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Preface

Metabotropic glutamate (mGlu) receptors have been discovered in the mid-1980s
by a French group of scientists (Sladeczek et al., Nature, 1985), who include some
of the current leaders in the field. Since then, the field has grown exponentially, and
now subtype-selective ligands of mGlu receptors [orthosteric agonists and antago-
nists, positive and negative allosteric modulators (PAMs and NAMs), and agonists/
PAMs] are under development for the treatment of neurological and psychiatric
disorders. The present book is the follow-up of the 8th International Meeting on
Metabotropic Glutamate Receptors (Taormina, Italy, 2014) and incorporates chap-
ters from some of the authorities in the mGlu receptor field.

The chapter by Philippe Rondard, Xavier Rovira, Cyril Goudet, and Jean-
Philippe Pin is the state of the art of mechanisms regulating the structural and
functional dynamics of mGlu receptors and their relevance to mGlu receptor phar-
macology. This group of scientists has highly contributed to our current knowledge
of physical interactions (homo- and heterodimerization) and allosteric modulation
of mGlu receptors. Recent findings obtained by the authors and their collabora-
tors lay the groundwork for the development of light-regulated ligands of mGlu
receptors (i.e., drugs that can be either activated or inactivated by light). These
molecules represent new valuable tools for the study of the role played by individual
mGlu receptor subtypes in physiology and pathology with a high spatial and tempo-
ral resolution. Some of these drugs have recently appeared in the literature and hold
promise for the treatment of pain and anxiety.

The chapter by Hardy Hagena and Denise Manahan-Vaughan is an excellent
synopsis of the role played by mGlu receptors in mechanisms of hippocampal syn-
aptic plasticity underlying information processing and long-term memory. This is a
theme of great relevance from a therapeutic standpoint considering that some mGlu
receptor ligands (e.g., mGlu5 receptor PAMs and mGlu2 receptor NAMs) are under
development as cognition enhancers. In vivo studies on synaptic plasticity per-
formed in Denise’s lab are milestones in the mGlu receptor field.

The chapter by Zhengping Jia and Graham Collingridge focuses on mechanisms
underlying mGlu receptor-dependent long-term depression (LTD) of excitatory
synaptic transmission, a particular form of activity-dependent synaptic plasticity
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that has attracted the interest of scientists working on fragile X and other forms of
monogenic autism. Graham is an absolute authority in the field of synaptic plastic-
ity. The authors discuss the role played by the GluA?2 subunit of AMPA receptors in
mGlu receptor-dependent LTD proposing a molecular model that links functional
and structural plasticity through molecular events mediating actin remodeling.

Three chapters by (i) Paolo Gubellini, Yoland Smith, and Marianne Amalric; (ii)
Gunasingh Masilamoni and Yoland Smith; and (iii) Nicolas Morin and Therese di
Paolo focus on the role played by mGlu5 receptors in the pathophysiology of
Parkinson’s disease (PD) and L-DOPA-induced dyskinesias (LIDs). These chapters
highlight the importance of translation research in the mGlu field describing how
data obtained in preclinical models (e.g., 6-hydroxydopamine-treated rats and
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated mice and monkeys) laid the
groundwork for clinical studies with mGlu5 receptor NAMs in patients with PD and
LIDs. Of note, mGlu5 receptor NAMs not only produce symptomatic benefit in PD
and LIDs but also exert neuroprotective effects in “parkinsonian” mice and mon-
keys, suggesting that these drugs cater the potential to behave as disease modifiers.

The chapter by Javier Gonzalez-Maeso is a nice synopsis of the epigenetic and
functional mechanisms regulating the cross talk between mGlu2 and 5-HT,, recep-
tors. This mechanism, which has been described in detail in some seminal papers by
Javier and his collaborators, is of great relevance to the pathophysiology and treat-
ment of schizophrenia.

The chapter by Francesco Ferraguti focuses on mGlu receptors in the amygdala,
acomplex brain structure that plays a key role in fear memory and anxiety. Francesco
is one of the best neuroanatomists and pharmacologists in Europe, and he is highly
contributing to our current knowledge of the complex neuronal circuits linking the
input and output nuclei of the amygdaloid complex.

The chapter by Tom Salt and Carolina Copeland examines the role played by
mGlu receptors in the regulation of synaptic transmission in the thalamus. Tom
Salt’s lab is pioneer in the study of thalamic function in response to sensory inputs.

The chapter by Gilles van Luijtelaar, Valerio D’Amore, Ines Santolini, and
Richard Ngomba focuses on mGlu5 receptors as a new candidate drug target for the
treatment of absence epilepsy. Absence seizures are characterized by spike-and-
wave discharges at the EEG, which are generated by an abnormal oscillatory activ-
ity within a cortico-thalamic-cortical circuit. A significant percentage of patients
with absence epilepsy is refractory to current medication. mGlu5 receptor PAMs
hold promise as new drugs for the treatment of absence epilepsy and may act in the
thalamus by restraining GABAergic transmission.

The chapter by Francesca Guida, Enza Palazzo, L. Longo, Ida Marabese, Vito de
Novellis, and Sabatino Maione examines the role played by mGlu receptors in the
pain pathways focusing on supraspinal mechanisms. Supraspinal mechanisms are
involved in the top-down regulation of pain transmission and mediate the affective
and cognitive aspects of pain, being a linking bridge between chronic pain and
affective disorders. Dino Maione’s group is leader in the study of mGlu receptors
and pain regulation.
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The chapter by Andrew Lawrence and Christina Perry focuses on mGlu
receptors as candidate drug targets for the treatment of drug addiction. Several lines
of evidence indicate that mGlu5 receptor NAMs inhibit both drug taking and drug
seeking. Here, the authors comment on mGlu5 receptors and drug addiction from a
different angle. Moving from the evidence that mGlu5 receptors contribute to mech-
anisms of activity-dependent synaptic plasticity, Andrew and Christina suggest that
mGlu5 receptor PAMs may serve as useful add-on treatment to behavioral therapy
in addiction.

Finally, the chapter by Suzy Chen is a nice synopsis of what we currently know
about mGlu receptors and cancer and focuses on the link between mGlul receptors
and the pathophysiology of malignant melanomas. Melanoma is one of the most
aggressive tumors originating from melanocytes, which are cells present in the skin,
uvea, and leptomeninges and originate from the neural crest. Although the current
use of BRAF and MEK inhibitors and immunotherapies has extended the
progression-free survival and overall survival of patients, the treatment of meta-
static melanomas is still suboptimal. Suzy Chen and her collaborators have demon-
strated that ectopic expression of mGlul receptors in melanocytes is sufficient to
generate melanomas in mice and that human melanoma samples and melanoma cell
lines express mGlul receptors. Riluzole, a drug that lowers the concentrations of
ambient glutamate, limits the growth of melanomas and shows radio-sensitizing
activity in the treatment of brain metastasis of melanoma. This paves the way to the
clinical use of drugs that restrain the activation of mGlul receptors as adjunctive
treatment in patients with melanoma.

