the predominant MAGUK in immature synapses present during
early development, however it is significantly upregulated in mature synapses of PSD-95 KO
mice and PSD95/PSD-93 DKO mice. Thus, SAP102 functionally compensates for the lack of
PSD-95 (Elias et al., 2006; Cuthbert et al., 2007; Bonnet et al., 2013).

1.2.3 Synaptic plasticity — cellular basis of learning and memory

The ability of synapses to change their strength in an activity-dependent manner is termed
as synaptic plasticity. Owing to this ability, synapses can be strengthened or weakened which
forms the basis of learning and memory. Two forms of plasticity that have been extensively
studied are — LTP (long-term potentiation) and LTD (long-term depression). LTP is an activity-
dependent, long-lasting increase in synaptic transmission. It was first discovered in the
hippocampus using brief high-frequency bursts of stimulation (Bliss and Lemo, 1973) and
subsequently shown to be induced in vivo, by learning (Whitlock et al., 2006). LTD on the
other hand, is an activity-dependent long-lasting decrease in synaptic transmission, hence
functionally the opposite of LTP. It was also shown at first in the hippocampus, using a low-

frequency stimulation (Dudek and Bear, 1992). By now, it is widely accepted that LTP and
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LTD are basic properties of most excitatory synapses and that these synaptic plasticity

mechanisms are involved in several brain functions.

1.2.3.1 Common forms of LTP and LTD

NMDAR-dependent LTP — The form of LTP which was first described in the
hippocampus, was found to be NMDAR-dependent (Collingridge et al., 1983) and remains to
be the most extensively studied form of LTP. It is a type of Hebbian plasticity, which is
induced upon coincidence detection of pre- and postsynaptic activity by NMDARs. NMDARs
in postsynaptic dendritic spines are activated and flux Ca®', only when presynaptically
released glutamate binds the receptor and the postsynaptic membrane is sufficiently
depolarized. The postsynaptic dendritic membrane may be depolarized due to back-
propagating action potentials (Magee and Johnston, 1997) or dendritic spikes, which are
locally generated and spatially restricted action potentials (Golding et al., 2002). Postsynaptic
NMDA activation results in a rapid increase of Ca?* concentration in the dendritic spine, which
triggers downstream signaling cascades involving several protein kinases. CaMKII (calcium-
calmodulin protein kinase 1I) is a critical target of Ca®" because its autophosphorylation
results in its CaM-independent activity that is both necessary and sufficient for LTP (Pettit et
al.,, 1994; Giese et al., 1998). CamKIl has several important downstream targets, including
AMPAR subunits. It has been shown by several studies that phosphorylation of certain
AMPAR subunits and their TARPs, alters AMPAR trafficking (Boehm and Malinow, 2005;
Straub and Tomita, 2012) and conductance (Kristensen et al., 2011), thereby contributing to
LTP. Ultimately, through mechanisms that are still under debate (Shi et al., 2001; Granger et
al., 2013; Nicoll and Roche, 2013), AMPARs are inserted into the synapse. Thus an increase
in the number of synaptic AMPARS, results in strengthening or potentiation of a glutamatergic
synapse. From a structural perspective, LTP results in an increase in spine volume and
enlargement of the PSD (Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001).

NMDAR-dependent LTD — Weak activation of synaptic NMDARs due to low stimulation
frequencies or modest membrane depolarization, leads to NMDAR-dependent LTD (Dudek
and Bear, 1992; Mulkey and Malenka, 1992). The rise of postsynaptic Ca** concentration
needed for LTD, is lesser than that needed for LTP (Mulkey and Malenka, 1992), and leads to
signaling cascades that are distinct from LTP. The activation of serine/threonine
phosphatases is critical (Mulkey et al., 1993, 1994), as it leads to de-phosphorylation of key
substrates, including AMPARs (Lee et al., 1998, 2000). This ultimately results in removal of
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AMPARs from the postsynaptic membrane, via dynamin- and clathrin-mediated endocytosis
(Beattie et al., 2000; Carroll et al., 1999, 2001; Wang and Linden, 2000), though mechanistic

details are still not very clear (Granger and Nicoll, 2014).

MGIluR-dependent LTD — Several forms of mGIuR-LTD have been observed, in various
brain regions following activation of different mGIluRs. However in these kinds of synaptic
depression, the mechanism as well as the locus of induction and expression of LTD, can
differ depending on the brain region. mGIuR-LTD can be induced and expressed at the
postsynapse (for e.g. by mGIuR1, mGIuR5 and mGIuR?2); or at the presynapse (for e.g. by
MGIUR2 and mGIuR7); and can also be postsynaptically induced and presynaptically
expressed (for e.g. by mGIuR1/5)(Bellone et al., 2008). Groupl mGIuRs (mGIuR1 and
mGIuR5) which are perisynaptically located (not within the PSD), are activated by glutamate
spillover outside the synaptic cleft and mediate LTD in several brain regions such as
hippocampus, cerebellum, ventral tegmental area (VTA). mGIuR-LTD was first described at
cerebellar synapses wherein climbing fibers and parallel fibers that converge onto purkinje
cells, need to be activated together, to depolarize purkinje cells during mGIuR1 activation (lto,
1989). This results in internalization of synaptic AMPARs and hence reduced synaptic
efficacy. mGIuR1-LTD can also be achieved without reduction in synaptic AMPAR number. At
the VTA and cerebellar stellate cells, mGIuR1-LTD results in replacement of CP-AMPARSs
(calcium-permeable AMPARs that lack GIuA2 subunit) with CI-AMPARs (calcium-
impermeable AMPARs that contain GIuA2 subunit). Since CI-AMPARs have a lower
conductance than CP-AMPARSs, this exchange results in weakening of synaptic transmission
(Bellone and Lischer, 2005; Mameli et al., 2007; Kelly et al., 2009). At synapses of certain
brain regions, groupl mGIuR activation can trigger the synthesis of endocannabinoids (eCB)
which act as retrograde messengers and diffuse across the synaptic cleft to bind presynaptic
CB1 receptors and ultimately lower glutamate release probability. For e.g., this form of
presynaptically expressed eCB-LTD has been found in the striatal medium spiny neurons of
the nucleus accumbens, where it is induced postsynaptically by mGIuR5 activation (Robbe et
al., 2002).

1.2.3.2 Role of PSD-95 in synaptic plasticity

It was observed that trafficking of AMPARS to the postsynaptic membrane, by itself is not

sufficient for synaptic potentiation, as the AMPARSs are inserted into extrasynaptic sites (Oh et
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al., 2006; Schnell et al., 2002). For reliable synaptic transmission, AMPARs need to be
clustered at the PSD, directly opposite to presynaptic release sites (Lisman and
Raghavachari, 2006). There is lot of evidence suggesting that AMPARSs laterally diffuse from
a pool of pre-existing or newly-inserted AMPARS in extra/perisynaptic sites, into synaptic
sites, where they are anchored into affinity ‘slots’ available in the PSD (Tardin et al., 2003;
Opazo and Choquet, 2011; Opazo et al.,, 2012). The PSD-95-Stargazin interaction plays a
dominant role in AMPAR recruitment to synapses (Tomita et al., 2005; Schnell et al., 2002;
Chen et al., 2000). However, PSD-95 functions not just as a slot, but being a scaffolding
protein, it orchestrates several downstream signaling events by mediating protein-protein
interactions (Xu et al., 2008). Indeed overexpression of PSD-95 is sufficient to potentiate
synaptic transmission (Ehrlich and Malinow, 2004; Stein et al., 2003) and loss of PSD-95
from spines increases AMPAR mobility and leads to synaptic depression (Arendt et al.,
2010). Synaptic plasticity is also impaired in PSD-95 KO mice. These mice have enhanced
LTP in the hippocampal slices and perform poorly in watermaze behavioral tasks, showing an
underlying defect in learning and memory (Migaud et al., 1998). Also, acute knock-down of
PSD-95 greatly reduces the magnitude of LTD (Xu et al., 2008) and in the PSD-95 KO mice
LTD is absent (Migaud et al., 1998).

1.2.3.3 Silent synapses and plasticity

While NMDARs are anchored in a relatively stable manner at the synapse, AMPARs are
more dynamically regulated and move in and out of the synapse in an activity —dependent
manner (Shepherd and Huganir, 2007). Although typical glutamatergic synapses contain both
AMPARs and NMDARSs, there are some synapses that contain only NMDARs and lack stable
AMPARs. These are called ‘silent synapses’ because they are functionally silent or non-
conducting near resting membrane potentials, owing to the voltage-dependent Mg?* block on
NMDARs (Petralia et al., 1999; Kerchner and Nicoll, 2008; Hanse et al., 2013). Also, these
synapses may contain AMPARs that are highly labile and therefore, not functionally
integrated into the synapse (Groc et al., 2006). Such synapses were first proposed as
‘ineffective synapses’ between primary afferent fibers and spinal cord dorsal horn (Merrill and
Wall, 1972). Subsequently, there were several reports of the presence of silent synapses in
hippocampus and other brain regions using electrophysiological methods (Kullmann, 1994;
Isaac et al., 1995; Liao et al., 1995), as well as biochemical and morphological techniques

(Richmond et al.,, 1996; Nusser et al., 1998; Petralia et al., 1999). Moreover, glutamate
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uncaging experiments have proven that such synapses are postsynaptically silent, without
modifications in presynaptic glutamate release (Busetto et al., 2008). Silent synapses though
low in number in the mature brain, are very abundant at the earliest stages of development
and are sometimes referred to as nascent synapses. These can subsequently undergo
maturation during development, to form functional synapses. Correlated pre- and
postsynaptic activity drives AMPARSs into silent synapses, thereby unsilencing them through
LTP-like mechanisms (Durand et al., 1996). Indeed unsilencing of synapses and LTP seems
to be an identical phenomenon as conventional pairing protocols used to induce LTP, can
also unsilence silent synapses, through mechanisms requiring NMDA activation and CaMKII
activity (Liao et al., 1995; Wu et al., 1996; Isaac et al., 1997). This postsynaptic maturation by
means of unsilencing of silent synapses, plays a key role in activity- and sensory-dependent
refinement of neural circuits (Isaac et al., 1997; Huang et al., 2015a). Alternatively, silent
synapses can also be generated by removal or de-stabalization of synaptic AMPARSs (Xiao et
al., 2004). These silent synapses bear a huge potential for housing incoming AMPARS in a
subsequent step of plasticity. This step of plasticity can be more quick and durable, and is

often referred to as metaplasticity (Abraham and Bear, 1996).

Just as PSD-95 being a critical player for postsynaptic maturation, is important for LTP, it
also seems to be important for unsilencing of silent synapses. PSD-95 KO mice have a high
proportion of silent synapses in the adult brain (Béique et al., 2006; Huang et al., 2015a).
Since PSD-95 is crucial for AMPAR retention at the PSD, lack of PSD-95 probably renders
AMPARs labile and the synapse immature. Moreover these studies suggest a synapse-
specific role of PSD-95 in experience-driven maturation of silent synapses. A significant
population of cells (~ 50%) was shown to stabilize AMPARSs independent of PSD-95, while

the others were dependent on PSD-95 to mature in an activity-dependent manner.

1.3 Role of astrocytes in synaptogenesis

Apart from neurons, there are other major cell types of the brain are subsumed under the
term glia. Glial cells are divided into three types — astrocytes, oligodendrocytes and microglia.
They are known to provide mechanical and functional support to neurons. Oligodendrocytes
perform the function of myelinating axons, thereby greatly influencing the speed of neuronal
action potential propagation (Edgar and Nave, 2009). Microglia being neuroprotective and

immunocompetent, have a specialized role in host defense (Streit, 2002). The roles of
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astrocytes however, are quite diverse and have radically evolved over the past years. Apart
from being support cells, they ensure optimal functioning of neurons. Astrocytes modulate
synaptic efficacy through the release and uptake of neuroactive substances. They are
excitable and release ‘gliotransmitters’ including glutamate, which act on mGIuRs to modulate
synaptic transmission. They are also known to regulate blood flow and be involved in
synapse formation (Volterra and Meldolesi, 2005; Barres, 2008).

Of particular interest to this study, is the role of astrocytes in modulating synapse numbers
(Ullian et al., 2001, 2004). It was postulated that synaptogenesis is stimulated by astrocyte-
secreted pro-synaptogenic signals (Meyer-Franke et al., 1995; Pfrieger and Barres, 1997).
Subsequently it was discovered that astrocyte secreted glycoproteins called thrombospondins
(TSPs) induce synaptogenic signals (Eroglu, 2009). TSP1 and TSP2, which are highly
expressed by immature astrocytes during the synaptogenic period of the mouse brain
(postnatal day 5-10), are necessary and sufficient for stimulating excitatory synaptogenesis
(Christopherson et al., 2005; Xu et al., 2010). These TSP-induced synapses were seen to be
ultrastructurally normal and postsynaptically silent (lacking stable synaptic AMPARS), as is
the case during early development (Christopherson et al., 2005). Moreover, a256-1, which is a
voltage-gated calcium channel subunit, was identified as the neuronal thrombospondin
receptor, which is essential for mediating TSP-induced synaptogenesis (Eroglu et al., 2009).
Binding of TSPs, through their common epidermal growth factor (EGF)-like repeats, to the
extracellular Von Willebrand Factor A (VWF-A)-like domain of a25-1, is thought to induce an
intracellular signaling cascade (which is yet unknown) and ultimately leads to synapse
formation (Eroglu et al., 2009; Procko and Shaham, 2009; Risher and Eroglu, 2012).
Furthermore, a26-1 is also a high affinity receptor for gabapentin, a common anti-epileptic
and analgesic drug (Gee et al., 1996). Thus gabapentin can disrupt TSP- a28-1 binding and

block new synapse formation both in vitro and in vivo (Eroglu et al., 2009).

1.4 Drug addiction and synaptic plasticity

Drug addiction is a devastating disease, characterized by compulsive drug use, in spite of
serious negative consequences. Addicted individuals value the drug over all other rewards in
life and therefore maintain a narrowed focus on obtaining and using drugs. This is a
chronically relapsing disorder, as individuals once addicted, remain highly prone to relapse,
long after cessation of drug use and despite repetitive episodes of treatment. Therefore more
effective treatment interventions are much needed for this persistent illness, as no treatment

yet, is considered to be completely curative (McLellan A et al., 2000).
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The addiction cycle is thought to comprise of three stages — (1) binge/intoxication i.e. the
drug-taking phase often accompanied by escalated intake of the drug; (2)
withdrawal/negative effect i.e. buildup of a negative emotional state due to lack of access to
the drug; (3) preoccupation/anticipation i.e. the compulsive drug-seeking phase due to
‘craving’ for the drug (Koob and Volkow, 2009). The high propensity of relapse especially
upon encounter with drug-related cues, following prolonged periods of withdrawal from the
drug, suggests that a robust and pathological long-term form of associative memory underlies
addiction.

Drugs of abuse achieve this power by hijacking the natural mechanisms of reward-related
learning and memory (Hyman et al., 2006a). Rewards are interpreted by the brain, as objects
or actions possessing positive values. Behaviors which are rewarding, tend to be repeated
over time, which is known as reinforcement learning (Montague et al., 2004). Natural rewards
such as food and sex are beneficial for the survival of the organism and continuation of its
species. Therefore organisms learn to obtain food and find mating opportunities. The
responses to natural rewards and drugs of abuse have some similarities such as, the induced
pleasure and feelings of desire. However drugs of abuse, being both rewarding and
reinforcing, are far more harmful, as they provide no health or evolutionary benefit, but are

still overvalued compared to other rewards (Kelley and Berridge, 2002).

1.4.1 Behavioral tests for drug reinforcement in rodents

Though it is very difficult to reproduce the phenomenon of addiction in laboratory settings,
there are methods that measure the reinforcing properties of drugs and those that evaluate
addictive behavior in laboratory animals (Sanchis-Segura and Spanagel, 2006).

Two commonly used methods for testing drug-induced reinforcement are conditioned
place preference (CPP) and operant self-administration (SA). CPP as well as other tests
based on conditioned preference, entail passive administration of drugs by the experimenter.
Conditioned preference tests can be considered Pavlovian in nature. The drug’s effects (the
unconditioned stimulus, US) are repeatedly paired with a previously neutral stimulus, which
eventually becomes a conditioned stimulus (CS) and can elicit approach behavior of the
animal. In place conditioning methods, environmental stimuli act as the CS. In CPP, the
apparatus consists of two compartments wherein, only one becomes associated with the
drug-experience, while the other is accessed only after vehicle or control administration.

Subsequently, when the animal is allowed to freely move between the two compartments, the
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increase in the time spent in the drug-paired compartment is a measure of the conditioned
place preference. A repetition of this test after a period of withdrawal from drug-administration
can be done to test the long-term retention of the drug-associated memory (Roux et al., 2003;
Cunningham et al., 2006; Sanchis-Segura and Spanagel, 2006).

The operant conditioning model of self - administration (SA) of the drug, is a Skinnerian
concept wherein, behavior is controlled by its consequences. Positive reinforcement is
achieved by the contingent delivery of the positive reinforcer, (in this case of SA, it is the
drug) upon completion of a reinforcement schedule. Rodents are used most often for this
model and for self-administration of psychostimulants like cocaine, the intravenous (i.v) route
of drug administration is used, to induce rapid onset of drug action. Typically, rats are
implanted with catheters in the jugular vein, for the i.v drug delivery and are trained to self-
administer the drug during short training sessions. The operant response, which can be the
press of a lever or nose-poke into a hole, gets rewarded by instantaneous i.v infusion of the
drug. Also, secondary reinforcers such as lights or sound tones can be used as cues for the
operant response (Lynch et al., 2010; Sanchis-Segura and Spanagel, 2006). This procedure
has been successfully used to model drug-craving behavior in rats during withdrawal from the
drug (Grimm et al., 2001; Pickens et al., 2011).

1.4.2 Hijacking of the reward circuits of the brain

Drugs of abuse such as cocaine, hijack synaptic plasticity mechanisms of the brain circuits
controlling motivated behavior. The mesocorticolimbic dopamine system (See Figure 1) is the
reward circuitry in the brain, involved in positive reinforcement learning. It comprises of the
ventral tegmental area (VTA) in the mid brain and the nucleus accumbens (NAc) in the
ventral striatum, as well as associated cortical and limbic structures. Drugs of abuse cause
long-term changes in behavior by altering synaptic function and plasticity in these brain areas
(Hyman et al., 2006a; Kauer and Malenka, 2007).

14



1. Introduction

The Reward circuitary

Glutamatergic
Dopaminergic
GABAergic

Figure 1.1 Simplified representation of the mesocorticolimbic dopaminergic system with
specific pathways highlighted.

The nucleus accumbens (NAc) receives glutamatergic input from the medial prefrontal cortex (PFC),
the ventral hippocampus and the amygdala. All four of these regions receive dopaminergic input from
the ventral tegmental area (VTA) (although only the VTA-NAc pathway is shown here). The VTA
receives GABAergic or inhibitory input from the NAc.

The dopaminergic projections from the VTA, onto the NAc is an essential pathway for
reward-seeking behavior (Nicola, 2010; Niv et al., 2006; Saunders and Robinson, 2012). In
fact the central mechanism of most drugs of abuse, is to elevate the extracellular dopamine
levels in the NAc. Cocaine for example, blocks dopamine reuptake from the synaptic
terminals by inhibition of the dopamine transporter (DAT) and thereby has rewarding and
reinforcing properties (Chen et al., 2006; Ritz et al., 1987).

The NAc itself consists mainly of GABAergic medium spiny neurons (MSNs) which in turn
project on to the VTA. Apart from dopaminergic input, the NAc also receives glutamatergic
input from the medial prefrontal cortex (mPFC), the ventral hippocampus (vHipp) and the
basolateral amygdala (BLA). Thus the NAc is a key component of the reward circuit as it is
the point of convergence for these excitatory inputs, each of which signal distinct reward
related information. In broad and simple terms, the mPFC provides action-outcome
information, the vHipp contextual relevance and the BLA emotional valence (Robbins and
Everitt, 1996a). These signals are integrated by the neurons of the NAc, which in turn guide
appropriate behaviors in response to the signals, thereby serving as an interface between
motivation and action (Mogenson et al., 1980; French and Totterdell, 2002, 2003; Papp et al.,
2011). Drugs of abuse are known to cause maladaptive plasticity in glutamatergic signaling
pathways of the reward circuit (Kalivas, 2004; Lischer and Malenka, 2011; Pascoli et al.,
2014).
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Synaptic plasticity in the VTA dopaminergic neurons, following initial drug exposure, is
essential for mediating early behavioral responses and for long-term adaptations in the areas
innervated, such as the NAc, pre-frontal cortex (PFC) and amygdala (Kauer, 2004). Reward-
predicting cues can induce phasic activation of VTA dopaminergic neurons, which in turn is
regulated by glutamatergic input onto these neurons (Schultz, 2011; White, 1996). A single
injection of cocaine causes potentiation of excitatory inputs onto VTA dopamine cells, as
measured by an increase in AMPAR/NMDA EPSC ratio (Ungless et al., 2001). In fact most
commonly used drugs of abuse, as well as natural rewards, share this mechanism of
increased glutamatergic drive onto dopamine neurons (Saal et al., 2003; Chen et al., 2008).
However a fundamental difference is that the potentiation of VTA glutamatergic signaling is
persistent after cocaine self-administration, whereas it is only transient after self-
administration of food or sucrose (Chen et al., 2008).

Synaptic changes in the NAc are downstream to the VTA and take place at a slower time
scale and steeper threshold, but are considered to be responsible for long-lasting behavioral
alterations. Unlike the VTA, where one cocaine injection can elicit readily detectable plasticity,
5 injections of cocaine are required to see plasticity in the NAc (Kourrich et al., 2007).
Repeated exposure to cocaine, was shown to induce an initial depression of glutamatergic
transmission (Thomas et al., 2001), which upon prolonged withdrawal from the drug, is

converted to a potentiation of AMPAR-mediated synaptic transmission (Kourrich et al., 2007).

1.4.3 Cocaine-induced silent synapses in the adult brain

It has been shown that silent synapses can be generated post-developmentally, in the
adult mammalian brain, upon repeated in vivo exposure to cocaine. These ‘AMPAR-silent’
synapses were first seen to be generated in the rat NAc shell, upon repeated passive
administration of cocaine (Huang et al., 2009). These are primarily new synapses formed by
insertion of GIuN2B-containing NMDARs following in vivo cocaine exposure (Brown et al.,
2011). This phenomenon explains, at least in part, the depression in glutamatergic
transmission observed in the NAc directly after cocaine exposure (Thomas et al., 2001). It
may also explain partially, the increase in spine density observed in MSNs of the NAc shell
upon repeated treatment to cocaine (Robinson and Kolb, 1999), though there is no direct
evidence for this link. However, the number of these silent synapses that are induced in the
NAc shell upon exposure to cocaine, gradually decreases upon withdrawal from cocaine

(Huang et al., 2009), whereas the increase in MSN spine density induced due to cocaine
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exposure is seen long after discontinuation of cocaine treatment (Robinson et al., 2001;
Robinson and Kolb, 2004). This persistence of the structural plasticity is indicative of an
unsilencing mechanism for these cocaine-induced silent synapses, during the period of
withdrawal from cocaine. Thus, just as nascent silent synapses mature during early
development, cocaine-induced silent synapses also have the potential to be unsilenced,
thereby serving effectively as substrates for subsequent plasticity (hence a form of
metaplasticity). It has been proposed that cocaine by generating silent synapses, can
rejuvenate excitatory synapses in the NAc and prime them for subsequent strengthening
during withdrawal from the drug, to form potentially durable drug-associated adaptive
memoaries (Lee and Dong, 2011; Dong and Nestler, 2014a; Huang et al., 2015b).

The signaling scaffold protein PSD-95 has already been implicated to play a role in
maturation of silent synapses during early development (B€ique et al., 2006; Huang et al.,
2015a). It was also shown to have a role in psychostimulant action, because in mice
chronically treated with cocaine, PSD-95 was downregulated as observed by a decrease in
MRNA and protein levels in the striatum. In this study, behavioral alterations in mice carrying
a targeted deletion of PSD-95 were also observed. These mice were overly sensitive to the
acute stimulating effects of cocaine, as seen by an augmented locomotor response in the
open field assay following acute administration of cocaine, but resistant to subsequent
sensitization (Yao et al., 2004). Therefore PSD-95 through its role in synaptic maturation,

may be involved in the expression of drug-dependent behavioral plasticity.

1.4.4 CP-AMPAR expression and drug-related behavior

In humans, relapse to cocaine-use after a prolonged period of withdrawal from the drug,
often occurs due to drug-associated cues that provoke craving for the drug (O’brien et al.,
1992). This cue-induced cocaine craving is thought to intensify during the first few weeks of
withdrawal and stay elevated for prolonged periods of time (Gawin FH and Kleber HD, 1986).
This has been modelled in rodents wherein, a time-dependent increase in cue-induced drug
seeking, is observed during withdrawal from i.v cocaine-self administration and is termed as
‘incubation of cocaine craving’ (Grimm et al., 2001; Pickens et al., 2011). It was subsequently
shown that it is the gradual accumulation of GluA2-lacking CP-AMPARSs (calcium permeable
AMPARS) in NAc neurons, during prolonged withdrawal from cocaine-self administration that
mediates incubation of cocaine craving (Conrad et al., 2008; McCutcheon et al., 2011a).

Therefore CP-AMPAR expression is considered to be a biomarker for incubation of craving,
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as the high conductance of CPAMPARSs could increase the reactivity of NAc neurons to drug-
associated cues. Not unlike the VTA (Bellone and Liuscher, 2006), this synaptic plasticity can
be reversed in the NAc by activation of mGIuR1, which results in removal of CP-AMPARS
from synapses and hence suppression of incubation of craving (McCutcheon et al., 2011b;
Loweth et al., 2014a, 2013a). Conversely, the blockade or antagonism of mGIuR1 results in

the intensification of incubation of craving (Halbout et al., 2014).

1.5 Scope of the thesis

The NAc plays a central role in the reward circuit of the brain by prioritizing emotional and
motivational outputs for behavior. A new concept of the neural rejuvenation hypothesis for
drug addiction is based on the finding that repeated cocaine exposure induces the generation
of silent synapses in the NAc of adult animals (Huang et al., 2009). These silent synapses are
thought to serve as plasticity substrates, primed for subsequent steps of plasticity, which
eventually incorporates them in new neural connections. This step involves the incorporation
of AMAPRs into these non-transmitting synapses, thereby switching them to transmitting
synapses, which might present memory traces for drug-associated behaviors (Dong and
Nestler, 2014b). The general goal of this study was to determine the fate of cocaine-induced
silent synapses in the NAc and to assess their role in the long-term retention of drug-
associated behavior.

The accumulation of CP-AMPARs in NAc synapses during withdrawal from the contingent
procedure of cocaine self-administration, is a form of drug-induced synaptic plasticity that has
been extensively studied in the past few years (Conrad et al., 2008; Lee et al., 2013; Loweth
et al.,, 2014b; Ma et al., 2014). This process has been considered as a cellular marker for
incubation of cocaine craving, the time dependent increase in cue-induced cocaine seeking
that occurs during prolonged withdrawal from cocaine self-administration (Grimm et al., 2001;
Pickens et al., 2011; Wolf and Tseng, 2012). However another study showed that passive
cocaine exposure in mice is sufficient for the expression of CP-AMPARSs in the NAc (Mameli
et al., 2009), raising the possibility that CP-AMPARs could be a more general signature of
drug experience. In this study | used a systematic approach to decipher the role of CP-
AMPARSs in long-term retention of drug-related memory and incubation of craving. Moreover,
| also addressed the molecular underpinnings of CP-AMPAR expression in NAc synapses
and tested the requirement of a drug-paired association in this process. Therefore this study

aimed to test whether cocaine-induced silent synapses in the NAc mature into CP-AMPAR-
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bearing synapses and if this maturation is required for long-term retention of drug-related
memory.

Currently it is unknown how in vivo cocaine experience can generate silent synapses in
adult NAc synapses. In this study | analyzed the involvement of thrombospondins, which are
astrocyte-secreted synaptogenic proteins (Eroglu, 2009; Risher and Eroglu, 2012), in this
process. By targeting the thrombospondin receptor a261 (Eroglu et al., 2009), in NAc
synapses of adult animals, | sought to find out whether a thromspondin-a251 pathway may be
responsible for generation of silent synapses upon repeated cocaine exposure.
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2 Materials and Methods

2.1 Animal housing conditions
Mice were kept under standard conditions of a 12 hour light/dark cycle with controlled

temperature and humidity and were provided food and water ad libitum. All mice were
weaned at 3 weeks of age after which males and females were separately housed. Wild type
mice (BI6J background) were either bred in this facility or ordered from Charles River. Mice
were always housed in groups of up to 4 animals per cage. All procedures were performed in
the light cycle and were approved by the governmental agencies of the European
Neuroscience Institute, Gottingen, Germany.

Rats were used for this study only at the University of Pittsburgh, PA, USA. Adult male
Sprague-Dawley rats were order from Charles River and housed under standard conditions of
12 hr light/dark cycle with controlled temperature and humidity. Rats were single housed post
surgeries and provided food and water ad libitum. All procedures were performed in the light
cycle and all experiments were in accordance with the protocols approved by the Institutional

Animal Care and Use Committees at University of Pittsburgh.

2.1 Cocaine treatment

2.1.1 Passive injection of cocaine in mice

Wild type mice of at least 4 weeks of age, were administered intraperitoneal (i.p) injections
of cocaine hydrochloride (Sigma, Germany) at a dosage of 20mg/kg bodyweight and returned
to their home cage. The control groups of animals were injected with 0.9% NaCl saline
(Braun, Germany), the vehicle in which the drug is prepared and returned to their home cage.
Following 5 passive injections of cocaine/saline, one injection per day, the mice were
sacrificed the next day (1 day of withdrawal from the drug) or after 20-30 days (long-term

withdrawal from the drug) for electrophysiological measurements.

2.1.2 Cocaine - Conditioned place preference (CPP) in mice

Conditioned place preference assay was performed according to Roux and colleagues
(Roux et al., 2003) with some minor modifications. Male wild type or SAP102 KO mice were
used when they were at least 4-weeks of age at the start of the assay. During the first 3-5

days, the mice were allowed to acclimatize to the environmental conditions of the laboratory
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as well as to the handling of the experimenter for habituation. During this period, the mice
were given sham intraperitoneal (i.p) injections once per day, to familiarize them to this
procedure.

The CPP apparatus consisted of two main compartments, each 15 cm X 15 cm in size
having very distinct olfactory, visual and tactile cues. Each compartment was rendered with a
different scent, either cinnamon or vanilla, by hosting a small tube stuffed with tissue paper
dipped in scented oils. The walls and floor of each chamber were covered with distinct visual
patterns, in the shape of black dots on a white background or black stripes on a white
background. Furthermore, the floor of the chamber was designed to give tactile cues, either in
the form of interspersed circular pits or interspersed long linear pits. These two conditioning
compartments were separated by guillotine trap doors and a narrow, grey-colored corridor
which served as a neutral area.

One day prior to conditioning and after the habituation phase, mice were placed the
neutral area and allowed to freely explore both compartments for the next 20 min. This was
done to check the initial preference of the animal for either chamber, prior to conditioning.
The preference for each compartment was calculated (see below) by making a video
recording of the animal as it explored the apparatus. Animals which spent more than 75% of
the time only in compartment (and less than 25% in the other) were removed from the study
due their intrinsic bias.

CPP with cocaine was performed in an unbiased mode, wherein, animals were randomly
assigned any one compartment for conditioning with cocaine. The conditioning or training
lasted 10 days with alternating cocaine and saline injections. On the first day, each animal
was given an i.p injection of cocaine hydrochloride (Sigma, Germany) at a dosage of 20
mg/kg bodyweight and immediately placed in one chamber for the next 20 min. The trap
doors were closed all throughout the 10 days of conditioning, so that the animal was
restricted to one compartment under the effect of the drug. The next day, the animal was
given an i.p injection of the vehicle, 0.9% NaCl saline (Braun, Germany) and placed in the
second compartment. Therefore at the end of 10 days, the animals received 5 injections of
cocaine in one compartment i.e. the conditioned compartment and 5 injections of saline in the
other compartment.

1 day after the 10-day long training period, the trap doors were opened and the mice were
placed in the neutral area such that they had free access to both compartments and their
movement in the apparatus was monitored by video recording over the next 20 min.

Subsequently, the time spent by the animal in each compartment was calculated from 18 min

22



2. Materials and Methods

of the video recording using Anymaze software (Stoelting Co., USA). A place preference

score (PPS) was calculated using the equation below —

Time spent in conditioned compartment (sec) X total time (sec)

PPS = Total time (sec) -Time in neutral area (sec)

The animals were either sacrificed for electrophysiology directly after this test (at 1 day of
withdrawal from the drug) or were kept for prolonged withdrawal from the drug, by housing
them in their home cages for another 10-40 days, depending on the withdrawal time point to
be studied. Thereafter, they were again tested to calculate a PPS for the conditioned
chamber at a long-term withdrawal time point and subsequently sacrificed for

electrophysiology.

2.1.3 Intravenous Self-Administration (SA) of cocaine in rats

The intravenous (i.v) self-administration procedure in rats as described before (Mu et al.,
2010), necessitates the implantation of a silastic catheter into the right jugular vein. The
catheters, approximately 8cm in length were constructed from a silastic tubing (inner diameter
0.020 inches, outer diameter 0.037 inches; Helix Mark, USA). The surgery to implant the
catheter was performed by Dr. Junshi Wang (Department of Neuroscience, University of
Pittsburgh, PA, USA). Briefly, while the male rats (4-7 weeks old) were anesthetized with a
mixture of Ketamine (87 mg/kg) and Xylazine (13 mg/kg), the catheter was implanted into the
right jugular vein and the distal end was passed under the skin to an opening on the back
between the scapulae and connected to a Quick Connect Harness (SAl Infusion). The
incisions on the body were then sutured before the animal woke up from anesthesia. During
recovery from this surgery, the catheter was flushed daily with 1 ml/kg heparin (10 U/ml) and
gentamicin antibiotics (5mg/ml) in sterile saline to protect against occlusion of the catheter
and infections.

Cocaine SA procedure started 1-2 weeks post the catheter implantation, to allow the rats
to recover. Operant-conditioning chambers enclosed within sound-attenuating cabinets (Med
associates, USA) were used. Each chamber consisted of an active and inactive nose poke
hole, a pump to deliver cocaine and a house light which was usually switched off. No food or
water was provided for the rats during their sessions in these conditioning chambers. On the

first day, rats were placed in the conditioning chambers for an overnight training session,
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wherein they had more time to acclimatize to the training conditions and learn the SA
procedure. A nose poke by the rat into the active hole resulted in an intravenous cocaine
infusion (0.75mg/kg over 3-6 sec; cocaine provided by National Institute on Drug Abuse Drug
Supply Program, USA) from the pump into the catheter. Every active nose poke was also
accompanied by a conditioned stimulus (CS) of illumination of blue light within that hole for 6
sec. Additionally, upon active nose poking by the rat, a the house light was also switched on
for a period of 20 sec during which active nose pokes were counted but did not result in any
cocaine infusions, to avoid overdosing. After the 20 sec time-out period, the house light was
turned off and the next active nose poke would result in a cocaine infusion in a similar
fashion. Nose poking in the inactive hole had none of these consequences, but was
nevertheless recorded. Rats were allowed to take a maximum of 100 cocaine infusions during
the overnight session and only those which took at least 40 cocaine infusions were used for
the subsequent 5-day SA training. After the overnight session and a gap of one day, the 5-
day SA training regimen consisted of 2hr sessions per day with the same conditions as that
used for overnight training. Control animals received no infusions (sham) or saline infusions.
Incubation of cocaine craving was measured by performing a 1lhr extinction test at 1 day
withdrawal from cocaine SA (next day after the 5-day long training) or at 40 days of
withdrawal from cocaine SA (long-term withdrawal during which rats were simply housed in
their home cages). During the extinction tests, the active nose pokes by the rat were
accompanied by the contingent light cues but resulted in no cocaine infusions. The number of
active nose pokes before and after withdrawal was compared to assess incubation of cocaine

craving.

2.2 Positive allosteric modulation of mGIuR1

For the activation of mGlurl-LTD a selective positive allosteric modulator (PAM) of
MGIuR1 called SYN119 was used for systemic injections in mice (Ngomba et al., 2011,
Loweth et al., 2014b). This compound is relatively insoluble in aqueous solutions, therefore a
surfactant solution of 10% Tween 80 dissolved in 0.9% NacCl saline (Braun, Germany) was
used as the vehicle to deliver SYN119 to mice via the i.p route. A fine suspension of SYN119
in 10% Tween 80 could be prepared by brief sonication using a sonicator probe, followed by
continuous vortexing. Immediately prior to every i.p injection of Syn119, the suspension was
warmed to 37°C and vortexed vigorously before loading into syringes. The conditioned place

preference (CPP) protocol was same as described above and the effect of Syn119 was
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studied only after long-term withdrawal from cocaine-CPP. The mice were given one i.p
injection of Syn119 (20mg/kg) at 20-30days of withdrawal from cocaine and left undisturbed
in their home cage for the next 1 hr. They were then placed in the CPP apparatus and tested
as usual to determine their place preference score (PPS) post the SYN119 treatment.
Immediately following this 20 min long test, the animals were sacrificed and processed for
electrophysiology. The control animals were treated only with the vehicle 10% Tween 80 and
subsequently processed in the identical manner.

2.3 Genotyping

The SAP102 KO (knock-out) mouse used in this study was generated by Cuthbert and
colleagues (2007). The genotype was determined by a specific PCR (Polymerase Chain
Reaction; (Saiki et al., 1985)) performed on genomic DNA samples isolated from small tail
pieces of the mice. 1-3 mm long tails tips were cut from mice at approximately 3 weeks of age
during weaning from the mother. These tail pieces were lysed in PBND buffer (see below)
supplemented with 1:100 Proteinase K solution (Ambion 20mg/ml) at 55°C with constant
vigorous shaking for at least 2 hours. The dissolved tail samples were then heated to 99°C for
10 min in order to inactivate the enzyme Proteinase K present in the lysis buffer. These DNA

samples could be stored at 4°C on a short-term basis and were used for the following PCR

reaction —
2 pl Sample Time temperature
2.2yl 10x TNK Buffer
2 ul dNTPs (2.5mM each, Bioline) Pre-incubation 5 94°C
0.2yl 50uM Primer 1 Denaturation 30"  94°C
0.2yl 50uM Primer 2 Annealing 30” 56°C x 33
0.2yl 50uM Primer 3 Elongation 1 72°C
15u  Hy0 Final Elongation 10’ 72°C
0.2ul Mango Taq DNA polymerase

(Bioline)

25



2. Materials and Methods

Solutions and primers used for genotyping:
PBND lysis buffer — 10mM Tris, 50mM KCI, 2.5mM MgCl,.6H,0, 0.1 mg/ml gelatin, 0.45%
(v/v) Nonident P40, 0.45% (v/v/ Tween 20, pH 8.3.
10X TNK buffer — 100mM Tris, 15mM MgCl,, 500mM KCI, 50mM NH,CI
Primer 1 sequence — GGTCTCTGATGAAGCAGTGATTTTT
Primer 2 sequence — TGATGACCCATAGACAGTAGGATCA
Primer 3 sequence — CTAAAGCGCATGCTCCAGAC

The PCR reaction mix was run on a 1% agarose gel in sodium tetraborate buffer (5mM
sodium tetraborate decahydrate; Sigma) supplemented with ethidium bromide (15ul/L; Roth)
at 130 V for approximately 30 min. The PCR products were visualized on a UV-illuminator
with INTAS imaging system. Using the above primers, the wild-type allele is seen as a 535bp
DNA band while the KO allele is seen as a 215 bp DNA band.

2.4 Virus Production

2.4.1 Large scale plasmid preparation

2.4.1.1 Plasmid DNA used
A shRNA (short hairpin RNA) construct for RNAi-mediated knockdown of endogenous

PSD-95 protein (targeting the PSD-95 sequence GGA CAT CCA GGC ACA CAA G), called
‘sh95’ was prepared as described previously (Schliter et al., 2006). This construct under the
control of a H1 promoter cassette from pSuper vector, was cloned into an AAV vector
backbone containing an EGFP expression marker under the control of a CAG promoter.

A shRNA construct for RNAi-mediated knockdown of a281(or A2D1) protein (targeting the
02861 sequence GCTGAGTTAGAGAATGAAATT), called ‘bITPd’ was prepared similarly and
cloned into a FUGW lentivirus backbone (Lois et al., 2002) wherein bITPd was under the
control of H1 promoter cassette and the expression marker EGFP was under the control of a
Ubiquitin promoter.

The experimental controls were either the empty vector backbone bearing the EGFP
expression marker or those which additionally contained a shRNA targeted to the luciferase
gene (sequence targeted -CCTAAGGTTAAGTCGCCCTCG), called suLC, as this gene is not
present in the rodent genome.