In conclusion, this is an excellent book that is easy to read and critically reviews
some of the most relevant aspects related to the physiology and pharmacology of
mGlu receptors.

Isernia, Italy Richard Teke Ngomba, Pharm.D., Ph.D.
Msida, Malta Giuseppe Di Giovanni, Ph.D.
Isernia, Italy Giuseppe Battaglia, M.D., Ph.D.

Roma, Italy Ferdinando Nicoletti, M.D., Ph.D.
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Chapter 1
mGluS Signaling: A Target for Addiction
Therapeutics?

Christina J. Perry, M. Foster Olive, and Andrew J. Lawrence

Abstract The role of metabotropic glutamate 5 (mGlu5) receptors in substance
abuse disorders has been a focus of research for over a decade. In animal models,
mGlu5 antagonists not only decrease drug taking but also drug seeking. It follows
that mGlu5 antagonists are promising potential pharmacotherapeutic agents for the
treatment of substance abuse. More recently, however, evidence has emerged that
such compounds may in fact interfere with cognitive behavioral strategies for treat-
ment of such disorders. mGlu5 receptors are linked to N-methyl-D-aspartate
(NMDA) receptors via scaffold proteins and consequently are critical for NMDA
receptor-dependent neural plasticity, giving them a prominent role in learning and
memory. This is important because these processes are critical for rehabilitation
treatment during recovery from substance abuse disorders. Therefore, although an
antagonist or negative allosteric modulator (NAM) for mGlu5 may serve to decrease
the reinforcing value of drugs such as cocaine or methamphetamine, it may also
interfere with the process of behavioral change during treatment. Conversely, mGlu5
stimulation may actually serve to enhance this process. This chapter will follow the
line of evidence supporting the idea that compounds that enhance mGluS5 receptor
function may serve as useful adjuncts to behavioral therapy for substance abuse. We
will also discuss the effects of chronic drug use on mGlu5 expression and function.
We propose that mGlu5 PAMs in fact show promise as short-term adjuncts to
behavioral therapy and could improve the long-term prognosis of such strategies.

Keywords Metabotropic glutamate 5 ¢ Addiction ¢ Cognition ¢ Learning * Memory
* Reinforcement  Treatment * Negative allosteric modulator ¢ Positive allosteric
modulator
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Abbreviations

CDPPB  3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide

CET cue exposure therapy
LTD long-term depression
LTP long-term potentiation

mGlu5  metabotropic glutamate 5
MPEP  2-Methyl-6-(phenylethynyl)pyridine

MSN medium spiny neuron

MTEP  3-((2-Methyl-4-thiazolyl)ethynyl)pyridine
NAM negative allosteric modulator

NMDA  N-Methyl-D-aspartate

PAM positive allosteric modulator

1.1 Introduction: Pharmacotherapy and Allosteric
Modulators

In recent years there has been increasing interest in the potential for allosteric mod-
ulators of the metabotropic glutamate 5 (mGluS) receptor to be used in the treatment
of a number of different disorders. Targeting metabotropic rather than ionotropic
receptors is regarded as a safer strategy because it avoids unwanted side effects that
arise from suppression of fast glutamatergic excitatory transmission (Carroll 2008).
Likewise, allosteric modulators have increased receptor selectivity and fewer con-
traindications than agonists or antagonists that bind to the orthosteric binding site
(Carroll 2008; Nickols and Conn 2014). Such favorable characteristics result from
these compounds having no intrinsic agonist or antagonist ability but rather an influ-
ence over receptor activity only when the endogenous agonist itself is present
(Gregory et al. 2011). This, however, is not to say that they are free of side effects.
mGlu5 negative allosteric modulators (NAM) at high doses can induce psychotomi-
metic effects and cognitive impairments in animal models (Campbell et al. 2004)
and in clinical trials (Pecknold et al. 1982; Friedmann et al. 1980), while positive
allosteric modulators (PAMs) at high doses can induce seizures (Nickols and Conn
2014). Nevertheless, such improvements in drug development have allowed for
mGlu5 NAMs to be tested at the clinical trial phase and beyond for a number of
different disorders, including anxiety, depression, Parkinson’s disease, and Fragile
X syndrome (Gregory et al. 2011), while PAMs might be useful for treating schizo-
phrenia (Nickols and Conn 2014; Gregory et al. 2011).

Substance abuse is an area of mental health where there is a pressing need for
novel and effective medication (Kim and Lawrence 2014; Douaihy et al. 2013), and
increasingly it seems that mGlu5 allosteric modulators are promising candidates
(Gregory et al. 2011; Olive 2010; Bird and Lawrence 2009). However, there is
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conflicting evidence as to how best to apply these treatments to achieve long-term
resistance to relapse. On the one hand, mGlu5 NAMs may reduce the reinforcing
properties of drugs of abuse (Watterson et al. 2013; Keck et al. 2013; Kumaresan
et al. 2009) and, as a consequence, the severity of an acute relapse episode. On the
other, an mGlu5 PAM has the potential to act as a cognitive aid (Olive 2010;
Homayoun and Moghaddam 2010), facilitating behavioral therapy and creating
longer-term cognitive resistance to relapse. The purpose of this chapter is to review
the evidence for both of these possibilities and evaluate the most effective strategy
(in theory) for treating substance abuse using mGlu5 allosteric modulators.

1.2 Negative Allosteric Modulators Reduce Drug Reward

It has been reported that mice lacking the mGlu5 receptor show decreased sensitivity
to the rewarding and locomotor-stimulating properties of cocaine and morphine
(Chiamulera et al. 2001; Veeneman et al. 2011), although these findings have not
been replicated with regard to cocaine (Bird et al. 2014). Nevertheless, NAMs
reduce behavioral sensitization to cocaine (McGeehan and Olive 2003; Scheggi
etal. 2007; Brown et al. 2012; Martinez-Rivera et al. 2013), alcohol (Kotlinska et al.
2006), and amphetamine (McGeehan et al. 2004). mGlu5 NAMs increase the
threshold for intracranial self-stimulation (ICSS), which indicates a decrease in
brain reward function (Kenny et al. 2005; Cleva et al. 2012). Likewise, mGlu5
NAMs reduce perseveration for drug reinforcement in a progressive ratio test
(Paterson and Markou 2005). Together, these findings suggest a role for mGlu5
receptors in the reinforcing and motivational properties of addictive drugs.