26



2. Materials and Methods

2.4.1.2 DNA Maxi Prep
The DNA plasmids were transformed into the electro-competent SURE bacteria

(Stratagene, CA, USA) using electroporation at 1800V, with a time constant between 4-6 ms
(Eppendorf 2510 electroporator). The electroporated bacteria were spread onto LB-Agar
plates containing ampicillin (100 pg/ml, Roth, Germany) and allowed to grow for 12-16 hrs at
37°C. A single colony of transformed bacteria was then picked from the plate and used for
inoculating 50ml LB-medium (Roth, Germany) which was allowed to grow at 37°C for 12-16
hrs at constant shaking of 350rpm (INNOVA 4230, Brunswick Scientific shaker). The bacterial
cells were then harvested by 4000 rpm centrifugation at 4°C for 30 min (Eppendorf Centrifuge
5804R with rotor A4-44) and subjected to standard alkaline lysis using the Qiagen (Hilden,
Germany) solutions P1, P2 and P3 (see below) according to the Qiagen protocol (Birnboim
and Doly, 1979). Following alkaline lysis, DNA was precipitated with 0.7X volumes of
isopropanol (AppliChem) and resuspended in 600ul of buffer TE (10 mM Tris-HCI, 10 mM
EDTA pH 8.5). The residual RNA was removed by incubation of the DNA along with 1pl
RNase A and 150 pl 1M NaCl at 50°C for 5 min. The proteins were removed from the DNA
sample by phenol/chloroform extraction. The sample was mixed with an equal volume of
25:24:1 phenol: chloroform: isoamyl alcohol (Applichem) in Phase Lock Gel tubes
(Eppendorf) and vortexed vigorously. The phases were separated by centrifugation at full
speed for 1 min (Eppendorf 5424 table top centrifuge) after which the upper aqueous phase
was transferred to a new tube and mixed again with an equal volume of chloroform and again
centrifuged, for removal of the residual phenol. The aqueous phase was subsequently
collected and used for precipitating DNA with 0.7X volumes of isopropanol. The precipitated
pellet was washed with 70% EtOH and finally suspended in 200ul of EB (Elution Buffer 10mM
Tris-HCI, pH 8.5; Qiagen). In order to purify the DNA further, it was precipitated by addition of
1ml 100% Ethanol, 100 pl 1M NaCl and 200 pl H,0 followed by vortexing and centrifugation at
top speed for 15 min at room temperature (RT). The supernatant was aspirated carefully and
the pellet was dried at RT before finally resuspending it in 300-400 pl EB. The DNA was kept
at -20°C for long term storage.

Solutions used for DNA preparation:

Buffer P1 — 50mM Tris-HCI pH 8.0, 10mM EDTA 100pg/ml RNase A

Buffer P2 — 200mM NaOH, 1%SDS w/v

Buffer P3 — 3.0M Potassium acetate pH 5.5
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2.4.2 HEK cell culture

HEK 293T cells — Human embryonic kidney cells, expressing large T-antigen (Graham et
al., 1977) were used to produce lentiviral and adeno-associated viral vectors. These cells
were cultured in Dubelco’s high glucose Dulbecco’s Modified Eagle’s Medium (DMEM;
Biochrom) supplemented with 10% fetal bovine serum (FBS; Biochrom). The cells were
grown on 10cm dishes at 37°C and 5% CO, and routinely passaged by washing with
phosphate buffer saline (PBS; Biochrom) followed by standard trypsin (Biochrom)
dissociation (Masters and Stacey, 2007).

2.4.3 Adeno Associated Virus (AAV) production

2.4.3.1 HEK 293T cell transfection for AAV8 preparation
HEK 293T cells were transfected using polyethyleneimine (PEI) following a procedure

modified from Kuroda and colleagues (Kuroda et al., 2009). The transfection reagent was
prepared by mixing 2.88ml of 15mM linear PEI (Polysciences) with 24ml 150mM NaCl and
allowed to incubate for 10 min at RT. In a separate tube 24ml of 150mM NaCl was mixed with
300ug pDP8ape (helper plasmid for AAV8 serotype; PlasmidFactory) and 300ug of the vector
plasmid and left to incubate for 10 min at RT. The transfection reagent was then added to the
prepared DNA mixture, mixed thoroughly by vortexing and left to incubate for 10 min at RT.
Meanwhile HEK 293T cells from 10X 15cm dishes (Greiner) which were 70-80% confluent
were harvested by trypsinization, pelleted down by centrifugation at 700g for 5mins at RT and
resuspended in 240ml DMEM medium (with glutamine; Biochrom). The PEI/DNA mixture was
then added to the HEK cell suspension and mixed gently before plating it onto 15x 15cm
dishes, 19ml per dish. These dishes were then returned to 37°C and 5% CO, and harvested

after 72 hours.

2.4.3.2 Harvesting and purification of AAV particles
The medium from the transfected 15X 15cm dishes was removed and replaced with 3ml

PBS per dish. The AAV was then harvested by scraping the dish surface with a 25cm cell
scraper (Sarstedt) and centrifuging the pooled cells at 1000g for 10 min at RT. The cell pellet
was then resuspended in 8.5ml of 20mM Tris, 150mM NaCl at pH8.0. For cell lysis 500pl
10% NaDOC (see below) was added (final concentration 0.5%) followed by addition of a
nuclease — 2 pl Benzonase (250U/ul; Novagen) or 10ul Cyanase (50U/ul), thorough mixing

and incubation at 37°C for 30 min (with occasional vigorous shaking). 584mg NaCl was then
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dissolved in this solution and kept for another 30 min of incubation at 56°C. The tube was
cooled down at ice for 5 min and then frozen and stored overnight at -80°C.

For purification of the AAV sample, a discontinuous iodixanol gradient was prepared in a
U-shaped ultracentrifuge tube, using a 20G cannula needle (Dispomed, 0.9 x 70mm)
attached to a 10ml syringe. The gradient was prepared by diluting a 60% iodixanol stock
solution in 1X PBS-MK (see below). The gradient was as follows — layers from top to bottom -
6.5ml 15% iodixanol, 4ml 25% iodixanol, 3ml 40% iodixanol and 3ml 54% iodixanol. The
topmost layer was loaded first at the bottom of the tube, and the successive heavier layers
were carefully added to the bottom one by one. The AAV sample was thawed at 37°C for the
purification procedure and lysed cell debris was removed by centrifugation at 4000 g for 30
min at RT. The supernatant was carefully loaded onto the discontinuous iodixanol gradient
and then centrifuged for 1.5 hr at 60,000 rpm in an ultracentrifuge (Beckman L8-60M with
rotor 70Ti). AAV particles get collected in the 40% iodixanol layer, therefore this layer was
collected by carefully placing the 20G cannula at the 40%-54% interphase and sucking it off
gently with the syringe. This solution containing AAV patrticles was then diluted with 1X PBS-
MK solution (see below) to up to 10 ml and concentrated in a 100K cell concentrator (Amicon)
by centrifugation at 2000 g RT. This concentrating step was repeated thrice and the
concentrated virus particles were diluted with 1x PBS-MK up to 500 pl. After filtration through
a 0.22 um syringe driven filter unit (Millex-GV), the purified AAV was stored at 4°C.

Solutions used for harvesting and purifying AAV particles:

10% NaDOC - 10 g sodium salt of deoxycholic acid dissolved in 100 ml water and filter

sterilized (0.22um filter)

10X PBS-MK - 0.2 g MgCl,.6H,0 (Merck) and 0.19 g KCI (Sigma) dissolved in 100 ml 10X

PBS and filter sterilized (0.22 um filter)

2.4.4 Extra-large scale lentivirus preparation

2.4.4.1 HEK 293T cell transfection for lentivirus preparation
Lentiviral particles were produced by transfecting HEK 293T cells with the plasmid DNA of

interest, HIV-1 packaging vector A8.9 and envelope glycoprotein vector vs.vg.
Polyethyleneimine (PEI) was used as the transfection reagent following a procedure modified
from Kuroda and colleagues (Kuroda et al., 2009). 1.835 pg PEI solution (branched; Sigma-
Aldrich) was mixed with 20ml Opti Pro SFM-Medium (without Glutamine; Life Technologies)
and allowed to incubate for 10 min at RT. In a separate tube 270 ug of the desired DNA
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plasmid, 135 pg vs.vg vector and 202.5 ug A8.9 vector was mixed in 5 ml Opti Pro SFM-
Medium (without Glutamine) and left to incubate for 10 min at RT. The transfection reagent
was then added to the prepared DNA mixture, mixed thoroughly by vortexing and left to
incubate for 30 min at RT. 70-80% confluent, 9x 15 cm dishes of HEK 293T cells were used
for transfection. 3 ml of the DNA-PEI mixture was added to each plate, following which the
plates were returned to 37°C and 5% CO, for up 4-5 hours. The medium was then carefully
changed completely to 20 ml OptiPro SFM-Medium containing 2mM Glutamine, and the
plates were returned to 37°C and 5% CO, and harvested after 48 hours.

2.4.4.2 Harvesting and purification of lentiviral particles
The supernatant from all the transfected plates was pooled and centrifuged at 2000 rpm

for 10 min. The supernatant was then filtered through the membrane of a 0.45 um Stericup
filter (HV Durapore Membran, Millipore). The collected flow-through was distributed into
ultracentrifuge tubes (25 x 89mm, Beckmann) and a cushion of 3 ml 20% sucrose was added
below the supernatant. The weight of all the ultracentrifuge tubes was balanced on an
analytical scale, before ultracentrifugation at 25000 rpm (Bekmann L8-60M with rotor 70Ti) at
4°C for 2 hours. The supernatant and sucrose was then carefully poured off and the walls of
the tubes dried with tissue paper in order to avoid dilution of the sample. The pellet of
lentiviral particles was resuspended in 75 ul PBS by gentle swirling and trituration and then
left overnight at 4°C for further dissolution. The residual debris was removed by centrifugation
at 3000 rpm at RT for 2 min (Eppendorf 5424 table top centrifuge) and the supernantant

containing concentrated lentivirus was aliquoted and kept for long-term storage at -80°C.

2.5 Stereotaxic viral injections in rodents

2.5.1 Stereotaxic viral injections in mice

2-3 days prior to the stereotactic surgery, 4-week old mice were given the painkiller
Metamizol (Tropfen 1.5 mg/ml, Ratiopharm) in drinking water, which was changed to normal
drinking water 1 week post the surgery. On the day of the surgery, the mice were
anesthetized using a mixture of Fentanyl (0.07 mg7kg; Rotexmedica), Medetomedine (7.0
mg/kg; CP Pharma) and Midazolam (0.7 mg/kg; Ratiopharm) via i.p injection, and fixed on a
stereotactic frame (Stoelting). An incision was made on the head of animal in order to access
the skull. The head was then aligned using the bregma and lambda (the intersection point of

cranial sutures used routinely for stereotactic surgery). If needed, small doses of anesthesia
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were injected as boosters via the subcutaneous (s.c) route. Small holes were drilled through
the skull at the desired coordinates, using a drill mounted on the stereotactic frame
(OmniDrill35, World Precision Instruments). Approximately 0.7-1 ul (depending on the virus
titer) of the AAVS8 virus was then injected bilaterally through the drilled holes, into the nucleus
accumbens (NAc) using a glass micropipette attached to a Drummond Nanoject Il injector
and a Micro4 microsyringe pump controller (World Precision Instruments) at the rate of 0.14
pl/min. During the surgery, a bolus of warm saline was given via an s.c injection to avoid
hypothermia and dehydration. The needle was left in place for 5 min following the viral
infusion and then slowly retracted. The head incision was then sutured and the anesthesia
was antagonized by s.c injections of 1 mg/kg Atipamazole (Antisedan, Orion pharma) and 0.1
mg/kg Buprenorphine (Temgesic, Reckitt Benckiser). Additionally, an s.c injection of 5 mg/kg
Carprofen (Rimadyl, Pfizer GmbH) was given as an analgesic. The mice were allowed to
recover for at least 2 weeks prior to commencing any procedure as this also provides
sufficient time for AAV8 transduction and expression in the NAc neurons.

The stereotaxic coordinates used for mouse NAc: anterior-posterior (AP), + 1.55; medial-
lateral (ML), = 0.55; dorsal-ventral (DV), - 4.70.

2.5.2 Stereotaxic viral injections in rats

Stereotaxic injections in rats to be used for cocaine i.v self-admininstration were performed at
Department of Neuroscience, University of Pittsburgh, PA, USA. The stereotaxic surgery was
performed 1 week prior to the catheter implantation surgery or immediately after the catheter
implantation with only one dose of anesthesia. In both cases, rats (4-7 weeks old) were
anesthetized with a mixture of Ketamine (87 mg/kg) and Xylazine (13 mg/kg) administered via
i.p injection and then placed on a heating pad to avoid hypothermia. The rats were
administered the painkiller ketoprofen intramuscularly (i.m) in the thigh muscle, before
starting the surgery. Similar to the stereotaxic injection in mice, the rats were then fixed in a
stereotactic frame (Stoelting) and after making an incision on the head of the animal, the
head was aligned using the bregma and lambda. If needed, small doses of anesthesia were
injected as boosters via the i.m route. Small holes were drilled through the skull at the desired
coordinates, using a hand held drill. Approximately 1.1-1.4 pl of the AAV8 solution was then
injected bilaterally through the drilled holes into the NAc using a 23 gauge injection needle
attached to a Hamilton syringe and a Thermo Orion M365 pump at a rate of 0.22 pl/min. A

bolus of 1 ml saline was given to the anesthetized rats via s.c injection to avoid dehydration.
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Similar to the procedure described for mice, the needle was left in place for 5 min following
the viral infusion after which it was slowly retracted, the head incision was sutured and the
animals were allowed to recover from the anesthesia. After waking up from the anesthesia,
the rats were returned to their individual home cages for 2 weeks.

The stereotaxic coordinates used for rat NAc: anterior-posterior (AP), + 1.50; medial-lateral
(ML), + 0.85; dorsal-ventral (DV), - 7.25.

2.5.3 Imaging of virus injection site

The site of viral infusion was checked for several injected mice at the electrophysiology
microscope by observing the expression of the marker GFP. Images were taken using IC
Capture software, to document the exact injection site and spread of the virus expression. For
the sole purpose of imaging, some injected mice which were used for the CPP behavior
assay, were not used for electrophysiology but were instead perfused transcardially with cold
50ml 0.01M PBS followed by cold 75ml 4% paraformaldehyde - 4% sucrose under gravity
flow. All injected rats which were used for cocaine-SA, were perfused transcardially, while
blocking the descending aorta, with cold 50ml 0.01M PBS followed by cold 200 ml 4%
paraformaldehyde - 4% sucrose using a pump (performed at Department of Neuroscience,
University of Pittsburgh, PA USA). Following perfusion the mice/rat brain was dissected out
and kept in cold 4% paraformaldehyde - 4% sucrose overnight for post-perfusion fixation. The
brains were then transferred to 0.1M PBS and 200-300 um thick coronal slices of both brain
hemispheres were cut using a vibratome (Leica Vibratome1200S). The brain slices were then
stained with DAPI (1:200 dilution of a 1 mg/ml stock solution) for at least 15 min and washed
twice with 0.01lM PBS before mounting onto glass slides using Mowiol (Calbiochem)
supplemented with the anti-fading agent DABCO (2.5% wi/v 1,4,-diazobicycli-[2.2.2]octane,
Aldrich). After the mounting solution was allowed to set at -20°C, the slices were imaged
using a stereomicroscope (Nikon) with a 1X SHR Plan Apo objective. Higher magnification

images were obtained using a confocal microscope (Zeiss LSM 710, 40 X objective).
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2.6 Electrophysiology

2.6.1 Preparation of acute brain slices of the NAc

For preparation of acute brain slices, the animals were anesthetized with isoflurane (100%
Forene, Abbvie) and the mice were decapitated directly. Rats were however perfused
transcardially with 50ml ice-cold NMDG cutting buffer (bubbling with 5% CO,; see below)
using a pump, prior to decapitation in order to allow the significantly larger rat brain to cool
down. The rest of the procedure remains the same for both mice and rats although slightly
different tools were used to dissect the harder and tougher skull of the rat brain.

The brain was isolated by dissection of the head and immediately submerged in ice-cold
NMDG cutting buffer for maximum 5 minutes. 300 um thick coronal slices of both brain
hemispheres were cut using a vibratome (Leica Vibratomel200S). The slices containing
nucleus accumbens (NAc) were collected and transferred to ACSF (artificial cerebrospinal
fluid, see below) at 35°C for 10-15 min, for recovery with continuous bubbling with 5% CO,.
The slices, submerged in ACSF were then kept at RT for at least 30 min before starting
electrophysiological recordings.

Solutions used for acute slice preparation -

NMDG cutting buffer — 135 mM NMDG (N-methyl D-glucamine, Sigma), 1 mM KCI

(Sigma), 1.2 mM KH,PO,, 1.5 mM MgCl,.6H,0 (Sigma), 0.5 mM CacCl,.,H20, 10 mM D-

Glucose (Merck), and 20 mM choline bicarbonate (Sigma) .

ACSF recovery buffer — 119 mM NaCl (Roth), 2.5 mM KCI (Sigma), 1 mM NaH,PO,

(Sigma), 26 mM NaHCO; (Sigma), 20 mM D-Glucose (Merck), 1.3 mM MgSO,.7H,0

(Roth) and 2.5 mM CacCl,.2H,0 (Roth).

The above solutions were freshly prepared in the above working concentrations and were

continuously bubbled with carbogen gas (95%0, and 5% CO,).

2.6.2 Electrophysiology setup

All electrophysiology recordings were done using the following setup —
- ZEISS AXIO Examiner D.1 Microscope with 5X A-Plan air objective and 63X W Plan-
APOCHROME water objective
- ELC-03XS amplifier (NPI instruments, Germany)
- ITC-18 data acquisition board (HEKA)
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- Micromanipulator SM-5 (Luigs & Neumann, Germany)

- ISO-FLEX stimulator (A.M.P.1, Jerusalem, Israel)

- Hamamatsu CCD camera

- TC-20 Temperature controller (NPI instruments, Germany)

- Igor Pro 6.2 — custom programmed data acquisition software (Wave Metrics)

The external solution ACSF (see below), was bubbled continuously with 5% CO, in its
reservoir and was made to perfuse through the recording chamber at a constant rate of 2-3
ml/min, using a peristaltic pump. The recording chamber and incoming ACSF was also
heated to maintain a temperature between 27-30°C. The patch pipettes made of
borosilicate glass (KG-33, King Precision Glass Inc, USA) were prepared using a
micropipette puller (P-1000 and Sutter Instruments) in order to have a tip of 1-2 pm
diameter with 3-5 MQ resistance. The patch pipette was filled with internal solution (see
below) and approached to the cells of interest, identified visually on a monitor. Whole-cell
patch clamp recordings were carried out in voltage-clamp configuration, with signals being
filtered at 3 kHz. Series resistance and input resistance were monitored throughout the
experiment. Cells with unstable or high (=~ 40mQ) series resistance were discarded from

the experiment.

Solutions used for acute slice preparation —

External solution (ACSF) — 119 mM NacCl (Roth), 2.5 mM KCI (Sigma), 1 mM NaH,PO,
(Sigma), 26 mM NaHCO; (Sigma), 20 mM D-Glucose (Merck), 1.3 mM MgS0O,.7H,0O
(Roth), 2. 5mM CacCl,.2H,0 (Roth). Freshly prepared and kept bubbling with 5% CO, at
RT.

Internal Solution — 50% w/v CsOH (Sigma), 117.5 mM MeSO;H (Fluka), 10 mM HEPES
(Roth), 17.75 mM CsCI (Roth), 10 mM TEA-CI (Fluka), 0.25 mM EGTA (Roth), 10 mM
Glucose (Merck), 2 mM MgCl,.6H,O (Sigma), 5 mM QX-314 chloride (Sigma), 4 mM
Na,ATP (Sigma) and 0.3 mM NaGTP (Sigma). pH was adjusted to 7.0-7.3 using CsOH
and osmolarity was adjusted to ~290 mOsm. The solution was stored at -80°C and kept

at 4°C while in use.
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2.6.3 Electrophysiological recordings from the NAc shell

All electrophysiological recordings were performed on medium spiny neurons (MSNs) of
the NAc shell which were visually identified and selected at random. Local interneurons
present in the same region were much lesser likely to be chosen since they constitute <5% of
the neuronal population. However, if selected, interneurons were identified by their distinct
properties such as high input resistance, high spontaneous activity and low NMDA responses
and removed from the data set. Excitatory postsynaptic currents (EPSCs) were evoked from
medium spiny neurons (MSNs) of the NAc using electrical stimulation. A borosilicate 2-barrel
glass capillary (World Precision Instruments) filled with external solution which was placed in
the NAc shell tissue, was used as the stimulator. Additionally, the external solution (ACSF)
contained 100 uM Picrotoxin (GABA, receptor blocker; Abcam/Ascent Scientific, Germany) to
block inhibitory currents.

The MSNs were patched in whole-cell configuration at a holding potential of -60 mV.
AMPA EPSCs were recorded at this voltage and upon depolarizing the cell by slowly
changing the holding potential to +40 mV, a composite of AMPA and NMDA EPSCs could be

recorded. Two main electrophysiological assays used in this study are described below.

2.6.3.1 Failure Analysis — Quantification of proportion of silent synapses

Failure analysis following a minimal stimulation protocol was used as a method to count the
percentage of silent synapses among total synapses, in the recorded neuron (Huang et al.,
2009). The intensity of electrical stimulation, which was done at a frequency of 0.2 Hz, was
first adjusted to obtain small AMPA EPSCs (<40 pA) and then further reduced in increments
such that failures (no responses) and successes (small responses) could be distinguished
visually. The stimulation frequency and strength were then kept constant throughout the
experiment, even after depolarization to +40 mV. Thus the stimulation intensity is adjusted to
obtain both failures and small responses at -60 mV and +40 mV. ~ 50 sweeps in total were
recorded at each holding potential while intermittently switching between the two potentials

(at least 2 times). The number of failures and responses were then counted manually and the
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percentage silent synapse composition was calculated according to the following equation

below wherein F_somy and F.4omy refers to the failure rate at -60 mV and +40 mV respectively.