A medication that can reduce the motivation to seek drugs is certainly a desirable
candidate for substance abuse treatment for drug addiction. Indeed, in preclinical
models of relapse, mGlu5 NAMs reduce drug-primed reinstatement of drug seeking
for cocaine (Kumaresan et al. 2009; Wang et al. 2013; Schmidt et al. 2014), ethanol
(Backstrom et al. 2004), or methamphetamine (Watterson et al. 2013). In addition,
reinstatement triggered by drug-associated cues (Wang et al. 2013; Backstrom and
Hyytia 2006; Martin-Fardon et al. 2009) or contexts (Knackstedt et al. 2014) is also
reduced following administration of an mGlu5 NAM. These findings are promising,
because they indicate that NAMs might reduce the severity of an acute relapse epi-
sode, and also decrease craving and motivation to seek drug in recovering addicts.

There are, however, some important impediments to application of mGlu5 NAMs
for treating substance abuse. First, there is evidence that tolerance to these com-
pounds can develop quite quickly (Cleva et al. 2012). This is critical, because effec-
tive medication with a NAM would involve a long-term prescription to avoid
potential negative ramifications of exposure to drugs or drug-associated cues and
future time points undefined. Therefore, it is quite possible that the protection
afforded by the medication would lessen over time. Second, mGluS5 receptor expres-
sion changes following increased drug exposure. Given that much of the data dis-
cussed above derives from preclinical models where there is only limited exposure
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to drug, it may be that they are not directly applicable to the case of substance abuse
clients, who by definition have had extended exposure to the drug in question.
Indeed, we will describe how changes to mGluS5 receptor availability have been doc-
umented in cocaine and nicotine addicts undergoing withdrawal (Martinez et al.
2014; Milella et al. 2014; Hulka et al. 2014). Finally, mGlu5 NAMs have negative
impact on cognitive function (Campbell et al. 2004), in particular to memory forma-
tion (Naie and Manahan-Vaughan 2004; Rodrigues et al. 2002; Simonyi et al. 2010;
Homayoun et al. 2004), spatial learning (Manahan-Vaughan and Braunewell 2005;
Christoffersen et al. 2008; Petersen et al. 2002), and inhibitory learning (Kim et al.
2014; Xu et al. 2009). This last point is a critical consideration because there is
ample evidence that cognitive capacity is positively correlated with treatment out-
come for substance abuse disorders (e.g. Aharonovich et al. 2006). Decreased mGlu5
function is associated with extinction deficits (Bird et al. 2014; Kim et al. 2014;
Chesworth et al. 2013), and extinction forms an integral part of many behavioral
strategies targeting addiction (Conklin and Tiffany 2002). Therefore there is a very
good chance that, although mGlu5 NAMs may offer acute benefits in the form of
reducing the reinforcing properties of addictive drugs, they may simultaneously cre-
ate long-term cognitive impairments that interfere with behavioral therapy, hence
ultimately increasing the likelihood of future relapse. These issues will be addressed
in the following sections.

1.3 mGluS Receptors and Synaptic Plasticity

mGlu5 receptors are widely distributed throughout the mammalian brain (Shigemoto
and Mizuno 2000), with highest levels of expression in forebrain regions such as the
cerebral cortex, dorsal and ventral striatum, olfactory bulb and tubercle, lateral sep-
tum, and hippocampus (Shigemoto et al. 1993; Romano et al. 1995). Within these
regions, mGlu5 receptors are predominantly expressed on postsynaptic elements,
particularly the perisynaptic annulus of dendritic spines (Shigemoto and Mizuno
2000), although some investigators have reported localization of mGlu$5 receptors to
presynaptic terminals and glia (Mitrano and Smith 2007; Anwyl 1999).

mGlu$ receptors are integral to both the initiation and maintenance of synaptic
plasticity in the form of long-term potentiation (LTP) or depression (LTD) of synap-
tic efficacy. This is achieved via a variety of subcellular signaling mechanisms
including facilitation of N-methyl-D-aspartate (NMDA) receptor function, interac-
tions with postsynaptic scaffolding proteins, release of calcium into the cytosol from
the endoplasmic reticulum, and resulting activation of downstream effector proteins
such as MAP and ERK kinases which in turn activate transcription factors to modu-
late gene expression and initiation of phospholipid signaling (Anwyl 2009; Bellone
et al. 2008; Gladding et al. 2009). Perhaps the most widely studied and understood
mechanism for mGlu5-mediated enhancement of LTP is via positive coupling of
these receptors to postsynaptic NMDA receptor function (Alagarsamy et al. 2001;
Attucci et al. 2001; Awad et al. 2000; Benquet et al. 2002; Doherty et al. 1997,
Kotecha and MacDonald 2003; Pisani et al. 2001; Ugolini et al. 1999), which is
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largely mediated by mGlu5-induced activation of PKC and phosphorylation of
(among other substrates) specific subunits of the NMDA (Lu et al. 1999). In addition
to these biochemical interactions, there is also evidence for interactions between
mGlu5 and NMDA receptors that are either direct or indirect via various scaffolding
proteins including PSD-95, Shank, and the Homer family of proteins (Perroy et al.
2008; Hermans and Challiss 2001). mGlu5 receptors also regulate the synthesis of
retrograde signaling molecules such as endocannabinoids, which stimulate presyn-
aptic CB, receptors to initiate LTD (Bellone et al. 2008).

1.4 mGluS Receptor Expression Changes
Across Development of Addiction

Many of the animal models used to investigate the role of mGlu5 in drug seeking
and drug taking involve animals with only limited drug exposure. Models such as
the extinction-reinstatement paradigm are useful for studying relapse because they
encompass well the types of situations that trigger relapse in human addiction
(Bossert et al. 2013). They do not, however, reflect the types of compulsive behav-
iors that are characteristic of long-term substance abuse. In fact, it is frequently not
viable to study true addiction using animal models, because only a small percentage
of those animals that are exposed to drugs will go onto develop addiction as judged
by diagnostic criteria (Piazza and Deroche-Gamonet 2013), meaning that the num-
ber of experimental animals to model such behaviors would be greatly inflated.

Studying the behavior of nondependent animals provides important insights into
mechanisms that lead to the development of addiction and addictive-like behavior
(Bossert et al. 2013). However, it is important to remember that neural chemistry
changes with increasing drug exposure, and this should be factored in when evaluat-
ing potential medications for use with substance abuse. We described previously
how preclinical models have shown that mGlu5 NAM:s reduce the reinforcing prop-
erties of drugs and drug-associated cues. It is also clear that chronic drug exposure
causes glutamate receptor redistribution and that this affects the responsiveness of
drug-seeking behavior to compounds that modulate mGluS5 receptor activity
(McCutcheon et al. 2011).