Ln(F _somy)

% Silent synapses=1 - W
+40mY

2.6.3.2 AMPAR Rectification Index — Quantification of proportion of CP-
AMPARs

In order to isolate pure AMPA EPSCs, also at depolarized potentials, 50 uM D-AP5 (or
APV; Ascent, UK/Abcam, Germany), an NMDAR blocker, was added to the external ACSF
solution. Additionally 100 uM of Spermine (polybasic amine for voltage-dependent block of
CP-AMPARSs; Roth, Germany) was added to the internal solution. EPSCs were evoked at a
stimulation frequency of 0.1 Hz and the stimulation intensity was adjusted to obtain EPSC
amplitudes between 50-350 pA. ~30 stable sweeps were recorded at -60 mV, the cell was
then depolarized and ~5 sweeps at 0 mV (equilibrium potential of AMPARS) were recorded,
followed by another ~30 sweeps at +40 mV. The amplitude of AMPAR response at -60 mV
(AMPA EPSCgomy) and +40 mV (AMPA EPSC.4my) Was calculated from the peak of the
response in reference to the baseline. The rectification index is calculated using the following

ratio.

AMPA EPSC ..,
AMPA EPSC.,.y

Rectification Index =

2.7 Data Analysis
All results are represented as mean values + SEM (standard error of mean).

SEM= iﬁ o is the standard deviation and n is the sample size
W

Data from repeated runs of the same experiment was pooled and statistical analysis was
done using Student t-test or and one-way ANOVA followed by post-hoc Bonferroni test.

The significance in the data has been indicated as: * p<0.05; ** p<0.01 and *** p<0.001.
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The sample size (n) for data from animal behavior experiments is indicated by n = no. of
animals tested.

For data from electrophysiological recordings, each condition is indicated by n/m = Number of
animals / number of cells sampled. For all electrophysiological data animal based statistics
was done by averaging the values from all cells recorded in a single animal for a particular

assay.

37



3. Results

38



3. Results

3 Results

3.1 Cocaine-conditioned place preference in wild type mice
and long-term retention of drug-related memory

In wild type mice | performed cocaine-conditioned place preference (CPP), a behavioral
assay used to test a positive association with the drug (for details refer to section 1.4.1). After
being accustomed to the laboratory conditions and handling procedures, the mice were
placed in the CPP apparatus. This consisted of two chambers bearing distinct visual,
olfactory and tactile cues (with dots or stripes for the sake of simplicity) separated by a
neutral zone. In the initial ‘pre-test’ the mice were allowed to explore both chambers for 20
min and a place preference score (PPS) was calculated to determine the baseline preference
of the mice for either chamber (for details refer to section 2.2.2). For each mouse, one of the
two chambers was selected for being paired with the drug-experience. On the first day of the
CPP training, each mouse was administered cocaine via i.p injection and immediately placed
in the selected cocaine-paired chamber only (for example stripes in Figure 3.1A) for the next
20 min. On the next day the mouse was injected with the vehicle control saline and placed
into the opposite chamber (dots in case of Figure 3.1A).This procedure was repeated over 10
days with alternating cocaine and saline injections wherein the mouse associates the
experience of the drug cocaine only in one chamber and not the other. On the 11™ day,
considered as withdrawal day 1 (WD1), the mouse was placed into the neutral zone of the
apparatus without any injection and was allowed to explore both chambers. The time spent in
each chamber was monitored during this test and the PPS for the selected cocaine-paired
chamber was calculated. An increase in the PPS for the cocaine-paired chamber compared
to the baseline PPS, is considered as a development of a ‘preference’ for the cocaine-paired
chamber. It indicates that during the CPP training, the mouse learned the association of the
rewarding experience of cocaine to its specific environment and therefore spent more time in
the selected cocaine-paired chamber, even in the absence of the drug.

As a control, some mice were injected only with saline throughout the CPP training and as
expected they did not develop a preference for any chamber (baseline to WD1: PPS 521.7 +
22.78 t0 491.2 + 24.83; n = 28; paired t-test p = 0.219; Figure 3.1B). With cocaine however
wild type mice developed a high preference for the cocaine-paired chamber as shown by an
increase in the PPS (baseline to WD 1: PPS 529.26 + 21.55 to 716.77 + 16.26; n = 29; paired

t-test p<0.001; Figure 3.1B). For different cohorts of mice, | tested them again after a defined
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period of withdrawal, wherein the mice were left undisturbed in their home cages, to see if
they still remember the preference that was developed by the CPP training. The CPP test
after prolonged withdrawal was performed in a manner identical to that on WD 1(Figure 3.1A)
and a PPS score higher than the baseline score calculated from the pre-test indicated that
the animal remembered the preference, as it still spent more time in the cocaine-paired
chamber. For the cohorts tested for 10-15 days of withdrawal from cocaine, the mice learnt
and remembered the preference for the cocaine paired chamber (baseline to WD 1 to WD 10:
PPS 529.45 + 23.10 to 661.24 + 19.45 to 614.51 + 22.13; n = 21, paired t-test, pre-test PPS
vs. WD1 PPS p<0.001; paired t-test, pre-test PPS vs. WD10 PPS p<0.01). Similarly the
cohorts tested at 20-25 days of withdrawal from cocaine had also learnt and remembered the
preference for the cocaine-paired chamber (baseline to WD1 to WD 20: PPS 538.15 + 23.12
to 710.97 £ 16.06 to 729.97 £ 21.39; n = 25; paired t-test, pre-test PPS vs. WD1 PPS
p<0.001; paired t-test, pre-test PPS vs. WD20 PPS p<0.001). The mice tested at 30-35 days
of withdrawal also remembered the preference they had learnt (baseline to WD 1 to WD 30:
PPS 511.85 + 27.11 t0 690.24 + 15.79 to 628.62 * 25.98; n = 27; paired t-test, pre-test PPS
vs. WD1 PPS p<0.001; paired t-test, pre-test PPS vs. WD30 PPS p<0.01) and so did the
ones tested at 40-45 days of withdrawal (baseline to WD 1 to WD 40: PPS 549.62 * 25.08
to 736.14 + 24.88 to 745.20 * 27.30; n = 20; paired t-test, pre-test PPS vs. WD1 PPS
p<0.001; paired t-test, pre-test PPS vs. WD40 PPS p<0.001). Therefore these results show
that the memory of drug-associated cues developed by the cocaine-CPP training is robust

and lasts till at least 45 days of withdrawal from the drug.
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Figure 3.1 Wild type mice learn and remember the association with the cocaine-paired chamber
in the CPP paradigm, up till 45 days after last cocaine injection.

(A) Timeline of the CPP experiment with training (C-cocaine, S-saline) and withdrawal days indicated
along with a schematic representation of the training and testing days of the assay. (B) The increase in
the place preference score (PPS) is indicated by normalizing to the baseline score before
commencement of the training. When trained with saline, wild type mice do not develop a preference
whereas with cocaine they do. The preference was shown to be present after long term withdrawal
from cocaine. Number of animals used (n) is indicated below each group. Statistical significance was
assessed using paired t-test. Some of the experiments were done in collaboration with A.Suska (see

section 5 appendix, for details).
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3.2 Increase in number of silent synapses in the nucleus
accumbens shell upon cocaine exposure and
accumulation of calcium permeable AMPARs during
withdrawal from cocaine

At the cellular level, | focused on the nucleus accumbens (NAc), a brain region considered
as a critical target of actions of cocaine and other drugs of abuse. It is an essential part of the
reward circuit wherein experience-dependent plasticity has been thought to mediate, at least
in part, the durable memory underlying cocaine addiction (Hyman et al., 2006a). The NAc is
divided into two major sub regions, the NAc shell (NAcSh) and the NAc core, that are part of
distinct neuroanatomical circuits and have been implicated in distinct aspects of drug-seeking
behavior (Ito et al., 2004). Intravenous cocaine has been shown to preferentially increase
extracellular dopamine levels in the nucleus accumbens shell (NAcSh) (Pontieri et al., 1995;
Rodd-Henricks et al., 2002). Moreover, the activity of NAcSh neurons indirectly influences the
NAc core. Therefore, for the sake of consistency, all the electrophysiological experiments
described in this thesis were conducted from neurons of NAcSh. Medium spiny neurons
(MSNSs), which are the principle cell type in this region of the brain, comprise of >95% of the
local neuronal population and constitute the output of NAc, while the rest consists of
interneurons of several types. All electrophysiological recordings analyzed in this study were
performed on MSNs of the NAcSh chosen at random, by visual identifying them and
thereafter confirming their identity by their electrophysiological properties.

After the CPP behavior testing (section 3.1), some of the wild type mice were used for
electrophysiology recordings from the NAcSh MSNs. The mice were sacrificed for preparation
of acute slices either directly after the CPP tests on WD1 or after the last CPP test post
prolonged withdrawal from cocaine (figure 3.2A). For failure analysis, the minimal stimulation
protocol (Huang et al., 2009) was used (figure 3.2C-E) such that either small EPSCs
(responses, shown in black) were evoked or failures (shown in grey) were produced from the
cell being held at a holding potential of -60mV and +40mV, sequentially. The proportion of
silent synapses was then estimated wherein, a higher failure rate at -60mV indicates a higher
proportion of silent synapses in the recorded cell (for details refer to section 2.7.3.1). The
baseline proportion of silent synapses in the NAcSh MSNs was determined in mice that were
treated only with the vehicle control, saline during the CPP training. At withdrawal day 1 (WD
1) these mice had an average of 24.13% * 3.83% silent synapses in the NAc MSNs (white
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circle, figure 3.2F; n/m = 12/46). The mice subjected to cocaine-CPP however had 46.90% +*
3.01% silent synapses at WD 1, indicating almost a two fold increase in number of silent
synapses upon cocaine exposure (grey circle, figure 3.2F; n/m = 14/42; post hoc Bonferroni
test after one-way ANOVA (see below) saline vs. WD 1, p<0.001 ). Using the mice cohorts
which were kept for defined periods of long-term withdrawal after cocaine-CPP, the time
course of these cocaine-induced silent synapses was measured. It was observed that silent
synapse number reduces by WD 10-15 and falls back to baseline level by WD 20-25 (figure
3.2F light to dark green circles: WD 10-15, 35.60% + 4.20%, n/m = 9/29; WD 20-25, 19.61%
+ 4.87%, n/m = 6/22; WD 30-35, 22.73% * 5.01%, n/m = 8/14; WD 40-45, 23.32% +* 4.45%,
n/m = 7/16; one-way ANOVA for all conditions Fs5; = 7.57, p<0.001, post hoc Bonferroni test
saline vs. WD 1, p<0.001). These results show that silent synapses induced due to cocaine
exposure mature to non-silent synapses during withdrawal from cocaine.

Accumulation of CP-AMPARSs into the NAc synapses has been shown to occur during
long-term withdrawal from cocaine self-administration and is thought to be a biomarker for
incubation of craving (Conrad et al., 2008; Grimm et al., 2001; McCutcheon et al., 2011a;
Pickens et al., 2011). | sought to find out whether CP-AMPARs could accumulate in the
NAcSh synapses after cocaine-CPP and if this process is a relatively more general signature
of drug-related behaviors. To estimate the proportion of GIuA2 lacking, calcium permeable
AMPA receptors (CP-AMPARS) in the NAcSh following cocaine-CPP, the rectification index
was recorded from MSNs (for details refer to section 2.7.3.2) wherein AMPA EPSCs were
evoked at holding potentials of -60mV, OmV and +40mV sequentially (figure 3.2B). A higher
rectification index (AMPA EPSC ¢omv / AMPA EPSC.40mv) implies a higher proportion of CP-
AMPARSs in the recorded neuron. The baseline rectification index was calculated after saline-
CPP at WD 1 and was observed to be 1.99 + 0.11 (figure 3.2F white square; n/m = 9/34). At
WD1 following cocaine CPP, the rectification index was not different from baseline (1.96 +
0.08, grey square Figure 3.2F; n/m = 13/39). However the rectification index increases when
measured after long-term withdrawal from cocaine-CPP. By WD 20-25 the rectification index
was higher than baseline and it peaked during WD 30-35 after which it again decreased
(figure 3.2F light to dark green squares: WD 10-15, 2.14 £ 0.17, n/m = 7/23; cocaine WD 20-
25 2.45 + 0.12, n/m = 6/23; cocaine WD 30-35, 2.74 + 0.16; n/m = 7/21; cocaine WD 40-45
2.29 = 0.11, n/m = 10/40; one-way ANOVA for all conditions Fs4s = 5.34, p<0.001, post hoc
Bonferroni test saline vs. WD 30 p<0.001; t-test saline vs. WD 20 p<0.05; t-test WD 30 vs.
WD 40 p<0.05). These results show that CP-AMPARSs accumulate slowly in NAcSh synapses

during prolonged withdrawal from cocaine-CPP. Previously it has been reported that only
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contingent drug-delivery procedures such as cocaine self-administration can induce
accumulation of CP-AMPARs in the NAc and not experimenter-administered procedures
(McCutcheon et al., 2011a). Therefore these results prove that experimenter-administered
procedures such as passive i.p injection of cocaine during a CPP paradigm can also lead to
accumulation of CP-AMPARSs in the NAcSh.

Furthermore, the complementary kinetics of silent synapse maturation and CP-AMPAR
accumulation during withdrawal from cocaine-CPP suggests that the silent synapses induced
by cocaine-CPP might be unsilenced or matured by incorporation of CP-AMPARs to form
specialized synaptic connections in the context of drug-associated behavior (Lee et al.,

2013).
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Figure 3.2 Electrophysiological assays performed in the cells of the nucleus accumbens shell
(NAcSh) show that withdrawal from cocaine-CPP is accompanied by a decrease in number of
silent synapses and accumulation of calcium-permeable rectifying AMPARS.

Scheme followed for electrophysiology on the animals used for CPP in Figure 3.1. (B) Example AMPA
EPSCs evoked at -60mV, OmV and +40mV during rectification index assay. (C), (D), (E) - Example
recordings of EPSCs evoked by minimum stimulation 1 day after saline-CPP (C), cocaine-CPP (D) or
20-25 days post cocaine-CPP (E). (F) Proportion of silent synapses in the NAcSh, increases
dramatically 1 day following cocaine—CPP compared to the baseline observed by saline-CPP and then
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decreases back to baseline during withdrawal. Rectification index, a measure of number of calcium
permeable AMPARs (CP-AMPARS) in NAcSh synapses increases slowly during withdrawal, reaching a
peak at WD 30-35 before returning to baseline. Number of animals/number of cells sampled (n/m) is
indicated in the figure below the respective data points. Some of the experiments were done in
collaboration with A.Suska (see section 5 appendix, for details).

3.2.1 The positive association learnt during cocaine-CPP and
withdrawal from cocaine is necessary for accumulation of CP-
AMPARSs into the NAcSh synapses

The results mentioned above, show that CP-AMPARs can accumulate in NAcSh synapses
during withdrawal from cocaine-CPP (see above), in spite of it being a non-contingent
behavioral paradigm. In previous studies, CP-AMPARs were shown to accumulate in the NAc
only during withdrawal from contingent behavioral paradigms such as cocaine-self-
administration. They have been long considered as a hallmark for increase in cue-dependent
drug seeking, in such operant conditioning protocols, known as incubation of craving (Conrad
et al., 2008; McCutcheon et al., 2011a). However, it has also been shown in that 10 daily
passive injections of cocaine in 4-6 week old mice ,can increase the rectifying index in the
NAc neurons after 35 days of withdrawal from cocaine, thereby indicating incorporation of
CP-AMPARs (Mameli et al., 2009). This is in contrast to the finding by McCutcheon et al.,
2011 that in adult rats, CP-AMPARs only accumulate in the NAc upon withdrawal from self-
administration of cocaine and NOT experimenter-administration of cocaine. Therefore it was
interesting to decipher what can induce accumulation of CP-AMPARSs in the NAcSh by a
behavioral paradigm involving experimenter-administered cocaine. Hence some control
experiments were performed, which are elucidated below.

Since passive injections of cocaine have been shown to NOT induce CP-AMPAR
accumulation (McCutcheon et al., 2011a) it would suggest that the association learnt during
the CPP assay was critically needed for this plasticity. To test this, wild type mice were given
alternating cocaine or saline injections for 10 days (like in the case of cocaine-CPP) only in
their home cage and were never exposed to the CPP apparatus (Figure 3.3A orange). When
subjected to 20 days of withdrawal from cocaine, the rectification index in NAcSh was found
to be same as baseline (figure 3.3B,C orange; home cage cocaine WD 20, 1.95 £+ 0.04, n/m =
5/20; post hoc Bonferroni test saline-CPP WD 1 vs. home cage cocaine WD 20, p>0.05). This
result indicates that CP-AMPARs accumulate in the NAcSh synapses after passive cocaine
injections only if the animal learns to associate the cocaine experience with particular stimuli
such as the cocaine-paired chamber of the CPP assay. Cocaine injections given in the home

cage, in the absence of any other learnt association, is not enough to induce accumulation of
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CP-AMPAR in NAcSh synapses. Therefore these results demonstrate that this plasticity is
specific to association learnt during the cocaine-CPP training.

It was also essential to test whether CP-AMPARSs accumulate slowly during withdrawal, or
are induced by exposure to drug-related cues while conducting the final CPP-test before the
electrophysiology recordings. To test this, we decided to exclude the step of CPP test which
exposes the animal to cocaine-associated cues after 20 days of withdrawal from cocaine-
CPP. Thus the usual CPP protocol was followed, except that after 20 days of withdrawal the
animals were used directly for electrophysiological recordings, without conducting any
behavior test with the CPP apparatus prior to that (figure 3.3A, red). This resulted in high
rectification index compared to baseline (figure 3.3B, C red; without cue-exposure WD20 2.41
*+ 0.15; one-way ANOVA for all conditions, Fszi9 = 3.13, p<0.05; post hoc Bonferroni test
saline-CPP WD 1 vs. without cue exposure WD 20, p<0.05). Therefore, this shows that CP-
AMPARs accumulate in NAcSh synapse already after prolonged withdrawal from cocaine-
CPP and are NOT induced on a smaller time scale in response to the cocaine-associated
cues. This result also makes it possible to use the same mice for electrophysiology that were
used in the CPP behavior experiment.

| also asked whether withdrawal from cocaine-CPP is absolutely required or could time
after the first drug exposure be causal for inducing CP-AMPAR accumulation in NAcSh
synapses? Since CP-AMPARs were seen to be highest around 20-35 days of withdrawal
from cocaine-CPP (Figure 3.2F), | extended the CPP-training which usually lasts for 10 days,
till 30 days (Figure 3.3A, yellow). Rectification index measured from NAcSh MSNs at one day
of withdrawal from 30-day long cocaine-CPP, was same as the baseline measured from
animals that underwent saline-CPP for 10 days (Figure 3.3C, yellow; saline-CPP WD 1, 1.99
+ 0.11, n/m = 9/34; 30d cocaine-CPP WD 1, 2.00 + 0.13, n/m = 3/9; saline; post hoc
Bonferroni test saline-CPP WD 1 vs. 30d cocaine-CPP WD 1 p>0.05 ). From this result it can
be concluded that CP-AMPARs do NOT accumulate in NAcSh synapses simply over time
due to exposure from cocaine. Instead, a prolonged period of withdrawal from cocaine is
absolutely required for this. Hence higher rectification index or CP-AMPAR accumulation in
NAcSh MSNs is a signature of changes induced due to withdrawal from the drug cocaine.

For the sake of comparison, the data of wild type mice subjected to saline-CPP and used
for electrophysiology on WD1 (grey and same as figure 3.2C) has been shown again. The
NAcSh MSNs of the saline-CPP condition were recorded as interleaved controls throughout
the course of the experiments. They have been pooled as so significant difference was

observed for cohorts of animals tested at different time points.
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Figure 3.3 Calcium-permeable AMPARs accumulate during withdrawal from cocaine only when
the association is learnt in the cocaine-CPP assay.

(A) Scheme for control experiments performed to check the specificity of CP-AMPARs accumulation in
NAc synapses following cocaine exposure. (B) Example AMPA EPSCs evoked at -60mV, OmV and
+40mV during rectification index assay. (C) Cocaine injections in the home cage only, resulted in
baseline rectification (orange) showing that increase in rectification is dependent on the association
learned during cocaine-CPP. The behavior test performed on the mice just prior to electrophysiology
does not induce accumulation of CP-AMPARs as significantly high rectification could be seen when
this test was omitted (red). The 30-day long CPP protocol resulted in baseline level of rectification
(yellow), showing that withdrawal from cocaine is necessary to observe an increase in rectification
index. The saline control at 1 day of withdrawal from saline-CPP (same as shown in Fig.3.2C) has
been used an interleaved control. n/m is indicated in the figure below the respective data points. These
experiments were done in collaboration with A.Suska (see section 5 appendix, for details).

3.3 mGIuR1 activation re-silences NAcSh synapses by
removal of CP-AMPARSs

The complementary kinetics of silent synapse maturation and CP-AMPAR accumulation in
NAcSh synapses, upon withdrawal from cocaine-CPP, suggests that silent synapses might
be maturing by accumulating CP-AMPARSs. To test this, we used an approach to remove CP-
AMPARs from synapses after withdrawal from cocaine-CPP and see whether the number of
silent synapses increases upon doing so. The latter would suggest that CP-AMPARSs in fact
accumulate into the very same silent synapses that were induced upon cocaine exposure.

A recent study has shown that a systemic i.p injection of a mGIuR1 positive allosteric
modulator (PAM) called SYN119 can transiently attenuate the high rectification which is
usually observed in the NAc of rats after prolonged withdrawal from cocaine self-
administration (Loweth et al., 2014a). Although the exact mechanism has not been studied in

detail, SYN119 was shown to block CP-AMPAR transmission in rats by allosterically
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enhancing mGIuR1 receptor function and causing the selective removal of CP-AMPARSs from
synapses through a mGIuR-LTD like mechanism (Loweth et al., 2013b). | therefore decided
to use SYN119 systemic injection on wild type mice which were in withdrawal from cocaine-
CPP for 20-30 days, a time point when rectification index was seen to be higher than baseline
(figure 3.2F). The mice were trained for the cocaine-CPP behavioral assay as usual and left
undisturbed in their home cage after testing them on WD 1, to ensure that they had learnt the
association of the cocaine-paired chamber. After 20-30 days, the mice were given an i.p
injection of 20mg/kg SYN119 and after 1 hr they were used for the CPP behavior test to
check their long-term retention of the cocaine-CPP associated memory (Figure 3.4A).
Thereafter they were directly processed for electrophysiology. As a control, mice trained for
cocaine-CPP were injected with same volume of vehicle solution (10% Tween 80 was used
as the vehicle for SYN119) and then processed in the identical manner.

In the NAcSh slices of SYN119-treated animals, the rectification index (Figure 3.4C) was
significantly lower as compared to the vehicle controls (figure 3.4F squares; saline WD1 grey,
1.99 £ 0.11, n/m = 9/34; cocaine + vehicle injection black WD 20-30, 2.69 + 0.12, n/m = 5/14;
cocaine + SYN119 injection WD 20-30, 2.10 + 0.13, n/m = 9/23; one-way ANOVA F,» =
7.121, p<0.01). Since the vehicle-injected controls had a high rectification compared to the
saline WD1 baseline (Figure 3.4F squares, saline WD 1 grey vs. cocaine + vehicle injection
black WD 20-30, post hoc Bonferroni test p<0.01) the administration of an i.p injection 20-30
days after withdrawal from cocaine-CPP, does not impair the accumulation of CP-AMPARS in
the NAcSh synapses. The rectification index was significantly lower for SYN119-treated
animals compared to vehicle controls, at the same time point of withdrawal from cocaine-CPP
(vehicle injection black WD 20-30 vs. cocaine + SYN119 injection WD 20-30, post hoc
Bonferroni test p<0.05). This implies that one systemic injection of SYN119 was sufficient to
remove CP-AMPARSs that would have accumulated in the NAcSh synapses due to prolonged
withdrawal from cocaine-CPP. Since SYN119 worked effectively with this protocol, | also
performed the minimum stimulation protocol on NAcSh MSNs to estimate the proportion of
silent synapses (figure 3.4D,E). SYN-119 treated animals in fact, had higher proportion of
silent synapses compared to the vehicle-treated controls which in turn had baseline number
of silent synapses (Figure 3.4F circles; saline WD1 grey, 24.13% * 3.83%, n/m = 12/46;
cocaine + vehicle WD 20-30, 25.02 + 14.62, n/m = 5/10; cocaine + SYN119 WD 20-30, 50.10
* 2.75, n/m = 11/26; one-way ANOVA F, s = 7.835, p<0.01). Since removal of CP-AMPARSs
by SYN119 led to an increase in the number of NAcSh silent synapses (saline WD1 vs.
cocaine + SYN119 WD 20-30, post hoc Bonferroni test p<0.01; cocaine + vehicle WD 20-30
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vs. cocaine + SYN119 WD 20-30, post hoc Bonferroni test p<0.05), it can be inferred that CP-
AMPARs that accumulate during prolonged withdrawal from cocaine-CPP do so, at least in
part, in the cocaine-induced silent synapses. Therefore all the aforementioned results indicate
that silent synapses which are induced in the NAcSh by cocaine exposure, mature by
insertion of CP-AMPARSs if a drug-related association (such as that in CPP) is learnt. It was
yet to be tested whether such CP-AMPAR bearing synapses would be involved in long-term
retention of drug-related memory (such as that measured by a CPP test post long-term
withdrawal from the drug).

The CPP behavior results for the mice treated with SYN119 were no different from that of
the vehicle-treated controls as all the mice remembered the association of the cocaine-paired
chamber (Vehicle injection - PPS baseline to WD 1 to WD 20-30, 500.59 + 38.19 to 751.52 +
17.81 £ 678.06 + 43.86, n = 8, paired t-test baseline vs. WD 1 p<0.001, paired t-test baseline
vs. WD 20-30 p<0.01 ; SYN119 injection - PPS baseline to WD 1 to WD 20-30 from 517.58 *
40.64 to 764.40 £ 26.86 to 693.75 + 46.75, n = 12, paired t-test baseline vs. WD1 p<0.001,
paired t-test baseline vs. WD 20-30 p<0.01 ). Thus in spite of having a high number of
immature silent synapses in the NAcSh, the SYN119 treated animals could still retain
memory of the cocaine-associated chamber. Therefore this data suggests that though silent
synapses that are induced in adult animals upon cocaine exposure, mature by insertion of
CP-AMPARSs, this maturation may NOT be required to retain the long-term memory of drug-

associated cues.
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Figure 3.4 Positive allosteric modulation of mGIuR1 through systemic SYN119 injection re-
silences the NAc synapses after long-term withdrawal from cocaine by removal of CP-AMPARS.
Timeline and schematic diagram of the cocaine-CPP protocol followed by SYN119 injection 1 hr prior
to the behavior test and electrophysiology recordings immediately thereafter. (B) Wild type mice learn
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and remember the preference of cocaine-paired chamber upon SYN119 (or vehicle) treatment. The
increase in the place preference score (PPS) is indicated by normalizing to the baseline score before
commencement of the training. Number of animals used (n) is indicated below each group. Statistical
significance was assessed using paired t-test. (C) Example AMPA EPSCs evoked at -60mV, OmV and
+40mV during rectification index assay. (D) and (E) - Examples recordings of EPSCs evoked during
minimum stimulation at 20-30 days of withdrawal from cocaine-CPP1, following vehicle injection (D)
and SYN119 injection (E). (F) SYN119 treatment significantly reduces the rectification index at WD 20-
30 to baseline levels. Proportion of silent synapses increased significantly upon SYN119 treatment.
n/m is indicated in the figure below the respective data points. The saline control at 1 day of withdrawal
from saline-CPP (same as shown in Figure3.1C) has been used an interleaved control.

3.4 PSD-95 KO mice learn the cocaine-CPP association but
do NOT retain it after prolonged withdrawal. The NAcSh
has a high proportion of silent synapses that do NOT
mature to CP-AMPAR containing synapses

The signaling scaffold protein PSD-95, has been implicated to play a role in the maturation
of silent synapses during brain development (Béique et al., 2006; Huang et al., 2015a).
Therefore to test whether it is also involved in the maturation of silent synapses that are
induced in adulthood upon cocaine exposure, we used PSD-95 KO animals for the CPP
behavior and electrophysiology from NAcSh MSNs as described above. The data from PSD-
95 KO animals was largely produced by a former post doc in my laboratory, Dr. Anna Suska.
It is necessary to recapitulate these results in this thesis in order to understand the rationale
behind the experiments that are yet to be described.

PSD-95 KO mice were used for the CPP behavior assay, wherein, they were treated with
saline-only to check their baseline preference. With saline-CPP, PSD-95 KO mice do not
develop a significant preference for any chamber (figure 3.5A, PPS baseline to WD 1: 507.63
+ 32.92 to 546.38 + 80.13; n = 8, paired t-test p = 0.633). However with cocaine-CPP the
mice learn the association of the cocaine-paired chamber very well, as seen on WD1 but after
20 days of withdrawal from cocaine-CPP, the mice no longer remember this association
(figure 3.5A, PPS baseline to WD 1 to WD 20: 518.91 + 45.30, n= 11, to 809.94 + 44.76, n =
11, to 530.72 £ 51.22, n = 10; baseline vs. WD1, paired t-test p<0.01; baseline vs. WD 20,
paired t-test, p = 0.855). Thus the association learnt during the cocaine-CPP training is only
transient in PSD-95 KO mice unlike the WT mice where this memory is retained for much
longer. To check for cellular effects of loss of PSD-95, electrophysiology was performed on
the NAcSh MSNs (Figure 3.5 B, C and D). It was observed that PSD-95 KO animals have a
high number of baseline silent synapses in the NAcSh as observed on 1 day of withdrawal

from saline-CPP. Due to cocaine exposure, the number of silent synapses becomes even
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higher as measured on WD 1 from cocaine-CPP. However, quite unlike the WT animals,
silent synapses remain very high in PSD-95 KO mice even upon 20-25 days of withdrawal
(figure 3.5E circles, saline WD1, 55.58% + 4.56%, n/m = 6/21; cocaine WD1, 74.23% =+
1.91%, n/m = 4/14; cocaine WD20, 71.55% = 4.11%, n/m = 5/20; one way ANOVA F,;, =
6.414, p<0.05; saline vs. cocaine WD 1 post hoc Bonferroni test p<0.05; saline vs. cocaine
WD 20 post hoc Bonferroni test p<0.05). Also, after prolonged withdrawal from cocaine-CPP,
PSD-95 KO mice did NOT have a higher rectification index compared to baseline (figure 3.5E
squares, saline WD 1, 1.75 = 0.09, n/m = 4/24; cocaine WD 1, 1.98 + 0.36, n/m = 4/15;
cocaine WD 20 1.93 £ 0.20, n/m = 4/14; one-way ANOVA F, ¢ = 0.2445, p=0.7881). Therefore
in the PSD-95 KO mice, the NAcSh silent synapses do NOT mature to CP-AMPAR
containing synapses. This result suggested that CP-AMPARSs that accumulate in the NAcSh
silent synapses, might be important for the long-term retention of drug-associated memory

because in their absence, PSD-95 KO mice do not retain the memory of the association they
had learnt.
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Figure 3.5 PSD-95 KO mice learn well the association of the cocaine-paired chamber in the CPP
paradigm but not retain this memory after 20 days. They have a high baseline number of silent
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synapses in the NAcSh which increases upon cocaine-CPP but is NOT converted to rectifying
CP-AMPAR-containing synapses upon long-term withdrawal from cocaine.

(A) The increase in the place preference score (PPS) is indicated by normalizing to the baseline score
before commencement of the training. PSD-95 KO mice also do not develop a significant preference
after saline-CPP, however following cocaine-CPP they develop a very high preference which falls back
to baseline after 20-25 days of withdrawal. Number of animals used (n) is indicated below each group.
Statistical significance was assessed using paired t-test. (B) and (C) EPSCs evoked at -60mV and
+40mV by minimum stimulation (left side) over 100 trails from an example recording from PSD-95 KO
mice at withdrawal day 1 (B) and withdrawal day 20-25 (C). (D) Example AMPA EPSCs evoked at -
60mV, OmV and +40mV during rectification index assay in cells of the NAc of PSD-95 KO mice. (E)
PSD-95 KO mice have a high baseline number of silent synapses (blue circles) which gets higher still
upon cocaine-CPP and does not decrease during 20-25 days withdrawal from cocaine. Rectification
index (blue squares) does not increase in PSD-95 KO mice after 20-25 days of withdrawal from
cocaine-CPP. n/m is indicated in the figure below the respective data points. These experiments were
done in collaboration with A.Suska (see section 5 appendix, for details).

3.5 SAP102 KO mice learn and remember the cocaine-CPP
association even though the NAcSh has a high number
of silent synapses lacking CP-AMPARSs

The SAP102 and PSD-95 are both proteins that belong to the DLG-MAGUK family and
share similar domain structure. SAP 102 protein levels are known to be upregulated in the
PSD-95 KO condition, which is indicative of a compensatory functional role (Bonnet et al.,
2013; Cuthbert et al., 2007; Elias et al., 2006). Therefore | tested if SAP102 KO mice show
the same phenotype as the PSD-95 KO mice with the same behavioral and
electrophysiological assays.

SAP 102 KO mice did not develop any preference when saline-CPP was performed with
them (figure 3.6A, PPS baseline to WD 1: 523.34 + 84.55 to 487.58 + 58.69, n = 6, paired test
p = 0.760). However unlike PSD-95 KO, SAP102 KO mice learnt and also remembered the
association of the cocaine-paired chamber in the CPP assay at least up till 20-days of
withdrawal from cocaine (figure 3.6A, PPS baseline to WD 1 to WD 20: 494.60 + 25.48 to
733.61 + 28.52 to 662.35 £ 38.02; n = 19; baseline vs. WD 1 paired t-test p<0.001; baseline
vs. WD 20 paired t-test p<0.01). To see if the difference in behavior of PSD-95 KO and
SAP102 KO lies at the NAcSh cellular level, minimum stimulation protocol was done on
NAcSh MSNs of SAP102 KO mice (figure 3.6B, C). The NAcSh silent synapse number also
increases in SAP102 KO mice upon cocaine-CPP and it does not decrease during withdrawal
from cocaine (Figure 3.6E circles, saline WD 1, 32.71% + 4.84, n/m = 6/14; cocaine WD 1
56.30% + 6.53, n/m = 4/13; cocaine WD 20 56.55% * 5.01, n/m = 8/16; one way ANOVA F; ;5
= 6.469, p<0.01; saline vs. cocaine WD 1 post hoc Bonferroni test p<0.05, saline vs. cocaine
WD 20 post hoc Bonferroni test p<0.01). Furthermore, NAcSh synapses of SAP102 KO mice
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also do not accumulate CP-AMPARSs during withdrawal from cocaine-CPP as the rectification
index (figure 3.6D) remains low at baseline levels at WD 20 (figure 3.6E, squares, saline WD
1, 2.09 + 0.23, n/m = 7/20; cocaine WD 1, 2.08 + 0.10, n/m = 4/14; cocaine WD 20 1.87 +
0.10, n/m = 8/31; one-way ANOVA F, ;s =0.6009, p=0.5602). Therefore even though the
cellular phenotype of PSD-95 KO and SAP102 KO mice is similar, their behavioral phenotype

in the CPP assay was found to be the different.
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Figure 3.6 SAP102 KO mice learn and remember the association of the cocaine-paired chamber
in the CPP paradigm. Silent synapses in these mice increase in number after cocaine-CPP but
are NOT converted to rectifying CP-AMPAR-containing synapses upon long-term withdrawal
from cocaine.

(A) The increase in the place preference score (PPS) is indicated by normalizing to the baseline score
before commencement of the training. SAP102 KO mice do not develop a preference post saline-CPP
but learn and remember the association after cocaine-CPP. Number of animals used (n) is indicated
below each group. Statistical significance was assessed using paired t-test. (B) and (C) EPSCs evoked
at -60mV and +40mV by minimum stimulation (left side) over 100 trails from an example recording from
SAP102 KO mice at withdrawal day 1 (B) and withdrawal day 20-25 (C). (D) Example AMPA EPSCs
evoked at -60mV, OmV and +40mV during rectification index assay in cells of the NAc of SAP102 KO
mice. (E) SAP102 KO mice have slightly higher number of baseline silent synapses which become
higher upon cocaine exposure and do not decrease upon long-term withdrawal from cocaine.
Rectification index does not increase in SAP102 KO mice after 20-25 days of withdrawal from cocaine-
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CPP. n/m is indicated in the figure below the respective data points. These experiments were done in
collaboration with A.Suska (see section 5 appendix, for details).

In figure 3.7 the CPP-behavior (A) and electrophysiology (B) results of PSD-95 KO
animals (in blue) and SAP102 KO animals (in red), described in section 3.4 and 3.5
respectively have been shown together with the corresponding results from WT animals (in
grey, shown before in figure 3.1 and figure 3.2) for the sake of comparison. In context of
behavior, WT animals and SAP102 KO animals exhibit the same pattern of learning the
association of the cocaine-paired chamber during CPP and remembering it up to 20-25 days
of withdrawal. PSD-95 KO mice on the other hand have a strikingly different behavioral
phenotype. They seem to learn the CPP-association even better than WT animals as seen by
the increase in PPS on WD 1, however they forget this association completely by WD 20-25.

In WT mice, silent synapses are higher after cocaine-CPP at WD1 but fall back to baseline
by WD 20 (figure 3.7B grey circles, saline WD 1, 24.13% * 3.83%; cocaine WD 1 46.90% +
3.015, cocaine WD 20 19.61% + 4.87%; one-way ANOVA F, . = 15.9, p<0.0001; saline WD
1 vs. cocaine WD 1 post hoc Bonferroni test p<0.001). Rectification index was shown to
increase after cocaine-CPP in WT mice after 20-25 day long withdrawal from cocaine (figure
3.7B grey squares, saline WD 1, 1.99 = 0.11; cocaine WD 1, 1.96 = 0.08; cocaine WD 20,
2.45 + 0.12; one way ANOVA F, s = 5.761, p<0.01; saline WD 1 vs. cocaine WD 20, post hoc
Bonferroni test p<0.05). It is noteworthy that PSD-95 KO mice have the highest number of
baseline silent synapses (figure 3.7B, circles; WT saline WD1 vs. PSD-95 KO saline WD1, t-
test p<0.001; PSD-95 KO saline WD1 vs. SAP102 KO saline WD1, t-test, p<0.01). Also, both
PSD-95 KO and SAP102 KO mice show different phenotype than WT mice on the cellular
level of NAcSh. Cocaine exposure induces more silent synapses in the NAcSh of both PSD-
95 KO and SAP102 KO mice, which do not mature during prolonged withdrawal from
cocaine-CPP. Therefore the lack of either MAGUK protein, PSD-95 or SAP102 prevents the
maturation of silent synapses into CP-AMPAR containing synapses, which happens by
default in WT animals during withdrawal from cocaine-CPP. However this process is not
required for maintaining the long-term memory of drug-associated cues, as shown by the
SAP102 KO. PSD-95 is known to play a crucial role in AMPAR recruitment to synapses via its
interaction with Stargazin (Schnell et al., 2002) while SAP102 is known to compensate for the
loss of PSD-95. Therefore an optimal level of MAGUK proteins might be necessary for proper
stabilization of AMPARSs at the NAcSh synapses. However if the MAGUK proteins are absent

since birth, in the case of the KO animals, alternative or compensatory mechanisms could
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have been put in place during brain development to maintain the retention of long-term

memory.
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Figure 3.7 Summarized results of CPP behavior assay (A) and electrophysiological assays (B)
performed on NAcSh cells of WT, PSD-95K0O and SAP102 KO mice.

Data of the WT mice (grey), was shown before in Figure 3.1 and is represented here again for
comparison. Data from PSD-95 KO animals (blue) and SAP102 KO animals (red) is same as that
shown in Figure3.5 and 3.6 respectively.
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3.6 NAcSh-restricted knock-down of PSD-95 does not
impair retention of drug-associated memory in WT or
SAP102 KO mice

In order to dissect the role of PSD-95 in maturation of cocaine-induced silent synapses
specifically in the NAcSh, | decided to knock-it down locally in the NAcSh. | used a shRNA
against PSD-95 named ‘sh95’ along with a GFP marker and packaged it into AAV8 particles
(for details please refer to materials and methods section 2.5). The AAVS8 viral solution was
used for stereotaxic injections into the NAcSh of mice, in order to have a NAcSh-restricted
RNAi-mediated knockdown of PSD-95. After 2-3 weeks, once the mice totally recovered from
the stereotaxic surgery and enough time had been given for the acute reduction of PSD-95
protein levels, | proceeded to do the CPP behavior assay on these animals as usual (figure
3.8A). The mice were used for electrophysiology either after the first CPP test at WD 1 or
after they underwent 20-25 days of undisturbed withdrawal in their home cages, followed by
the last CPP test. The accurate locations of the stereotaxic viral injection and the associated
spread of the virus infection were estimated by checking the GFP fluorescence in the NAcSh
region (figure 3.8B left). The approximate infection rate was assessed either by confocal
microscopy or during electrophysiology with high magnification objectives of the microscope.
The infection rate was approximately 90-95% in an area well covered under the spread of the
virus injection, as seen by the co-localization of GFP positive NAcSh MSNs and DAPI-stained
nuclei (figure 3.8B right). Therefore these animals could be used for a behavioral assay as
subjects lacking PSD-95 in the NAcSh. As an injection control, | injected a virus carrying the
GFP marker or a luciferase shRNA along with GFP in the same AAVS8 vector. All the control
group animals were treated in a manner identical to that of sh95 injected animals.