These differences are apparent in models of escalated drug use, such as the long-
access paradigm where laboratory animals are provided with extended opportunity to
self-administer drug each day (Ahmed 2012). For example, the mGlu5 NAM MTEP
decreased motivation to seek cocaine only after short but not after escalated self-
administration (Hao et al. 2010). Furthermore, it was shown that an mGlu2/3 recep-
tor agonist was more effective than MTEP in reducing ethanol seeking in dependent
rats when compared with nondependent rats (Sidhpura et al. 2010). This suggests that
while mGlu5 receptors mediate the incentive properties of addictive drugs during
early use, following extended and escalated drug use, drug seeking may become less
dependent on this receptor. In other words, treatment with an mGlu5 NAM may be
ineffective against the type of behavior that will likely be in play in addicts.
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Withdrawal from substance abuse also influences mGlu5 expression. In the
prefrontal cortex (PFC), mGlu5 expression was reduced in rats following escalated
cocaine self-administration followed by withdrawal from the drug. This difference
appeared after rats were exposed to cocaine-associated cues and was correlated with
the intensification of cue-induced drug seeking that occurs in cocaine-experienced
animals following a period of abstinence (Ben-Shahar et al. 2013). After extended
withdrawal from escalated cocaine self-administration, there is also a switch from
mGlu5- to mGlul-regulated synaptic rectification in accumbal medium spiny neu-
rons (MSNs) (McCutcheon et al. 2011).

Changes in mGlu5 sensitivity after withdrawal are also apparent in human drug
users. For example, fMRI revealed a decrease in mGlu5 availability in key cortical
and limbic regions in abstinent cocaine users (Martinez et al. 2014; Milella et al.
2014), and in abstinent smokers (Hulka et al. 2014), which magnified with increas-
ing length of abstinence (Milella et al. 2014). Thus, it seems that, although mGlu5
NAMs reduce drug seeking and relapse in animal models where there is only lim-
ited drug exposure, it is likely that they may be less efficient following escalated
drug taking and withdrawal, a pattern that is typical in addicts seeking treatment.
This would greatly decrease their value as medications.

1.5 Cognitive Capacity Is Positively Correlated
with Treatment Outcome for Substance Abuse Disorders

Current behavioral treatments for addiction show poor prognosis, with roughly 60%
relapsing in the first year after treatment (Conklin and Tiffany 2002; McLellan et al.
2000), and there is a strong correlation between cognitive function and treatment
outcome (Aharonovich et al. 2006; Fox et al. 2009; Turner et al. 2009). This rela-
tionship most likely derives from the fact that there is an important cognitive com-
ponent to treatment. Standard behavioral treatment for drug addiction consists of
single or group psychotherapy (Douaihy et al. 2013). This involves assimilation of
new information; hence, cognitive capacity is an important determinant of treatment
outcome. In addition, many behavioral treatments involve learning new responses to
drug-associated cues. This may take the form of extinction learning, such as in cue
exposure therapy, where repeated presentation of previously drug-associated
stimuli in the absence of further drug reward leads to a decrease in cue reactivity
(i.e. craving), in abstinent substance abuse clients (Conklin and Tiffany 2002).
Another, more novel approach is to provide reinforcement for abstinence behavior
(Higgins et al. 2012; Silverman et al. 2012). Although these approaches are quite
distinct in the way they seek to change behavior, all share the common feature of
integrating new learning to implement more adaptive behavioral patterns.

Given that decline in cognitive function is in fact a well-documented conse-
quence of long-term exposure to drugs of abuse (Fox et al. 2009; Crews and
Boettiger 2009), overcoming the cognitive dysfunction that arises as a direct conse-
quence of addiction should be a priority in therapeutic strategies to help prevent
relapse. In the next section, we will describe how mGlu5 NAMs are problematic in
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this regard, because they actually have the tendency to produce cognitive deficits
(Campbell et al. 2004). On the other hand, mGlu5 PAMs such as CDPPB have been
shown to reverse cognitive deficits produced by phencyclidine (PCP) (Horio et al.
2013) and after adolescent alcohol exposure (Gass et al. 2014).

1.6 Amnestic Effects of mGlu5S Inactivation

Given the established role of mGlu5 in synaptic plasticity under normal physiologi-
cal conditions, it is not surprising that genetic or systemic pharmacological blockade
of mGlu5 receptors attenuates the expression of LTP and LTD in regions such as the
hippocampus (dentate gyrus and CA1 region), amygdala, and dorsal and ventral stri-
atum, with concomitant deficits in various forms of learning and memory (Homayoun
and Moghaddam 2010; Naie and Manahan-Vaughan 2004; Rodrigues et al. 2002;
Homayoun et al. 2004; Manahan-Vaughan and Braunewell 2005; Christoffersen
et al. 2008; Xu et al. 2009; Alagarsamy et al. 2001; Attucci et al. 2001; Awad et al.
2000; Benquet et al. 2002; Doherty et al. 1997; Kotecha and MacDonald 2003; Pisani
et al. 2001; Ugolini et al. 1999; Bikbaev et al. 2008; Lu et al. 1997). Studies utilizing
site-specific microinjections of mGlu5 NAM:s including 2-methyl-6-(phenylethynyl)-
pyridine (MPEP) and 3-[2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) have
confirmed a critical role for these receptors in spatial navigation, inhibitory avoid-
ance, and instrumental and/or habit learning (Rodrigues et al. 2002; Simonyi et al.
2010; Packard et al. 2001; Jacob et al. 2009). Deficits in acquisition, but not expres-
sion of a spatial learning task, were also observed following targeted knockdown of
mGlu5 receptors in the mouse dorsal hippocampus (Tan et al. 2015). However, it
should be noted that other laboratories have not found spatial learning memory
impairments following administration of mGlu5 antagonists (Petersen et al. 2002;
Semenova and Markou 2007), and some studies have indicated that mGlu5 antago-
nists selectively impair reference but not working memory (Naie and Manahan-
Vaughan 2004; Gravius et al. 2008).

1.7 Facilitatory Effects of mGluS Activation on Learning,
Memory, and Extinction Processes

In the context of behavior modification, extinction can be defined as the targeted
reduction of specific maladaptive responses or behaviors, including pathological
fear, anxiety, or avoidance, as well as excessive seeking of rewarding or reinforcing
stimuli such as drugs of abuse. Extinction is a form of new and active inhibitory
learning (Bouton 2000) and thus engages the neural mechanisms responsible for
synaptic plasticity and learning and memory, including mGlu5 receptors. This is
supported by findings that genetic deletion or pharmacological inhibition of mGlu5
receptors results in decrements in the extinction of conditioned fear (Handford
et al. 2014) as well as cocaine and methamphetamine seeking (Kim et al. 2014;
Chesworth et al. 2013).
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In agreement with this, it has recently been established that PAMs selective for
mGlu5, such as 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB),
4-nitro-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (VU-29), and (S)-(4-fluoro-
phenyl)-(3-[3-(4-fluorophenyl)-[1,2,4]-oxadiazol-5-yl]piperidin-1-yl)methanone
(ADX47273) facilitate the induction of various markers of synaptic plasticity
including long-term synaptic potentiation (Kroker et al. 2011; Ayala et al. 2009) and
increased phosphorylation of the NR1 and NR2B subunits of the NMDA receptor,
the GluR1 subunit of the AMPA receptor, and activate a-calmodulin-dependent
kinase II, CREB, and ERK (Uslaner et al. 2009; Liu et al. 2008). Many of these
effects can be blocked by NMDA antagonists, confirming that increased NMDA
receptor functioning is necessary for mGlu5 PAM-induced synaptic potentiation
(Ayala et al. 2009). However, interestingly, it has recently been reported that newer
mGlu5 PAMs with biased agonist properties can produce pro-cognitive effects that
are independent of indirect NMDA receptor activation (Rook et al. 2015).

Consistent with the notion of mGlu5 PAMs as enhancers of synaptic plasticity,
these ligands have been shown to improve spatial memory in normal animals (Ayala
et al. 2009; Balschun et al. 2006; Fowler et al. 2013) and reverse pharmacologically
induced impairments in object recognition (Uslaner et al. 2009; Reichel et al. 2011),
conditioned avoidance (Schlumberger et al. 2010; Spear et al. 2011), reversal learn-
ing (Xu et al. 2013; LaCrosse et al. 2015; Darrah et al. 2008), and five-choice serial
reaction time tests (Liu et al. 2008). Many of these pro-cognitive effects of mGlu5
PAMs appear to be mediated by increased prefrontal cortical functioning (Homayoun
and Moghaddam 2006, 2010; Gass et al. 2014; Stefani and Moghaddam 2010).

In the context of drug addiction, mGlu5 PAMs facilitate the extinction of a
cocaine-induced conditioned place preference (Gass and Olive 2009) and reduce
extinction responding following intravenous cocaine and methamphetamine and
oral alcohol self-administration (Gass et al. 2014; Cleva et al. 2011; Kufahl et al.
2012). However, CDPPB failed to facilitate extinction of methamphetamine seeking
when extinction sessions were conducted in a context different to the methamphet-
amine self-administration context (Widholm et al. 2011). Importantly, while one
study reported that mGluS PAMs produce excitotoxicity at high doses
(Parmentier-Batteur et al. 2014), others have shown that repeated mGlu5 PAM
administration at more moderate doses does not produce evidence of neurotoxicity
(Gass and Olive 2009) and is devoid of effects on brain reward function (Cleva et al.
2012). Thus, mGlu5 receptor PAMs may be a novel class of compounds by which
to facilitate the extinction of drug stimuli or drug-context associations.

1.8 Conclusion

A drug that reduces the severity of a relapse episode presents an enticing therapeutic
potential for addiction treatment. This is made all the more so in the case of an
mGlu5 NAM because these drugs are already in clinical trials or approved for use
with other disorders. However, mGlu5 receptors are integral to both the initiation
and maintenance of synaptic plasticity (Alagarsamy et al. 2001; Attucci et al. 2001;
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Awad et al. 2000; Benquet et al. 2002; Doherty et al. 1997; Kotecha and MacDonald
2003; Pisani et al. 2001; Ugolini et al. 1999), and this relationship affords these
receptors an important role in cognitive capacity, learning, and memory. They con-
sequently play a critical role in assimilating information and updating memories
following new experiences and changes to the environment (Qi et al. 2013).
Behavioral therapy for substance abuse is focused around learning new and more
adaptive responses to replace drug-seeking behaviors. Whether this involves behav-
ioral extinction or some other type of training, the need to assimilate new informa-
tion is a central tenet to this process. In this regard, mGlu5 NAMs represent a
“double-edged sword” — simultaneously reducing drug-seeking responses acutely
while interfering with cognitive load involved in behavioral therapy. On the other
hand, the pro-cognitive properties of PAMs facilitate change in animal models of
behavioral therapy. Given that tolerance to the reward-reducing properties of a
NAM can develop following repeat administration, and further that they are less
effective in animals with more extensive drug experience, we propose that short-
term application of a PAM in conjunction with behavioral therapy should in theory
at least be a more effective way of treating substance abuse in the long term than a
medication that has acute effects on the reinforcing effects of drug (i.e., NAM).
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Chapter 2

Supraspinal Metabotropic Glutamate
Receptors: An Endogenous Substrate

for Alleviating Chronic Pain and Related
Affective Disorders

Francesca Guida, Enza Palazzo, Livio Luongo, Ida Marabese,
Vito de Novellis, Sabatino Maione, and Francesco Rossi

Abstract Metabotropic glutamate receptors (mGluRs) are key players in modulat-
ing excitatory transmission and important regulators of synaptic plasticity. mGluRs
are G-protein-coupled receptors (GPCRs) that have been subdivided into three
groups (mMGIuR1-mGluR8) based on sequence homology, intracellular pathways,
and pharmacological profile. mGluRs are widely localized all along the nociceptive
neuroaxis, including brain circuits controlling pain often overlapping those control-
ling affective/cognitive behaviors which prove deeply altered in several neurologi-
cal disorders including chronic pain.

This chapter summarizes current outcomes related to the supraspinal mGluRs in
chronic pain states. Due to their wide expression within the pain descending system,
a particular highlighting will be given to the pharmacological manipulation of
mGluRs in PAG-RVM pathway, a key circuitry of the pain descending system. The
current development of novel subtype-selective mGluR positive and negative allo-
steric modulators will allow a more stringent assessment of each mGIuR subtype
role in controlling chronic pain and pain-related affective cognitive behavior.
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Abbreviations

BLA basolateral amygdala

CeA central nucleus of the amygdala

CNS central nervous system

CPCCOEt 7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester
(S)-3,4-DCPG  (S)-3,4-dicarboxyphenylglycine
GPCRs G-protein coupled receptors

iGluR ionotropic glutamate receptor

IL infra-limbic

mGIluR metabotropic glutamate receptor
MPEP 2-methyl-6-(phenylethynyl)pyridine
mPFC medial prefrontal cortex