The stereotaxic injection procedure or the AAV8 infection into the NAcSh did not cause
any impairment in the CPP behavioral assay. WT animals injected with control virus learnt
and remembered the cocaine-paired association of CPP till 20-25 days of withdrawal from
cocaine-CPP (figure 3.8C grey, PPS baseline to WD 1 to WD 20: 523.05 + 20.79, n = 12, to
687.12 £ 21.04, n = 12, to 616.14 + 30.18, n = 8; baseline vs. WD 1 paired t-test p<0.001;
baseline vs. WD 20 paired t-test p<0.05). The WT animals injected with sh95 also
remembered the association they learnt during the CPP training (figure 3.8C blue, PPS
baseline to WD 1 to WD 20: 529.22 + 17.00, n = 26, to 691.08 + 19.45, n = 26, to 721.24 +
29.24, n = 26; baseline vs. WD 1, paired t-test p<0.001; baseline vs. WD 20, paired t-test
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p<0.01). Therefore the behavioral phenotype of NAc-restricted PSD-95 knock-down was
different than that of the PSD-95 KO.

There may have been a possibility that functional compensation by SAP102 at the cellular
scale of NAcSh MSNs might be responsible for the lack of a behavioral effect of NAc-
restricted PSD-95 knock-down. Therefore | used SAP102 KO mice for the NAc-restricted
PSD-95 knock-down using the same RNAI approach. This was done in order to mimic a PSD-
95/SAP102 double knockout-like condition at the NAcSh. SAP102 KO mice when injected
with the control virus did not show any impairment in learning the CPP association or in its
long-term retention (figure 3.8 red, PPS baseline to WD 1 to WD 20: 538.23 + 43.92 to
795.33 £ 24.28 to 882.41 £ 29.16, n = 8; baseline vs. WD 1, p<0.001; baseline vs. WD 20,
p<0.01). Furthermore, SAP102 KO mice injected with sh95 in the NAc also learnt and
remembered the association of the CPP assay (figure 3.8 green, PPS baseline to WD 1 to
WD 20: 527.85 + 25.12, n = 19, to 706.25 + 21.80, n = 19, to 690.86 + 46.70, n = 10; baseline
vs. WD 1, paired t-test p<0.001; baseline vs. WD 20, paired t-test p<0.01). Therefore the
MAGUKSs, PSD-95 and SAP 102 in the NAcSh, are NOT required for the overall retention of

drug-associated memory in the animal.
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Figure 3.8 NAcSh-restricted PSD-95 knock down does not impair long-term retention of CPP

memory in wild type mice and SAP102KO mice.

(A) Timeline of the stereotaxic injection of AAV8 virus in the NAcSh followed by the CPP protocol and

20-25 days of withdrawal from cocaine-CPP. (B) Light (DIC) and fluorescent (GFP) images showing

the expression site of the AAVS8 virus in the NAcSh followed by confocal images of a selected area of

the NAcSh showing infected cells (GFP) among total number of cells (DAPI stained nuclei).Scale bar,
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50um. (C) The increase in the place preference score (PPS) is indicated by normalizing to the baseline
score before commencement of the training. The stereotaxic injection of AAV8 virus into the NAcSh, in
wild type mice (grey) did not impair the CPP behavioral task or the associated memory retention.
Stereotaxic injection of sh95 containing AAV8 into WT mice (blue) had no effect on the retention of
CPP memory. Stereotaxic injections of AAV8 into the NAcSh of SAP102KO mice (red) did not impair
the CPP behavior task. Creating a NAcSh-restricted double KO of SAP102 and PSD-95 by using
SAP102KO animals for sh95 AAVS injections in the NAc (green) did not impair long-term retention of
CPP memory. Some of the experiments were done in collaboration with A.Suska (see section 5
appendix, for details).

3.7 PSD-95 and/or SAP102 are required in the NAcSh MSNs
for maturation of silent synapses

The mice used for stereotaxic injections in section 3.6 were also used for
electrophysiology from the NAcSh MSNs. This time the cells chosen for recordings were the
ones that were clearly GFP positive, and therefore infected with virus (figure 3.9A).
Rectification index assay was performed on GFP positive cells of sh95 injected mice at WD 1
and WD 20, as well as control virus injected mice at WD 20 (figure 3.9B). The stereotaxic
injection procedure did not impair the accumulation of CP-AMPARSs in the NAcSh during
prolonged withdrawal from cocaine-CPP, as seen by the high rectification index at WD 20 in
GFP positive cells of WT animals injected with control virus (figure 3.9G, grey square, 2.87 +
0.27, n/m = 4/12). The rectification index of WT animals injected with sh95 into the NAcSh,
did not increase upon withdrawal from cocaine-CPP and was lower than that of WT animals
injected with control virus (figure 3.9G blue squares, WT+sh95 cocaine WD 1, 2.44 + 0.22,
n/m = 4/11; WT+sh95 cocaine WD 20, 2.14 + 0.15, n/m = 10/20; t-test p=0.292; WT+sh95
cocaine WD 20 vs. WT+control cocaine WD 20, t-test, p<0.05). Rectification index of SAP102
KO NAcSh cells infected with sh95 after 20 days of withdrawal from cocaine-CPP was not
higher than at WD 1 or than of the control infected cell at WD 20 (figure 3.9G green squares,
SAP102 KO+sh95 cocaine WD 1, 1.90 + 0.16, n/m = 3/11; SAP102 KO+sh95 cocaine WD
20, 2.10 £ 0.06, n/m = 4/14; t-test p=0.244; red square SAP102 KO + control WD 20, 2.09 *
0.17, n/m = 3/9; SAP102 KO+sh95 WD 20 vs. SAP102 KO + control WD 20, t-test p=0.949).
Therefore in cells lacking PSD-95 and/or SAP102, CP-AMPARSs do not accumulate during
withdrawal from cocaine-CPP.

The number of silent synapses in wild type NAcSh cells infected with sh95 was very high
at the baseline as well as at WD 20 compared to cells infected with control virus (figure 3.9G
blue circles, WT+sh95 cocaine WD1, 59.70% + 4.87%, n/m = 5/13; WT+sh95 cocaine WD
20, 48.25% * 6.69%, n/m = 8/20; t-test p=0.247; grey circle, WT+control cocaine WD 20,
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17.67% + 2.77%; WT+sh95 cocaine WD 20 vs. WT+control cocaine WD 20, t-test p<0.05).
Also SAP102 KO cells infected with sh95 have a higher number of silent synapses at WD 1
and WD 20 (figure 3.9G green circles, SAP102 KO + sh95 cocaine WD 1, 71.18% + 3.71%,
n/m = 6/20, SAP102 KO + sh95 cocaine WD 20, 76.46% + 1.77%, n/m = 5/17; t-test p=0.261,
red circle, SAP102 KO + control cocaine WD 20, 59.39% + 5.87%, n/m = 3/8; SAP102 KO +
control cocaine WD 20 vs. SAP102 KO + sh95 cocaine WD 20, t-test p < 0.05). Therefore the
collective loss of SAP102 and PSD-95 results in an even higher number of silent synapses in
the NAcSh, compared to the individual loss of these proteins. These results indicate that
MAGUKs are important for maturation of silent synapses and in their absence, NAcSh
synapses remain largely immature. However these synapses of the NAcSh may not govern
the overall drug-related behavior of the animal. This calls for a thorough examination of other
brain areas to determine where the drug-associated long-term memory is stored.
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Figure 3.9 NAc restricted PSD-95 knock-down has a cellular phenotype in wild type mice and
SAP102KO mice.

(A) Timeline of the stereotaxic injection of AAV8 virus in the NAcSh followed by the CPP protocol and
20-25 days of withdrawal from cocaine, wherein electrophysiology was done on GFP+ve cells. The
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DIC and GFP pictures show infected NAcSh MSNs (B) Example AMPA EPSCs evoked at -60mV, OmV
and +40mV during rectification index assay in GFP positive (AAV8 infected) cells of the NAc of the
mice. (C), (D), (E) and (F) EPSCs evoked at -60mV and +40mV by minimum stimulation (left side) over
100 trails from an example recording from WT or SAP102 KO mice injected with sh95 or control virus
at withdrawal day 20-25. (G) Summarized results of number of silent synapses and rectification index
in GFP positive (AAV8 infected) cells of the NAc of mice. WT cells infected with sh95 virus animals
have a high number of silent synapses post cocaine-CPP which remains high during withdrawal as
compared to the WT cells injected with control virus. Rectification index is not high in WT cells infected
with sh95 after long-term withdrawal from cocaine. In the NAc of SAP102 KO animals, cells infected
with sh95 virus have a high number of silent synapses which remains high upon long-term withdrawal
from cocaine-CPP, compared to the SAP102 KO animals injected with control virus. n/m is indicated in
the figure below the respective data points. Some of the experiments were done in collaboration with
A.Suska (see section 5 appendix, for details).

3.8 NAcSh-restricted knock down of PSD-95 in rats, does
not affect cocaine self-administration

The results described in section 3.6 and 3.7 specify that the maturation of cocaine-induced
silent synapses to CP-AMPAR containing synapses in the NAcSh, during withdrawal from
cocaine-CPP, is dependent on PSD-95 most likely through its role in stabilization of AMPAR
at these synapses. The role of SAP102, being a compensatory MAGUK seems to be
redundant for this process. However, this process was shown to be NOT essential for
retaining the long-term drug-associated memory as tested in the CPP assay. CP-AMPARSs
have been shown to accumulate in NAc synapses during withdrawal from cocaine self-
administration (SA) and are known to mediate the time-dependent increase in cue-induced
cocaine seeking termed as ‘incubation of cocaine craving’ (Conrad et al., 2008; McCutcheon
et al., 2011a; Lee et al., 2013; Loweth et al., 2014a). Therefore it was nevertheless possible
that CP-AMPARs which accumulate in the NAcSh synapses in the context of drug-related
learning do not code for long-term memory but are only responsible for incubation of cocaine
craving and thus the ‘intensity’ of a drug-related behavioral response. Therefore it was yet to
be tested whether PSD-95 in NAcSh synapses, which has been shown to be essential for
maturation of silent synapses to CP-AMPAR containing synapses during prolonged
withdrawal from cocaine, would also be essential for developing incubation of craving. |
therefore decided to test this using the cocaine-SA model, in collaboration with Prof. Yan
Dong’s laboratory at the University of Pittsburgh, PA, USA.

| used wild type rats and performed stereotaxic injections of sh95 AAVS8 bearing a GFP
marker, into the NAcSh in order to induce RNAi-mediated knock-down of PSD-95 (figure
3.10A). As an injection control, the same AAV8 vector was used with shRNA against

luciferase. The locus of the injection and the spread of the virus infection was analyzed at the
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end of the entire experiment, by perfusing the rat brain with a fixative and imaging NAcSh
slices. The spread of the virus as seen from the GFP fluorescence was in the correct region,
but as the NAcSh is larger in the rat brain than in the mouse brain, the virus spread was not
as much as in the mouse brain (figure 3.10B left). The infection rate of the virus was however
similar to that observed in the mouse brain, as seen by the co-localization of GFP positive
NAcSh MSNs and DAPI-stained nuclei (figure 3.10B right). Since not all the sh95 virus
injections had infected the NAcSh tissue in an equally good way, | anticipated that the
variance between individually injected rats might be very high. Therefore after checking the
sh95 virus spread in the NAcSh of all rats post-hoc, | scored them on a scale of O to 5 and
only the animals which scored above 2.5 been included in the data set.

In order to use these rats having NAcSh-restricted knockdown of PSD-95 for intravenous
cocaine-SA, catheters were implanted via a surgery in the jugular vein. This was done either
along with the stereotaxic surgery or 1 week after the rats recovered from it. Overall, the rats
were given at least 1 week to recover from any surgical procedure and at least 2 weeks were
given for sufficient viral infection in the NAcSh before the commencement of the cocaine-SA
procedure (figure 3.10A). The rats were allowed to learn the SA procedure in an initial
overnight training session wherein nose pokes into the active hole resulted in an intravenous
(i.v) infusion of cocaine along with the concomitant cues (for details refer to materials and
methods section 2.2.3). After a rest of one day, the rats were subjected to 2hr training
sessions for 5 consecutive days, wherein number of active nose pokes that resulted in i.v
infusion of cocaine were recorded. As SA control, some of the rats were trained with the
vehicle saline and processed identically. It was seen that rats injected in the NAcSh with the
control virus, got far more cocaine infusions during the 2hr training sessions than the ones
used for saline-SA (figure 3.10C left; no. of cocaine infusions, black circles: Day 1 - 34.4 £ 6.5
,Day 2 -27.67+4.2, Day3-30.9+45 Day4—-34.0+5.7,Day5—-30.6+5.3,n=9; no of
saline infusions, open circles: Day 1-3.2+ 1.1, Day2 -2.7+1.2, Day 3—- 2.7 £ 0.9, Day 4 —
3.5+0.6,Day5-3.7 £ 1.6, n = 4). Therefore the stereotaxic injection did not impair the rats
from learning the self-administration procedure as they learned to get more infusions of
cocaine, since they were more rewarding than saline. The rats injected with sh95 virus also
learnt the SA procedure well as they got more cocaine infusions than the rats which were
trained with saline (figure 3.10C right; no. of cocaine infusions, green circles: Day 1 - 34.4 +
10.2,Day2-20.3+£3.1,Day3-179+3.2,Day4-179+43,Day5-206+44,n=7;
no of saline infusions, open circles: Day 1 - 6.4 + 1.0, Day 2 — 4.0 + 0.6, Day 3 - 3.4 + 1.1,
Day 4 -44+0.6,Day5—-5.4+ 15, n=7). Since all the rats learnt how to self-administer
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the cocaine and also found it rewarding, shown by the increased intake of cocaine over

saline, these rats could be used for evaluating incubation of cocaine craving.
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Figure 3.10 NAcSh-restricted knockdown of PSD-95 does not impair self-administration of
cocaine in rats.

(A) Timeline of the stereotaxic injection of AAV8 virus into the rat NAcSh followed by the catheter
implantation, cocaine self-administration training and withdrawal. (B) Light (DIC) and fluorescent (GFP)
images showing the expression site of the AAV8 virus in the NAcSh followed by confocal images of a
selected area of the NAcSh showing infected cells (GFP) among total number of cells (DAPI stained
nuclei). Scale bar, 50um . (C) Summarized results of saline or cocaine self-administration training of
rats injected with sh95 AAV8 (green) or control AAV8 stereotaxic injection in the NAcSh.
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3.8.1 NAcSh-restricted knock down of PSD-95 in rats, does not
impair incubation of cocaine craving

Incubation of cocaine craving refers to the increase in cue-induced cocaine seeking
behavior that occurs during withdrawal from cocaine-SA. Cue-induced cocaine seeking is
performed by conducting extinction tests in the absence of the drug, wherein an active nose
poke by the animal results in the concomitant cues but no cocaine infusion takes place. A
significant increase in the number of active nose pokes in an extinction test performed after
prolonged withdrawal from cocaine-SA, compared to that performed 1 day after the five
training sessions indicates the presence of incubation of craving. It suggests that animals
‘crave’ more for the drug reward and is considered to be mediated by the CP-AMPARS
accumulated in the NAc over the withdrawal period. Thus the rats used for SA were subjected
to a 1 hr extinction test on withdrawal day 1 wherein the number of active nose pokes was
recorded to indicate the cue-induced cocaine-seeking. The number of inactive nose pokes
was also recorded, to indicate the overall activity level of the rats, as hyperactivity increases
the number of nose pokes. This was also recorded for the saline controls, although they got
much lesser infusions during the training sessions (figure 3.10C). The rats were then left
undisturbed in their home cages during withdrawal and subjected to an identical extinction
test on WD 40. The rats injected with control virus in NAcSh exhibited significant incubation of
craving as seen by the increase in number of active nose pokes from WD 1 to WD 40 (figure
3.11A left, number of active nose pokes, black circles: WD 1, 47.0 £ 7.1 to WD 40, 101.0 +
14.7; n = 9; paired t-test p<0.01). The number of inactive nose pokes was much lower (figure
3.11A left, number of inactive nose pokes, black squares: WD 1, 7.7 £ 0.9 to WD 40, 17.1 £
2.4; n = 9) and so was the number of saline active and inactive nose pokes (figure 3.11A left,
number of saline active nose pokes, open circles: WD 1, 10.2 + 5.4 to WD 40, 34.2 + 8.7, n =
4; number of saline inactive nose pokes, open squares: WD 1, 3.0 + 1.7 to WD 40, 17.0 + 4.3,
n = 4). The rats injected with sh95 in the NAcSh also showed a similar pattern. The number of
active nose pokes were much higher after prolonged withdrawal from cocaine SA (figure
3.11A right, number of active nose pokes, green circles: WD 1, 41.6 £ 9.7 to WD 40, 81.1 +
6.8; n = 7; paired t-test p<0.01). The number of inactive nose pokes after cocaine-SA and
number of active as well as inactive nose pokes after saline-SA were also much lower for
sh95 injected rats (figure 3.11 right, number of cocaine inactive nose pokes, black squares:

WD 1, 54 + 1.2 to WD 40, 13.3 £ 3.7, n = 7; number of saline active nose pokes, open
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circles: WD 1, 7.6 £ 1.5 to WD 40, 19.7 + 2.9, n = 7; number of saline inactive nose pokes,
open squares: WD 1,3.8+2.0toWD 40,79+ 1.7,n=7).

As the animals injected with sh95 AAVS8 in the NAcSh were scored on the basis of the
spread of the virus in the tissue, a correlation curve was plotted to check if a better spread of
sh95 virus in the NAcSh would be negatively correlated with an increase in number of active
nose pokes from WD 1 to WD 40 (figure 3.11B). However the value of the correlation
coefficient is too close to zero to indicate any real correlation (R®> = 0.0087). This indicates
that even the best spread of sh95 in the NAcSh tissue was not enough to impair incubation of
cocaine craving.

Therefore the results mentioned so far indicate that AMPAR stabilization by PSD-95
governs the maturation of cocaine-induced silent synapses into CP-AMPAR containing
synapses, which however, are NOT essential for maintaining drug-associated long-term
memory or increase in the responsiveness of the animal to them. The data points towards the
involvement of other brain regions and/or alternative mechanisms responsible for storage and
maintenance of drug-related memories. It was indeed surprising to see that striking cellular
changes in the NAcSh MSNs do not affect the drug-associated behavior of the animals, since

NAc is known to be critical for mediating drug-related reward.
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Figure 3.11 NAc-restricted knockdown of PSD-95 does not impair incubation of cocaine

craving.

(A) 1 hr extinction tests performed on rats after 40 days of withdrawal from cocaine self-administration
(see Figure 3.9) resulted in significantly higher cue-induced cocaine seeking (as measured by number
of active pokes) than on withdrawal day 1. Both groups of rats, injected with sh95 AAV8 or control virus
have significant incubation of craving as indicated by increase in number of active nose pokes and
difference between active and inactive pokes at withdrawal day 40. (B) Correlation graph between the
quality of stereotaxic injection of sh95 AAV8 into in the rat NAc (as measured subjectively as a score of

Increase in active nose pokes from WD 1 to WD 40

infection spread in the tissue) and increase in active nose pokes. Pearson correlation coefficient R’=
0.0087, indicating there is no correlation.

68



3. Results

3.9 Cocaine induces silent synapses via the
thrombospondin receptor a261

In the previous sections it was described that cocaine-CPP leads to the induction of silent
synapses in the NAcSh. It has been shown previously that simply in vivo exposure to cocaine
by means of 5 daily experimenter-administered cocaine injections is enough to induce silent
synapses in the NAcSh (Huang et al., 2009).The previous sections focused on what could be
the fate of the silent synapses, and how their maturation could influence long-term drug-
associated behavior. However an extremely pertinent question remains unanswered — how
are these silent synapses induced by cocaine? Which mechanisms are responsible for thus
rejuvenating an adult brain region with new born synapses ready for further plasticity?

| addressed this question in collaboration with Prof. Yan Dong at University of Pittsburgh,
USA. Together we aimed to test whether thrombospondins (TSPs) which are astrocyte-
secreted synaptogenic proteins, are involved in the process of inducing new silent synapses
upon cocaine exposure (Risher and Eroglu, 2012). The voltage gated calcium channel
subunit a251 has been identified as the thrombospondin receptor (Eroglu et al., 2009). Since
the analgesic drug gabapentin also has high affinity for a261 (Gee et al., 1996), it can block
the TSP- 0201 association thereby blocking formation of new synapses (Eroglu et al., 2009).
The lab of our collaborator Prof. Yan Dong, at the University of Pittsburgh, PA, USA tested
and confirmed that indeed gabapentin can also block generation of silent synapses in adult
rats after exposure to cocaine (data unpublished). As systemic gabapentin injections could
potentially react with unwanted targets, | tested the involvement of a281 receptor in the
generation of cocaine-induced silent synapses in adult mice, using an RNAi approach,
targeted specifically to a261. The shRNA targeting 0261 was packaged into a lentiviral vector
co-expressing GFP as a marker and stereotaxically injected into the NAcSh of mice (figure
3.12 A). The virus was then allowed to express and mediate the knock-down of a281 in the
NAcSh for 2-3 weeks after which one i.p injection of cocaine was administered to the mice in
its home cage for 5 consecutive days. On the 6™ day, which was at 1 day of withdrawal from
cocaine, acute slices of the NAcSh were prepared and minimum stimulation
electrophysiological assay was performed on GFP positive or infected NAcSh cells (figure
3.12A,C). Vehicle controls were mice injected with the same 0201 shRNA lentivirus but given
5 consecutive saline injections instead of cocaine (figure 3.12B). As an injection control, mice
were injected with lentivirus containing a shRNA for luciferase and 2-3 weeks after,

administered cocaine injections over 5 consecutive days (figure 3.12D). The baseline number
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of silent synapses in the NAcSh upon knock-down of 0281 was found to be 22.97% + 8.68%
(figure 3.12E, grey, n/m = 6/22). Upon cocaine treatment to the mice injected with the control
virus (luciferase NAcSh knockdown), the number of silent synapses were double that of the
baseline (figure 3.12E, black, 51.47% + 5.50%, n/m = 6/19). However cocaine treatment
failed to induce silent synapses upon knockdown (KD) of a281 in the NAcSh (figure 3.12E,
green, 25.71% + 6.69%, n/m = 6/18; one way ANOVA with all conditions, F;15 = 4.935,
p<0.05; a261-KD saline vs. a261-KD cocaine, post hoc Bonferroni test p>0.05; a281-KD
cocaine vs. luciferase-KD cocaine, post hoc Bonferroni test, p<0.05). Therefore the
knockdown of a281 completely blocks the induction of silent synapses upon cocaine
exposure as the number of silent synapses remains close to baseline. This result shows that
a261 is required for the process of generating new silent synapses upon in vivo cocaine
exposure. As a2d1 is the receptor for thrombospondins it is also highly likely that these
astrocyte secreted proteins are involved in the synaptogenic signals that induce new silent
synapses upon in vivo exposure to cocaine. Therefore a potential thrombospondin - a261
pathway has been recognized for generation of cocaine-induced silent synapses in the adult
brain. This can be studied in future experiments after establishing thrombospondin KO mouse

lines.
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Figure 3.12 281 mediates the induction of silent synapses upon in vivo cocaine exposure.

(A) Timeline of the stereotaxic injection of lentivirus into the mouse NAcSh followed by 5 consecutive
injections of cocaine and electrophysiology from infected cells on withdrawal day 1. (B), (C) and (D) -
EPSCs evoked at -60mV and +40mV by minimum stimulation (left side) over 100 trails from an
example recording from saline treated a201-KD (knockdown) mice (B), cocaine treated a261-KD mice
(C) and cocaine treated luciferase-KD mice (D) at withdrawal day 1. (E) Summarized results showing
that cocaine induces a high number of silent synapses in luciferase-KD control mice compared to the
baseline of saline treated a281-KD mice. However a261-KD completely blocks the induction of silent
synapses upon cocaine treatment. n/m is indicated in the figure below the respective data points.
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4 Discussion

It is known from previous studies that the mesolimbic dopamine system that projects from
the VTA to the NAc, is the major substrate of neural adaptations underlying reward and
reinforcement for addictive drugs (Robbins and Everitt, 1996b; Hyman and Malenka, 2001;
Kauer and Malenka, 2007). All drugs of abuse effectively increase dopamine transmission at
the NAc, and the glutamatergic transmission at NAc MSNs is of particular importance in the
reward circuit. It has been widely reported that drugs of abuse such as cocaine, cause
maladaptive plasticity in glutamatergic signaling of the brain’s reward pathway thereby
hijacking the normal synaptic plasticity mechanisms and controlling drug-seeking behavior
(Hyman et al., 2006b; Kalivas, 2004; Kourrich et al., 2007; Lee and Dong, 2011; Lee et al.,
2013; Ma et al., 2014).

In this study, | used retention of the preference learned during the cocaine-CPP assay as a
measure of drug-associated memory. To decipher the cellular basis of this long-term
memory, | studied cocaine-induced synaptic plasticity in the NAcSh MSNs. The results of this
study indicate that silent synapses that are induced in the NAcSh upon cocaine exposure,
mature into CP-AMPAR containing synapses if the animal learns to associate the drug-
experience with the environmental cues provided by the CPP training. However the results
also show that this process of maturation of NAcSh silent synapses to CP-AMPAR-bearing
synapses is NOT an absolute requirement for long-term retention of drug-associated
memory. Additionally, this study shows that the mechanism of generation of silent synapses

in NAcSh upon cocaine exposure, involves the role of the thrombospondin receptor a281.

4.1 The association learnt by the mice in the cocaine-CPP
paradigm becomes arobust long-term memory

The results described in section 3.1 and figure 3.1 clearly show that mice learn to
associate the rewarding experience of cocaine with the particular environment or chamber
where they were conditioned to experience it. This directly translates to longer amount of time
spent in that particular environment and thus increases the place preference score (PPS).
Wild type mice not only learn this association well, as inferred by the increase in the PPS at
withdrawal day 1 (WD 1) but also remember this association even after prolonged withdrawal

from cocaine-CPP (observed till WD 45). This indicates that the memory associated with the
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drug-experience is long-lasting and robust. Therefore, this model successfully represents the
cue-related long-term memory that human drug-subjects bear, which often causes them to
relapse after prolonged abstinence from the drug, upon encountering drug-related cues.

It should be noted that all measures were taken to avoid causing ‘extinction’ of drug-
associated memory in the mice. The loss of performance that occurs when a Pavlovian signal
is no longer paired with a reinforcer is termed as extinction (Bouton, 2002; Self et al., 2004).
Therefore for the CPP assay, all the tests were done under ‘extinction’ conditions as the mice
were allowed to explore the CPP apparatus (the environmental cues or Pavlovian signal)
without being under the effect of cocaine, the reinforcer. Therefore a number of CPP tests
performed repeatedly in close succession would decrease the preference (or PPS score) of
the mice for the cocaine-paired chamber (Mueller and Stewart, 2000). That is why on every
animal a maximum of 3 CPP tests were performed with a substantial time gap — the pre-test
for the initial preference, the test on WD 1 to measure learning of the CPP preference and if
kept for long-term withdrawal a final test to measure retention of the CPP preference. All the
cohorts of wild type mice on an average show a highly positive preference for the cocaine-
paired chamber at every withdrawal time point tested, therefore extinction of the CPP
preference was NOT observed by conducting these 3 CPP tests. This was the reason for
keeping separate cohorts of WD 10-15, WD20-25, WD 30-35 and WD 40-45 instead of using

the same mice for repeated CPP tests at the various withdrawal days.

4.2 Cocaine induces silent synapses in the NAcSh which
mature during withdrawal from cocaine

It is a fairly recent finding that in vivo exposure to cocaine generates AMPA-silent
synapses in the adult NAcSh (Huang et al., 2009). The few studies which have shown this
phenomenon including this one, use a robust assay to estimate the proportion of silent
synapses in a given cell population — minimum stimulation protocol followed by failure
analysis (Brown et al., 2011; Huang et al., 2009; Koya et al., 2012; Lee et al., 2013; Ma et al.,
2014). The results of this study also clearly show that the humber of silent synapses in the
NAcSh approximately doubles following 5 cocaine i.p injections with (figure 3.2F) or without
(figure 3.12E) CPP. It has been shown that these silent synapses are in fact ‘new’ and
generated by insertion of NR2B-containing NMDARs into new synaptic sites (Brown et al.,

2011; Huang et al.,, 2009) instead of being formed by AMPAR internalization at existing
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synapses. In fact, structural plasticity, in terms of increase in number of dendritic spines and
dendritic arborization in the NAc MSNSs, has long been known to be induced by repeated
cocaine experience (Robinson and Kolb, 1999, 2004; Robinson et al., 2001). Therefore it is
possible that newly-formed silent synapses induced by cocaine-exposure, account for the
observed morphological alterations of increase in spine density.

4.3 Silent synapses of the NAcSh mature into CP-AMPAR
containing synapses, when animals learns to associate
environmental cues to the rewarding experience of
cocaine

In this study | wished to address the fate of the silent synapses that are generated upon
cocaine exposure. There is previous evidence that the number of silent synapses decreases
during withdrawal from cocaine (Huang et al., 2009). Synaptic pruning could account for the
‘disappearance’ of these silent synapses, much like the pruning of developing nascent
synapses or refinement of pre-existing circuits (Ann M. Lohof, 1996). However | asked
whether a large number of cocaine-induced silent synapses in the NAc might eventually be
maturing in to non-silent synapses, by incorporation of AMPARS.

To examine the kinetics of the maturation of silent synapses generated in adult animals
upon cocaine exposure, | performed a time course experiment by measuring the proportion of
silent synapses in NAcSh MSNs at varying time points of withdrawal from cocaine-CPP
(figure 3.2F circles). As described in section 3.2, the proportion of these silent synapses was
seen to be lowered at 10-15 days of withdrawal from cocaine and subsequently reached
baseline by WD 20. At the same time, to check if AMPAR incorporate into silent synapses
induced by cocaine | measured the rectification index to calculate the proportion of CP-
AMPARs, which have long been known to be important for various forms of synaptic
plasticity.

The results described in section 3.2 (and figure 3.2F, squares) shows that CP-AMPARSs
slowly accumulate in NAcSh synapses during the course of withdrawal from cocaine-CPP
peaking at WD 30-35. This study shows that CP-AMPARs accumulate in NAcSh synapses
following a protocol involving passive administration of cocaine. Previously, it was shown that
only contingent procedures like self-administration (SA) of cocaine result in CP-AMPAR

accumulation in the NAc and not experimenter-administered cocaine (McCutcheon et al.,
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2011a). Although one study did show that 10 consecutive passive injections of cocaine
increases rectification index in 4-6 week old mice after 35 days of withdrawal from cocaine,
CP-AMPARSs are largely considered as a hallmark of incubation of craving following cocaine
self-administration (Conrad et al., 2008; Grimm et al., 2001; McCutcheon et al., 2011a;
Pickens et al., 2011). It has been proposed that the incorporation of these GluA2-lacking
AMPARs which also have higher conductance (as compared to calcium impermeable
AMPARS) increases the responsiveness of NAc MSNs to glutamatergic inputs from cortical
and limbic regions, thereby mediating incubation of craving (Conrad et al., 2008). However by
increasing the reactivity of NAc MSNs to cocaine-associated cues, the accumulated CP-
AMPARSs may be responsible for other aspects of drug-associated behavior as well.

In this study, when cocaine was passively injected into mice in their home cage, without
being subjected to the CPP assay, CP-AMPAR were NOT found to be elevated in the NAcSh
(figure 3.3, orange). Therefore it is the association learnt during the CPP assay, which makes
a difference relative to passive administration of cocaine and is responsible for inducing CP-
AMPAR accumulation in the NAcSh. This result shows that not just self-administration of the
drug, but even the association of the non-contingent drug experience to salient cues, is
enough for CP-AMPAR accumulation in the NAcSh. It can be inferred from this data that CP-
AMPAR accumulation and transmission in the NAc upon prolonged withdrawal from a drug-
experience is a relatively more general hallmark of drug-associated behaviors.

The kinetics of incorporation of CP-AMPARSs in the NAcSh post cocaine-CPP might differ
from what occurs after cocaine SA. It has been shown that CP-AMPAR-mediated
transmission in the NAc remains elevated till up to 70 days of withdrawal from cocaine SA
(Wolf and Tseng, 2012). However the results of this study show that CP-AMPAR-mediated
transmission peaks around 30 days of withdrawal from cocaine-CPP, after which it was seen
to decrease again (figure 3.2F squares). Thus it is possible that different routes of
administration of the same drug cocaine, have varied effects on the duration of drug-induced
plasticity. The results of this study exemplify that though CP-AMPARS incorporate into NAcSh
synapses upon passive administration of cocaine accompanied by the CPP paradigm, this
plasticity is relatively short-lived compared to that seen after cocaine SA wherein, long-lasting
CP-AMPARSs in the NAc are thought to mediate incubation of craving.

The results described in section 3.2.1 show that the CP-AMPAR incorporation is a gradual
process that takes place due to prolonged withdrawal and it is NOT a plasticity mechanism
that can be induced in a short time period by exposure to drug-associated cues. When the

electrophysiology was done by omitting the step of CPP behavior test, in order to prevent
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exposure to drug-associated cues (the CPP apparatus), CP-AMPARs could still be detected
from the NAcSh MSNs (figure 3.3, red). Moreover, a prolonged period of withdrawal was
shown to be absolutely required in order for this gradual plasticity to take place. Mice that
were subjected to a 30-day long cocaine-CPP protocol did not have accumulated CP-
AMPARs in the NAcSh one day later, although the time passed since the first cocaine
injection was around 30 days. Therefore CP-AMPARs were shown to peak 30 days after
cocaine-CPP (figure 3.2F squares), a process which occurs only upon withdrawal and is NOT
just dependent on time passed since the first drug exposure.

Furthermore, when the kinetics of silent synapse maturation and CP-AMPAR accumulation
during withdrawal from cocaine-CPP was compared, it was found to be strikingly
complementary (figure 3.3). As the silent synapse number decreases, the proportion of CP-
AMPARSs in the NAcSh increases. This suggested that silent synapses may be maturing by
incorporation of CP-AMPARSs. Systemic injections of SYN119, a mGIuR1 positive allosteric
modulator have been shown to lower the rectification index of (hence remove CP-AMPAR
from) NAc MSNs at long-term withdrawal from cocaine-SA (Loweth et al., 2014b). mGIuR1
activation has been shown to remove CP-AMPARs from NAc synapses (Loweth et al., 2014a,
2014b; McCutcheon et al., 2011b) probably via a form of mGIuR-LTD (Bellone and Luscher,
2006). Therefore | administered SYN119 systemically, via i.p. injection to mice after 20-30
days of withdrawal from cocaine-CPP as a high number of CP-AMPAR would be
accumulated in the NAcSh at that time point (figure 3.2F squares). As expected, this resulted
in low rectification index as compared to the vehicle controls, which indicates that SYN119
could mediate CP-AMPAR removal via mGIuR1 (section 3.3 and figure 3.4F, squares). This
indeed resulted in the re-silencing of NAcSh synapses, as the proportion of silent synapses
measured after SYN119 injection was much higher than the vehicle control (figure 3.4F,
circles). In fact SYN119 action created ~ 50% silent synapses in the NAcSh which is very
similar to the number of silent synapses observed at the starting point, directly after 5 i.p
injections of cocaine (figure 3.2F, grey circle and figure 3.12E, black circle). This indicates
that mGIuR1 activation via SYN119, leads to full recovery of cocaine-generated silent
synapses, to the level observed on withdrawal day 1. This experiment demonstrates that
NAcSh synapses can be re-silenced by removal of the CP-AMPARSs that accumulate during
prolonged withdrawal from cocaine-CPP. This serves as correlative evidence that CP-
AMPARs incorporate into the same silent synapses that are induced by cocaine, as their
removal leads to re-silencing of the synapses. A previous study using a pharmacological

block of CP-AMPARs with Naspm, on basolateral amygdala to NAcSh synapses at 45 days
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of withdrawal from cocaine SA, has shown the partial reemergence of silent synapses (Lee et
al., 2013). This highlights the importance of mGIuR1 tone at NAcSh synapses for drug-
induced plasticity.

However, it was noteworthy that, the long-term memory of the association learnt in the
CPP assay remained intact in the animal even when the accumulated CP-AMPARs were
removed and the NAcSh synapses were therefore silent (figure 3.4B). It could however be a
possibility, that only one systemic injection of SYN119 might not be enough to abolish a
robust memory trace which once formed, may be maintained by multiple brain regions.

The results discussed so far indicate that cocaine-induced silent synapses in the NAcSh
mature by incorporation of CP-AMPARs. Since, CP-AMPAR incorporation into NAc has been
shown to be critical for development of incubation of cocaine craving, it was interesting to test
whether the maturation of NAcSh silent synapses to CP-AMPAR containing ones is essential
for other drug-associated behaviors.

4.4 MAGUKSs are essential for maturation of silent synapses
but not for retention of drug-associated memory

Since the DLG-MAGUK protein PSD-95 has been shown to play a crucial role in AMPA
receptor retention at glutamatergic synapses (Ehrlich and Malinow, 2004; Schliter et al.,
2006), a former colleague in the lab (Dr. Anna Suska) tested PSD-95 KO mice as described
in section 3.4. The behavioral and cellular phenotype of PSD-95 KO mice was distinct from
that of WT mice. The results implied that in the absence of PSD-95, AMPAR trafficking and
retention at the glutamatergic synapses of NAcSh is affected because even the baseline
number of silent synapses were found to be higher in PSD-95 KO mice than in WT mice
(figure 3.7). This result is concomitant with earlier findings wherein PSD-95 was implicated to
play an important role in maturation of silent or nascent synapses during development
(Béique et al., 2006; Huang et al., 2015a). In spite of many silent synapses in the NAcSh, the
PSD-95 KO mice were nevertheless capable of learning the association in the cocaine-CPP
paradigm very well, and more NAcSh synapses could be rendered silent by cocaine
exposure. The most striking finding was that after 20-25 days of withdrawal from cocaine-
CPP, the PSD-95 KO mice completely forget the association they had managed to learn well
during the CPP training. This was accompanied by a cellular phenotype in the NAcSh,
wherein unlike WT animals, CP-AMPARs did NOT accumulate in the MSNs after prolonged
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withdrawal from cocaine-CPP. This data showed that PSD-95 is essential for CP-AMPAR
incorporation into silent synapses during withdrawal. It also suggested that in the absence of
stable CP-AMPAR incorporation into NAcSh, owing to the lack of PSD-95, the long-term
memory retention of drug-associated cues could be impaired. It was therefore necessary to
test whether CP-AMPAR incorporation into NAcSh MSNs was essential for long-term
retention of drug-associated memory.

The DLG-MAGUK, SAP102, is predominantly present in the PSD during early
development and has been shown to compensate for the lack of PSD-95 (Bonnet et al., 2013;
Cuthbert et al., 2007; Elias et al., 2006). Similar behavioral and electrophysiological assays
were performed using SAP102 KO mice (section 3.5) to test its potential role in the
maturation of cocaine-induced silent synapses to CP-AMPAR containing synapses. The
cellular phenotype of SAP102 KO and PSD-95 KO was found to be similar. Although SAP102
KO mice did not have a high number of baseline silent synapses(figure 3.7), cocaine-CPP
induced silent synapses, also in SAP102 KO mice as they learnt the association of the CPP
paradigm. After long-term withdrawal too, the NAcSh silent synapses did NOT mature and did
NOT have significant incorporation of CP-AMPARS, but this however was not enough to
impair their long-term drug-associated memory retention (figure 3.6)! Therefore although
cellular phenotype of SAP102 KO and PSD-95 KO was very similar, the long-term behavioral
phenotype was markedly different. Thus both PSD-95 and SAP102 are required for the
conversion of silent synapses to CP-AMPAR containing synapses. This is consistent with
previous results showing the role of PSD-95 in maturation of developing synapses and
preferential incorporation of GluA2-lacking AMPARs (Ehrlich and Malinow, 2004) as well as
functional interplay of SAP102 and PSD-95 (Bonnet et al., 2013). However the key difference
shown by this study is that while PSD-95 is required for the long-term CPP memory retention,
SAP102 is not.

Since this study was focused on the maturation of cocaine-induced silent synapses to
CP-AMPAR bearing synapses specifically in the NAcSh, | did a NAcSh-restricted knock-down
of PSD-95 to delineate the specific role of PSD-95 in the NAcSh, in the long-term retention of
drug associated memory. The results showed that PSD-95 in the NAcSh alone is not
sufficient for mediating long-term retention of the CPP memory, because when it is knocked
down, the animal can still remember its preference to the cocaine-paired chamber (figure
3.8C blue). | confirmed that at the cellular level in the NAcSh, knockdown of PSD-95 in
NAcSh MSNs produced a phenotype similar to that of the PSD-95 KO animal (figure 3.9
blue). A compensatory function performed by SAP102 in the cells lacking PSD-95 in the
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NAcSh, could still be a potential explanation for the lack of a behavioral phenotype. Therefore
by creating a ‘double knock-out’ like situation for PSD-95 and SAP102 in the NAcSh, | tested
whether PSD-95 and SAP102 both act in concert to facilitate stable CP-AMPAR retention at
NAcSh synapses which might govern some of the drug-related behaviors of the animal. This
led to an even higher number of silent synapses than the single PSD-95 knock down, that did
not mature over the period of long-term withdrawal from cocaine-CPP (figure 3.9G). This and
the lack of CP-AMPAR incorporation after long-term withdrawal in the ‘double knock-out’ like
MSNs clearly demonstrates that the two MAGUKSs, PSD-95 and SAP-102 are both involved in
maturation of cocaine-induced silent synapses to CP-AMPAR bearing synapses in the
NAcSh. However the lack of accumulated CP-AMPARSs in the NAcSh did not impair the long-
term retention of drug-associated memory (figure 3.8C green). Thus all the above
experiments indicate that maturation of cocaine-induced silent synapses to CP-AMPAR
containing synapses, is facilitated by PSD-95 and SAP102, but is NOT responsible for the
long-term retention of drug-associated memory. It could be possible that enough number of
MSNSs could not be infected for sufficient PSD-95 knockdown in the NAcSh, however this
unlikely given the spread of the virus in the tissue and the high infection rate (figure 3.8B).
Moreover, a similar dissociation of the cellular and behavioral phenotype was observed upon
SYN 119 systemic injection into WT (section 3.4) as well as in the SAP102 KO mice at long-

term withdrawal from cocaine-CPP.