NAAG N-acetylaspartylglutamate

NMDA N-methyl-D-aspartate

NTS nucleus tractus solitarius

PAG periaqueductal gray

PL pre-limbic

PLC phospholipase C

RVM rostral ventromedial medulla

TRPV1 transient receptor potential vanilloid 1

2.1 Introduction

As the most abundant excitatory neurotransmitter in the central nervous system
(CNS), glutamate plays a pivotal role in main physiological brain functions.
Glutamate exerts its effects through the activation of ligand-gated ionotropic gluta-
mate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). iGluRs
are ion channel receptors, divided into N-methyl-D-aspartate (NMDA), a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA), and kainate (KA) receptors,
which mediate fast responses, associated with long-lasting modifications in synap-
tic transmission (Bleakman and Lodge 1998; Yamakura and Shimoji 1999), while
mGluRs are G-protein-coupled receptors (GPCRs) subdivided into three groups
(mGluR1-mGluR8) based on sequence homology, intracellular pathways, and
pharmacological profile. Group I mGluRs, consisting of mGluR; and mGluRs, are
postsynaptically located and positively coupled to phospholipase C, and their acti-
vation leads to the intracellular calcium mobilization. Group II mGluRs, consisting
of mGluR2 and mGluR3, and group IIIl mGluRs, consisting of mGluR4, mGIluR6,
mGluR7, and mGIuR8S, are mainly presynaptic and coupled to the inhibition of
adenylyl cyclase activity and to other signaling pathway, including the activation of
mitogen-activated protein kinase cascade (Tian et al. 2010). mGluRs, by modulat-
ing ion channel activity and neurotransmitter release, play a modulatory role on
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CNS synaptic excitability (Maione et al. 1998a; Cartmell and Schoepp 2000). Thus,
signaling via these receptors is slower and longer-lasting driving to a fine-tuning of
glutamate transmission.

Hyperexcitability of glutamatergic system is the main event occurring in central
sensitization associated to chronic pain. Apart from classical symptoms, such as
allodynia (pain experience following a not-painful stimulus) and hyperalgesia
(increased pain perception from a painful stimulus), chronic pain presents comor-
bidity with affective and cognitive impairments. mGluRs are suitable pharmaco-
logical substrate for producing a fine modulation of glutamate transmission, whose
hyperactivity or altered functioning is often associated with neurodegenerative,
neurological, and psychiatric diseases. The effects of mGluRs stimulation in supra-
spinal areas of the pain pathway are summarized in Fig. 2.1. By this subject, mGluRs
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Fig. 2.1 Scheme indicating the effect of mGluRs in supraspinal areas of the pain pathway. + indi-
cates a facilitatory effect on pain transmission, while — indicates an inhibitory effect on pain
transmission. VBT ventrobasal thalamus
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pharmacological manipulation may represent an optimal strategy to treat chronic
pain, including untreatable forms such as neuropathic pain, and associated affective
and cognitive impairments.

2.2 mGluRs and Pain Processing

Increasing evidence supports a crucial role of mGluRs in nociceptive transmission,
given their extensive expression all along the nociceptive neuroaxis, such as the
peripheral sensory terminals, dorsal root ganglia, spinal cord dorsal horn, rostral
ventromedial medulla (RVM), periaqueductal gray (PAG), thalamus, amygdala, and
cortex. The large variety and different synaptic distribution of mGIuR subtypes
determine their diverse role in pain transmission. Group I mGluRs are mainly
expressed in the postsynaptic membrane, whereas group II and III mGluRs are
localized presynaptically where they serve as auto- or hetero-receptors (Ohishi et al.
1995). Generally, stimulation of group I mGlu receptors facilitates pain (Hama
2003; Chiechio and Nicoletti 2012; Palazzo et al. 2014a, b). Conversely, activation
of presynaptic mGluRs on glutamatergic terminals leads to a decrease in glutamate
release (Attwell et al. 1995; Battaglia et al. 1997) correcting hyperactivity of gluta-
matergic system associated with chronic pain (Gerber et al. 2000). Within the pain
descending pathway, high glutamate levels are associated with antinociception
throughout a facilitation of the descending pain system functioning (Behbehani and
Field 1979). In fact, the activation of group I or groups II and III mGluRs exerts
antinociceptive or pronociceptive opposite effects (Marabese et al. 2005, 2007a, b)
depending on the mGluR subtype signaling and its location on glutamatergic or
GABAergic terminals.

Over the last decade, accumulating evidence has strengthened the evidence
that dysfunction of the glutamate system is linked with the pathophysiological
mechanisms responsible for chronic pain development (Neugebauer 2001).
Neuropathic or inflammatory injury triggers structural and functional changes in
the peripheral or central sensory circuits, resulting in altered nociceptive signal
processes, such as spontaneous pain, allodynia, and hyperalgesia (Neugebauer
et al. 2009; Goudet et al. 2008; Byrnes et al. 2009). Under neuropathic pain condi-
tions, enhanced glutamate release and overactivation of glutamate receptors have
been observed in cortical areas involved in pain-related responses, including the
anterior cingulate (ACC), insular, and prelimbic-infralimbic (PL-IL) cortex
(Giordano et al. 2012; Hung et al. 2014). Furthermore, chronic pain interferes
with specific limbic brain areas affecting neuropsychological processes which are
glutamate-dependent, such as cognition, memory, and decision-making. mGluRs
are supraspinally expressed within limbic system thus controlling negative affec-
tive disorders associated with chronic pain (Ferraguti and Shigemoto 2006;
Latremoliere and Woolf 2009).
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2.3 Group I mGluRs

The difficulty to develop selective agonists or antagonists for specific mGluR sub-
type arises from the sequence homology of mGluRs within the ligand binding site,
which presents a hydrophilic moiety which makes the compound too hydrophilic to
penetrate the blood-brain barrier for brain exposure. The identification, in the last
years, of novel compounds acting as PAMs or NAMs, has guaranteed selectivity and
lipophilicity since allosteric binding sites proved less conserved among the other
mGluRs and do not require hydrophilic molecules. Activation of group I mGluRs
generally facilitates nociception (Bhave et al. 2001) and mediates the development
of inflammatory hyperalgesia (Walker et al. 2000; Palazzo et al. 2004). The role of
supraspinal group I mGluRs in controlling pain responses has been investigated in
the ventrobasal thalamus, periaqueductal gray, rostral ventromedial medulla, and
amygdala.

Thalamus Ventrobasal thalamus is a crucial relay point processing the somatosen-
sory information which from the spinal cord reach the cerebral cortex. At this level,
mGluR1, mGluRS, and NMDA receptor stimulation enhances neuronal responses
to nociceptive stimuli. Conversely, NMDA receptor, mGluR 1, or mGluR5 blockade
reduced the neuronal responses (Salt and Binns 2000).

Amygdala and Cortex Basolateral (BLA) and central nucleus (CeA) of the amyg-
dala are deeply involved in the emotional consequences of pain, such as pain-related
anxiety and depression-like behaviors. While the electrical manipulation of CeA
activity does not modify the spontaneous nociceptive behaviors (Carrasquillo and
Gereau 2008; Veinate et al. 2013), chronic pain leads to increased synaptic trans-
mission in the CeA, associated with the induction or maintenance of hypersensitiv-
ity observed in different pain models.