4.5 PSD-95 in the NAcSh is unlikely to be required for
incubation of cocaine craving

In this study, systemic mGIuR1 activation and NAcSh-specific knockdown of PSD-95,
resulted in blockade of CP-AMPAR accumulation at the NAcSh synapses, but did NOT impair
retention of long-term cue-associated CPP memory (section 3.3, 3.6 and 3.7). However,
although the CP-AMPARSs which accumulate in the NAcSh during withdrawal from cocaine-
CPP do NOT mediate long-term retention of drug associated memory, they could
nevertheless be responsible for mediating the intensity of a behavioral response to drug-
associated cues. Such a behavioral response was studied using the incubation of craving
model wherein prolonged withdrawal from cocaine SA leads to elevated cue-induced cocaine
seeking in rodents (Grimm et al., 2001; Pickens et al., 2011). The results of this study
(described in section 3.8) showed that rats with NAc-restricted knockdown of PSD-95
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displayed incubation of cocaine-craving to a similar extent as the control injected animals
(figure 3.11). It is important to note that CP-AMPARS in the NAcSh do NOT mediate the long-
term retention of drug-associated memory, in the case of CPP as shown before, as well as in
the case of self-administration, as the rats in principle remember the pairing of the active
nose poke to the cocaine reward. However it was a surprising finding that the lack of
accumulated CP-AMPARs in the NAcSh, did NOT affect the intensity of the behavioral
response of the animal to cue-induced cocaine seeking.

CP-AMPAR incorporation into the NAc neuronal circuit can potentially alter synaptic
properties owing to activation of intracellular calcium-coupled signaling and the higher single
channel conductance of CP-AMPARs (Liu and Zukin, 2007). The accumulation of CP-
AMPARSs in NAc synapses after prolonged withdrawal from cocaine self-administration (SA)
has been shown to mediate incubation of cocaine craving (Conrad et al., 2008). In the latter
study showed that intra-NAc core injections of Naspm, a selective CP-AMPAR antagonist,
significantly impaired incubation of cocaine craving. It was subsequently shown that reducing
CP-AMPAR transmission in the NAc by using mGIuR1 positive allosteric modulators can
attenuate incubation of cocaine craving following cocaine SA (Loweth et al.,, 2014b).
Furthermore, it has been shown that removal of CP-AMPARs from NAc synapses in a
pathway—specific manner after prolonged withdrawal from cocaine SA, via in vivo LTD, re-
silences the synapses and impairs incubation of cocaine craving (Lee et al., 2013; Ma et al.,
2014).

In this study, it is possible that enough number of NAcSh MSNSs could NOT be targeted
using the stereotaxic injections of sh95 (shRNA against PSD-95) in rats. Indeed the spread of
the viral infection was smaller as compared to that seen in mouse NAcSh, owing to the larger
size of the brain and hence larger NAcSh region in the rat (compare 3.10B to 3.8B). Efforts
were made to increase the volume of virus solution injected into the NAcSh of rats, however
this failed to improve the spread of the virus in the NAcSh tissue (data not shown). To check
if a better spread of the virus injection led to weaker behavioral responses by the animals, a
correlation graph was plotted between the increase in nose-poking after prolonged withdrawal
from cocaine-SA (indicating incubation of cocaine craving) and the NAcSh area transduced
with sh95 (figure 3.11B). This graph showed NO trend indicating that more number of sh95-
transduced MSNs would lead to more impairment in incubation of cocaine craving.

Recent evidence indicates that another type of silent synapses can be induced upon in
Vivo cocaine exposure, which can be detected at 6-11 days of withdrawal from cocaine, upon

administering a test or priming injection of cocaine. These silent synapses were shown to be
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preferentially induced ONLY in MSNs of the NAcSh which were strongly activated post
cocaine exposure, as indicated by the Fos activation marker. These sparsely-distributed
neurons which comprise of only 2-3% of the total neuronal population of the NAc, were
thought to mediate psychomotor sensitization (Koya et al.,, 2012). Subsequently select
neuronal ensembles of Fos activated MSNs in the NAc shell, have also been implicated in
mediating context-induced re-instatement of cocaine seeking that occurs when cocaine SA is
followed by extinction training in a novel environment (Cruz et al., 2014). Although recent
reports claim that silent synapses are formed only in such Fos-activated neuronal ensembles
that pertain to associative learning (Whitaker et al.), the data in this study and in previous
studies have shown that cocaine-induced silent synapses can be readily detected from
randomly selected cells of the NAcSh post in vivo cocaine exposure (Huang et al., 2009; Brown
et al., 2011; Lee et al., 2013; Ma et al., 2014). It may however be possible, that these few cells of
the NAcSh that form fos-activated neuronal ensembles might be critically important for
subsequent steps of synaptic plasticity which contribute to development of incubation of
craving. This could suggest that presence of a small number of critical MSNs may be
sufficient for the overall drug-induced behavior after prolonged withdrawal. Therefore in this
study, it is possible that some MSNs belonging to a critical neuronal ensemble were either left
untargeted by the viral injections or they might bear an alternative mechanism to maintain the
same behavioral response of the animals, despite changes at the cellular level in majority of
the NAcSh neurons.

It is noteworthy that recent studies have shown that removal of CP-AMPARs accumulated
in the NAc synapses following withdrawal from cocaine SA, can affect incubation of craving in
a pathway-specific manner as dissected by optogenetic approaches (Lee et al., 2013; Ma et
al., 2014). These studies indicate that the glutamatergic projections from basolateral
amygdala as well as those from the infralimbic region of the pre-frontal cortex to NAc shell
serve as ‘pro-relapse circuitry’, that increase incubation of craving. On the other hand,
glutamatergic projections from the pre-limbic region of the pre-frontal cortex to the NAc core,
function to oppose incubation of craving and constitute the ‘anti-relapse’ circuitry. It is
therefore possible that multiple mechanisms counter each other to produce the ‘net
behavioral response from the animal after prolonged withdrawal from cocaine SA. In this
study however, no particular glutamatergic pathway was targeted and therefore glutamatergic
afferents from pre-frontal cortex, basolateral amygdala and ventral hippocampus could all
have been affected to varying degrees by electrical stimulation. Thus it is not possible to

determine the relative contribution of each of these pathways towards the incubation of
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craving in this study. It may well be that lack of PSD-95 and hence the block of maturation of
cocaine-induced NAcSh silent synapses to CP-AMPAR containing synapses, affects the
different glutamatergic pathways to NAcSh in an anti or pro-relapse manner, to varying
extents. Thus the possibility of such parallel antagonizing mechanisms countering each other
with the result that ‘net’ behavior remains unchanged, cannot be ignored.

Although the results of this study indicate that CP-AMPAR accumulation in the NAcSh
after long-term withdrawal from cocaine is a general signature of drug-induced synaptic
plasticity, it may not be essential for drug-related behavior per se. The approaches that block
CP-AMPARs with indirect approaches such as mGIuR1 activation and optogenetic in vivo
LTD to remove CP-AMPARs (as opposed to a specific pharmacological blocker such as
Naspm), may also be having another common effect which may be responsible for alterations
in the extent of incubation of craving. Hence it could still be a possibility that removal of CP-
AMPARSs is a secondary effect of this manipulation and not causal for changes in drug-related
behavior.

Another detail to consider is that the manipulations used in this study targeted the shell
region of the NAc specifically. Intravenous cocaine was shown to increase extracellular
dopamine levels preferentially in the NAc shell, as compared to the NAc core (Pontieri et al.,
1995; Rodd-Henricks et al., 2002). However these two regions of the NAc — shell and core,
are both known to have differential effects on drug-seeking behavior (Di Ciano et al., 2007;
Fuchs et al., 2004, Ito et al., 2004). Some studies report that the core region of the NAc is
more important for cue-induced cocaine seeking and that CP-AMPAR expression is more
pronounced in this region (Conrad et al., 2008; Everitt and Robbins, 2005). Indeed many of
the reports show that specifically targeting the NAc core with Naspm and mGIuR1 positive
allosteric modulators suppresses incubation of cocaine craving (Conrad et al., 2008; Loweth
et al., 2014b) while other studies show that optogenetically targeting specific pathways to the
NAc shell for in vivo LTD can also cause a similar impairment (Lee et al.,, 2013). It may
however be possible, that intracranial infusions of pharmacological drugs or in vivo LTD have
a far wider spread of influence on the NAc tissue as compared to the specific RNAi-mediated
knockdown in transduced MSNSs that was used in this study. It is therefore possible that large
regions of both shell and core of NAc are affected by strong manipulations such as
intracranial infusion of Naspm or mGIuR1 positive allosteric modulators which are used at
substantially high dosages. In comparison, viral mediated transduction of MSNs which is
limited to the NAcSh, is a weaker albeit more specific, manipulation to obtain NAcSh MSNs

that lack accumulated CP-AMPARSs after prolonged withdrawal from cocaine SA. Hence the
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effect of this manipulation may not have been enough to detect an overall change in the

behavioral response of the animals to cue-induced cocaine seeking.

4.6 Long-term retention of drug-associated memory may be
coded by brain regions other than the nucleus
accumbens

There is enough evidence from previous studies which indicates that dopaminergic
innervation of the dorsal striatum is important for establishing habitual or compulsive cocaine-
seeking (Ito et al., 2002, 2002; Vanderschuren et al., 2005; Yin et al., 2004). In fact a shift
from goal-directed action to stimulus-response habit, is considered to be reflective of a shift in
the control of drug-seeking behavior from ventral striatum (including the NAc) to the dorsal
striatum (Belin and Everitt, 2008; Everitt and Robbins, 2005). Therefore during long-term
withdrawal from cocaine-CPP, it is possible that the control of the drug-associated behavior
that | observed had already shifted from ventral to dorsal striatum. This could explain why the
synaptic plasticity that occurred in the NAc could not affect overall drug-associated animal
behavior. Furthermore, the neural correlates of long-term drug-associated memory could also
be formed in one or more of the cortico-limbic areas that project glutamatergic afferents onto
the NAc, namely pre-frontal cortex, basolateral amygdala and ventral hippocampus (Llscher
and Malenka, 2011; Pascoli et al., 2014; Wolf, 2010). Indeed many studies have shown the
importance of these individual brain regions in drug-seeking behavior (Lee et al., 2013; Ma et
al., 2014; Stefanik and Kalivas, 2013; Stefanik et al., 2015). Perhaps using a similar approach
of brain-region-restricted knock-down of PSD-95, in order to abolish the maturation of
cocaine-induced silent synapses to CP-AMPAR containing synapses, in the aforementioned
brain areas, could affect the retention of long-term drug associated memory. Therefore even
though the NAc plays a key role in prioritizing emotional and motivational arousals for
behavior, the drug-induced alterations in associated brain regions of the reward circuit may

be critical for expression of drug-related behavior.
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4.7 Role of the thrombospondin receptor a261 in
generation of cocaine induced silent synapses : A new
direction to explore thrombospondin-mediated adult
synaptogenesis

Along with determining the fate of cocaine-induced silent synapses in drug-associated
behaviors, | also addressed the question of how cocaine induces silent synapses in the first
place. | tried to explore the possible involvement of the thrombospondin (TSP) protein family
in this process, as TSPs secreted by immature astrocytes, have been recently identified to be
synaptogenic (Eroglu, 2009). | tested the involvement of the thrombospondin receptor, a261,
a voltage-gated calcium channel (Eroglu et al., 2009), in the generation of cocaine-induced
silent synapses in the NAcSh of adult mice. The NAcSh-restricted knockdown of 0201
completely abolished the induction of silent synapses in this brain region following in vivo
cocaine exposure (section 3.9, figure 3.12). Therefore this data shows that a261 receptor
function is absolutely required for generation of silent synapses in an adult animal, in
response to cocaine. Indeed a recent finding further supports this data, wherein a2d1 protein
levels, as well as that of its ligand thrombospondin-1, were shown to be elevated in the NAc
after cocaine SA followed by extinction training (Spencer et al., 2014). This study claims that
a261 contributes to the development of cocaine—reinstated drug seeking and | speculate that
this may occur through a mechanism of silent synapse generation in the NAc via the

thrombospondin- a261 pathway of synaptogenesis.
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4.8 Conclusions and outlook
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Figure 4.1 The dissociation between cocaine induced synaptic plasticity in the NAc (green box)
and drug-associated long-term memory retention (red box).

(1) In vivo cocaine exposure leads to generation of AMPA-silent synapses in a process that may be
mediated by interaction of thrombospondins with their receptor a261. (2) Prolonged withdrawal from
cocaine-CPP results in maturation of the cocaine-induced silent synapses to CP-AMPAR containing
synapses. (3) In the absence of MAGUK proteins — PSD-95 and SAP102, the cocaine-induced silent
synapses do NOT mature and do NOT contain a higher proportion of CP-AMPARs. (4) mGIuR1
activation can reverse the process of silent synapse maturation by removal of CP-AMPARSs from the
synapse, thereby re-silencing the NAc synapses. (5) In WT animals, the maturation of cocaine-induced
silent synapses to CP-AMPAR containing synapses in the NAc shell, was accompanied by long-term
retention of drug-associated memory as tested in the CPP paradigm. (6) In case of immature or re-
silenced synapses in the NAc shell, the behavioral phenotype remained unaltered as the animals could
retain the long-term drug-associated memory. (7) It could be that the process of maturation of silent
synapses and accumulation of CP-AMPARSs could contribute in part to the long-term retention of drug-
related memory, however it is not fully responsible for it. (8) Alternative mechanisms may exist in select
neuronal ensembles which enable the retention of drug-related memory despite a large number of
silent synapses in the majority of NAc neurons. (9) Synaptic plasticity mechanisms induced by cocaine
in other brain regions or in specific pathways of the mesocorticolimbic dopaminergic system can
account for the unchanged overall behavior of animal despite cellular alterations in the NAc.

Schematic representations of the results obtained in this study, as well as possibilities that
can be addressed in the near future are shown in figure 4.1. The electrophysiological assay
of minimum stimulation performed on MSNs of the NAcSh clearly showed that cocaine-CPP
as well as only i.p cocaine injections in mice can generate a large number of silent synapses
(1). This process requires the functioning of a281, the receptor for thrombospondins (TSPs) -
astrocyte secreted synaptogenic glycoproteins. This is suggestive of an astrocyte-mediated
mechanism for generation of silent synapses in adult animals upon in vivo cocaine exposure.
To check if thrombospondin proteins are directly involved in this process, the TSP knock-out
mice can tested to see if lesser silent synapses are generated upon cocaine exposure.
Prolonged withdrawal from cocaine-CPP in WT animals resulted in the maturation of cocaine-

induced silent synapses by incorporation of CP-AMPARs (2). CP-AMPARs have been
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thought to render NAc synapses more prone to relapse by mediating incubation of cocaine
craving (Conrad et al., 2008). Since the CP-AMPARSs in this study were shown to accumulate
specifically due to the associative learning of the mice during the CPP paradigm, it was
expected that they may be responsible for the concomitant long-term retention of the CPP
memory (5). However a series of experiments using different approaches, proved otherwise.
Using NAcSh-restricted RNAi mediated knockdown of PSD-95 as well as knock-out of
SAP102, the NAcSh synapses were seen to be largely AMPA-silent and did not incorporate
CP-AMPARs post withdrawal from cocaine-CPP (3). Furthermore, mGIuR1 activation using
systemic injections of SYN119, a mGIuR1 positive allosteric modulator, resulted in re-
silencing of WT NAcSh MSNs by synaptic removal of CP-AMPARs that accumulated upon
prolonged withdrawal from cocaine-CPP (4). Both of these scenarios resulted in a large
number of immature synapses in the NAcSh that did NOT accumulate CP-AMPARS, however
the animals could retain the long-term drug-associated memory as tested in the CPP
paradigm (6). The only exception was found to be PSD-95 KO mice which did NOT retain the
CPP memory after prolonged withdrawal and had a large proportion of silent synapses in the
NAc which did not accumulate CP-AMPARSs. Therefore it can be safely assumed that CP-
AMPARs in the NAcSh alone are not responsible for the long-term retention of drug-
associated memory in the animal, although they may be partly involved in this process (7). It
could be possible that only a small neuronal subpopulation in the NAcSh may bear the full
potential to mediate long-term drug-related behavior as proposed by a few recent studies
(Koya et al., 2012; Cruz et al., 2014; Whitaker et al.). It is possible that a mechanism other
than maturation of silent synapses to CP-AMPAR bearing synapses, may be present in such
critical neuronal ensembles that could account for the behavioral phenotype (8). Finally, it can
be inferred that NAc alone does not play the major role in storage of long-term drug-
associated memory after prolonged withdrawal from cocaine-CPP. Other brain regions of the
mesocorticolimbic dopamine system that comprises the reward circuitry of the brain, could be

responsible for the long-term retention of drug-related memory (9).

87



5. Appendix

88



5. Appendix

5 Appendix

Parts of the experiments described in section 3 (results) were carried out by a former post-

doc in the lab Dr. Anna Suska and some were done together with her. These experiments

were part of joint efforts towards a common publication. The details of the work carried out by

Anna Suska are specified in the table below. It should be noted that in this appendix | am

ONLY acknowledging the contribution of other scientists and that all experiments.

Figure 3.1B

WT CPP behavior - 16 mice of the saline WD 1 group, 21 mice of the cocaine
WD 1 group and 18 mice of the cocaine WD 20 group by A.Suska.

Figure 3.2F

WT Saline WD 1 group electrophysiology - minimum stimulation protocol in 5
animals and rectification index in 4 animals by A.Suska.

WT Cocaine WD 1 group electrophysiology - minimum stimulation protocol in 6
animals and rectification index in 6 animals by A.Suska.

WT Cocaine WD 20 group electrophysiology - minimum stimulation protocol in

6 animals and rectification index in 6 animals by A.Suska.

Figure 3.3C

WT Saline WD 1 group electrophysiology - minimum stimulation protocol in 5
animals and rectification index in 4 animals by A.Suska.

WT home cage WD 20 group electrophysiology - rectification index in 5
animals by A.Suska.

WT w/o cue re-exposure group electrophysiology - rectification index in 6
animals by A.Suska.

Figure 3.4F

WT Saline WD 1 group electrophysiology - minimum stimulation protocol in 5

animals and rectification index in 4 animals by A.Suska.

Figure 3.5A

PSD-95 KO CPP behavior - 8 mice of the saline WD 1 group and 6 mice of the
cocaine WD 1 and WD 20 group (5 out of the 6 mice) by A.Suska

Figure 3.5E

PSD-95 KO Saline WD 1 group electrophysiology - minimum stimulation
protocol in 6 animals and rectification index in 4 animals by A.Suska.
PSD-95 KO Cocaine WD 1 group electrophysiology - minimum stimulation
protocol in 4 animals and rectification index in 4 animals by A.Suska.
PSD-95 KO Cocaine WD 20 group electrophysiology - minimum stimulation

protocol in 5 animals and rectification index in 4 animals by A.Suska.
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Figure 3.6A

SAP102 KO CPP behavior - 2 mice of the saline WD 1 group and 9 mice of the
cocaine WD 1 and WD 20 group (5 out of the 9 mice) by A.Suska

Figure 3.6E

SAP102 KO Saline WD 1 group electrophysiology - minimum stimulation
protocol in 4 animals and rectification index in 3 animals by A.Suska.
SAP102 KO Cocaine WD 1 group electrophysiology - minimum stimulation
protocol in 4 animals and rectification index in 4 animals by A.Suska.
SAP102 KO Cocaine WD 20 group electrophysiology - minimum stimulation
protocol in 5 animals and rectification index in 5 animals by A.Suska.

Figure 3.8C

WT + sh95 NAcSh injections — 6 mice injected and trained by A.Suska of
which 3 mice were kept for WD 20.

SAP102 KO + control virus NAcSh injection — 3 mice injected by A.Suska.
SAP102 KO + sh95 NAcSh injection — 14 mice injected, out which 6 mice were
trained till WD 1 and 2 mice till WD 20 by A. Suska

Figure 3.9G

90

WT + sh95 WD 20 group electrophysiology - minimum stimulation protocol in 4
animals and rectification index in 3 animals by A.Suska.

SAP102 +sh95 WD 1 group electrophysiology - minimum stimulation protocol
in 3 animals and rectification index in 3 animals by A.Suska.

SAP102 +sh95 WD 20 group electrophysiology - minimum stimulation protocol

in 1 animal and rectification index in 1 animal by A.Suska.
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