The activation of group I mGluRs in the amygdala is generally associated with
pronociceptive effects (Neugebauer et al. 2003a, b; Kolber et al. 2010). Conversely,
the blockade of mGluR1 inhibits pain stimuli-induced audible and ultrasonic vocal-
izations (Han and Neugebauer 2005) and decreases excitatory postsynaptic currents
in neurons within the CeA in arthritic rats (Neugebauer et al. 2003a; Ren and
Neugebauer 2010). It has been recently shown that group I mGluRs are involved in
the plastic changes that develop in the BLA and medial prefrontal cortex (mPFC)
circuitry in chronic pain states (Ji and Neugebauer 2011; Guida et al. 2015). Later
on, Luongo et al. (2013) have showed that intra-BLA microinjection of (S)-3,5-
dihydroxyphenylglycine (DHPG), a group I mGIuR agonist, reverted neuronal phe-
notypical changes occurring in the mPFC, under chronic pain condition. The
7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester, CPCOOEt, a
selective mGluR 1 antagonist, but not 2-methyl-6-(phenylethynyl)-pyridine, MPEP,
a selective mGIuRS antagonist, prevented alteration in mPFC under chronic pain
condition, suggesting that mGluR 1, but not mGluR5, plays a role in the modulation
of BLA-mPFC circuitry, which is thought to be a key substrate for affective/cogni-
tive impairments associated with chronic pain.



20 F. Guida et al.

Group I mGluRs may control inflammation and chronic pain state also through a
functional cross talk with transient receptor potential vanilloid type 1, TRPV1 (Hu
et al. 2002; Palazzo et al. 2002), a sort of a polymodal pain transducer, activated by
chemical and thermal stimuli which open a cationic influx driving to action poten-
tials. mGIuRS activation sensitizes TRPV1 through the PLC activation and protein
kinase A pathway (Hu et al. 2002). Reciprocally, brain TRPV1 stimulation induces
glutamate release through depolarization and intracellular Ca** mobilization (Hu
et al. 2002; Kim et al. 2009). The spared nerve injury (SNI) of the sciatic nerve, a
model of neuropathic pain in rodents (Decosterd and Woolf 2000), increased extra-
cellular level of glutamate in the PL/IL portion of the mPFC. Blockade of mGIuR5
by MPEP microinjection in the PL/IL worsened mechanical allodynia in the SNI
mice, possibly by braking the enhancement of the antinociceptive descending path-
way played by glutamate outflow, an effect which requires mGIluRS receptor stimu-
lation (Giordano et al. 2012).

Periaqueductal Gray (PAG)/Rostral Ventromedial Medulla (RVM) The presence of
mGluRs within the PAG has a strategic importance for modulating pain processing,
since it is a key station in the pain descending pathway. Indeed, its electrical or
chemical stimulation produces deep analgesia in rats (Reynolds 1969; Behbehani
1995). The PAG-mediated analgesia is correlated with the modulation of neuron
firing activity within the nucleus raphe magnus, the adjacent reticular formation,
and the nucleus gigantocellularis, which constitute the RVM (Behbehani and Fields
1979). RVM neurons, in turn, project to the spinal cord dorsal horn (Fields and
Basbaum 1999), thus inhibiting the nociceptive neuronal response to noxious stim-
uli. Stimulation of group I mGluRs at the PAG level triggers glutamate-induced
analgesia. It has been shown that selective activation of mGluR1 in the PAG pre-
vents nocifensive behavior in formalin-induced persistent pain (Maione et al. 2000).
mGIuRS5, at supraspinal level, contributes to hypersensitivity following peripheral
neuropathy. Indeed, shown that MPEP, the selective mGIuR5 antagonist, dose-
dependently reduces the neuropathy-induced cold hypersensitivity, when microin-
jected directly into the RVM (Urban et al. 2003). Conversely, groups II and III
mGIuR stimulation facilitated nociceptive responses by depressing PAG-RVM
activity within the antinociceptive descending pathway (Maione et al. 1998b). The
mechanism through which mGluRs mediate analgesia at the PAG level remains not
fully understood. Activation of group I mGluRs produces antinociception via pre-
synaptic inhibition of GABA release (Maione et al.1998a, b, 2000), which in turn
enhances pain descending system activity. Moreover, several studies have shown
that activation of group I mGluR promotes the production of endocannabinoids,
which in turn diffuse out of postsynaptic neurons in a retrograde way to presynaptic
terminals. Endocannabinoids bind to cannabinoid type 1 receptor (CBIR) and
reduce neurotransmitter release. A functional cross talk between CB1R and group I
mGluRs in the PAG-RVM circuitry has also been shown in healthy (Palazzo et al.
2001) and in neuropathic pain condition induced by chronic constriction injury
(CCI) of the sciatic nerve. In this study, the effects of intra-ventrolateral (VL) PAG
microinjection of WIN 55,212-2, a nonselective cannabinoid receptor agonist,
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evaluated as behavioral analgesia and electrophysiological RVM neuronal responses,
were prevented by MPEP, a selective mGluRS antagonist (Palazzo et al. 2012),
supporting a role for mGIuRS in cannabinoid-induced analgesia at PAG level in
neuropathic pain conditions.

2.4 Group II mGluRs

Group II agents have shown being involved in a number of animal models of
psychiatric, neurological, and neurodegenerative disorders, associated with gluta-
mate overexcitation. Group II mGluRs are located on the preterminal regions of
primary afferent nerve endings and in supraspinal pain-regulatory centers such as
the thalamus, amygdala, and PAG. They negatively regulate glutamate and other
neurotransmitter release and inhibit TRPV1 and sodium channel activities (Yang
and Gereau 2002, 2003; Carlton et al. 2009). mGluR2 agonists produce analgesia in
models of inflammatory and neuropathic pain, but their use is limited by the devel-
opment of tolerance, usually occurring after 4-5 days of repeated doses (Jones et al.
2005). Their supraspinal involvement in pain processing has been investigated in
the amygdala, PAG, and ventrobasal and reticular thalamus.

Amygdala In contrast to group I, group II mGIuR stimulation inhibits nociceptive
processing in CeA neurons. In anesthetized rats, the increased function and endog-
enous activation of group II mGluRs reduces the ongoing, as well as, evoked cell
activity, in the knee-joint kaolin-/carrageenan-induced arthritis (Li and Neugebauer
2006). Further and more recent studies have indicated that mGIuR?2 is more impor-
tant in controlling pain transmission than mGIuR3 (Zammataro et al. 2011). In the
amygdala, mGluR2 and mGlIuR3 stimulation inhibits GABA release at the BLA-
CeA synapse leading to an increased activity of GABAergic interneurons in the
CeA which in turn reduces the output of the medial central amygdala to the brain
regions mediating the autonomic, motor, and endocrine features of anxiety (Linden
et al. 2005, 2006). By this subject group II mGluRs in the amygdala are well posi-
tioned to inhibit both pain responses and the pain-related anxiety behavior.

Ventrobasal Thalamus and Reticular Thalamus Group II mGluRs in the ventro-
basal thalamus inhibit GABAergic interneuron responses evoked by sensory stimu-
lation in vivo (Salt and Eaton 1995; Salt and Turner 1998). Conversely, their
blockade in the reticular thalamic nucleus produced antinociception in monoar-
thritic rats, probably by disinhibiting local GABAergic inhibitory neurons (Neto
and Castro-Lopes 2000; Neto et al. 2000).

PAG-RVM Circuitry The effects of supraspinal group II mGluRs on pain responses
have been recently carried out exploiting the compound ZJ43, a peptidase inhibitor
degrading N-acetylaspartylglutamate (NAAG) which acts as a selective mGIuR3
agonist. The microinjection of ZJ43 into the PAG and RVM reduced both phases of
the nocifensive reaction induced by the peripheral injection of formalin into the
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hind paw. The effect of ZJ43 was antagonized by LY341495, a group II mGluR
antagonist. However, ZJ43 did not affect the thermal withdrawal response in the hot
plate test in healthy animals when microinjected into the same brain sites (Yamada
et al. 2012). This study is consistent with previous studies showing that the intra-
PAG microinjection of a group II mGIuR agonist, L-CCG-I, or the intracerebroven-
tricular administration of NAAG peptidase inhibitors reduced nocifensive behavior
in the formalin test (Maione et al. 2000; Yamamoto et al. 2000) and with those
which conversely show that intra-PAG L-CCG-I decreased the thermal threshold in
the hot plate test, possibly by depressing the activity of the pain descending system
at PAG level (Maione et al. 1998b). These studies suggest that group II mGIuR
stimulation within the PAG produces analgesia in chronic pain conditions, but
proved ineffective (or even facilitated pain responses) in acute pain conditions
(Maione et al. 1998b; Palazzo et al. 2001).

2.5 Group III mGluRs

Group III is the largest mGIuR group which remains the less investigated due to the
lack of selective ligands. Fortunately, selective compounds have been developed
recently thus permitting a clarification of group III mGIuR roles in the CNS diseases
(Acher and Goudet 2015). Apart from mGluR6 which mediates responses of ON
bipolar cells at retinal synapses (Vardi et al. 2000), mGIluR4, mGluR7, and mGIuR8
are extensively distributed throughout the CNS. Group III mGluR activation in the
presynaptic active zone of transmitter release leads to glutamate and GABA release
inhibition (Niswender and Conn 2010). Low release of excitatory transmitters
results in the presynaptic inhibition of transmission. On the other hand, the decrease
of release of GABA may indirectly have excitatory effects on neuronal excitability
(disinhibition). Thus, the overall effect of group III mGIuR activity may be a bal-
ance between pain facilitation and inhibition. Moreover, glutamate shows high
affinity for mGluR4 and mGluRS8 and very low affinity for mGIluR7 (Schoepp 2001)
suggesting that mGluR7 may be recruited under pathological conditions character-
ized by excessive glutamate transmission activity. mGluR4 proved to be highly
expressed in the cerebellum where it inhibits glutamate release at the synapses
between granule cell axons and Purkinje cells. mGluR4 expression has been also
found in the thalamus, basal ganglia, and olfactory bulb. mGIuR7 is the most widely
distributed among the presynaptic mGluRs. High expression of mGluR7 has been
found in locus coeruleus, hippocampus, septum, frontal cortex, amygdala, cingulate
cortex, bed nucleus of the stria terminalis, PAG, nucleus accumbens, thalamus,
hypothalamus, and pituitary gland (Kinzie et al. 1995; Kinoshita et al. 1998). The
mGluRS8 is also widely distributed in brain areas such as the amygdala, pontine
gray, lateral septum, lateral reticular nucleus of the thalamus, olfactory bulb, piri-
form cortex, cerebral cortex, hippocampus, hypothalamus, and cerebellum (Saugstat
et al. 1997; Ferraguti et al. 2006). Notwithstanding the wide distribution informa-
tion regarding group III mGIuR, the role and contribution to pain modulation has
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only just started to emerge owing to the limitations of the ligands used until recently.
The majority of the drugs which have been applied until the last years are nonselec-
tive among the group IIT mGIuR subtypes and display scarce solubility or metabo-
lite instability. The recent progress in the selective ligand development has driven
the investigations toward a better understanding of their modulatory function and
their therapeutic potential in neurological and psychiatric disorders.

Thalamus The thalamus shows a relevant expression for group III mGluRs (Neto
and Castro-Lopes 2000). In the corticothalamic synapses, broad-spectrum group III
mGluR agonists inhibited excitatory postsynaptic potentials, showing that gluta-
mate released at this level depresses cortical control of thalamic function (Turner
and Salt 1999).

Amygdala 1L-AP4 is a broad-spectrum group III mGluR agonist which does not
discriminate between mGluR4 and mGIuR8 and shows scarce affinity for mGluR7.
In the CeA, L-AP4 inhibits neuron sensitization in chronic pain conditions induced
by the knee-joint injection of kaolin/carrageen which develops in arthritic pain. The
inhibition of neuron plasticity by L-AP4 within the CeA involves a presynaptic
mechanism. L-AP4 slightly changed CeA neuronal responses under normal condi-
tions (Han et al. 2004). The N,N’-bis(diphenylmethyl)-1,2-ethanediamine dihydro-
chloride, AMNOS2, has been introduced as the first selective PAMs toward mGIuR7
(Mitsukawa et al. 2005). In the CeA, AMNOS2 perfusion throughout reverse micro-
dialysis facilitated nociception, whereas the selective activation of mGIuR8 with
(S)-3,4-DCPG (Thomas et al. 2001) produced the opposite effect driving to antino-
ciception (Palazzo et al.). mGIuR7 and mGIuR8 in the CeA also changed pain-
related affective responses conversely. AMNOS?2 increased audible and ultrasonic
vocalizations, which reflect supraspinally organized nocifensive and affective
responses to aversive stimuli (Borszcz and Leaton 2003) and reduced the open-arm
preference, a positive indicator of anxiolytic-like effect, in the elevated plus maze in
healthy rats, whereas it was devoid of activity in the model of arthritic inflammatory
pain. In contrast, (S)-3,4-DCPG had no effect in normal animals, but inhibited audi-
ble and ultrasonic vocalizations and enhanced the open-arm access in the arthritic
animals. It seems like under normal conditions, mGluR7, but not mGluR8, facili-
tates pain and anxiety responses, whereas mGIuRS8 can inhibit pain response and
affective behavior in chronic pain conditions such as arthritic pain (Palazzo et al.).
The effect of mGIuR8 activation at CeA level in chronic pain condition only has
also investigated in inflammatory pain conditions induced by the intraplantar injec-
tion of carrageenan (Palazzo et al.). Intra-CeA (S)-3,4-DCPG decreased GABA and
simultaneously increased serotonin and glutamate release in carrageenan-given rats,
while it did not change neurotransmitter levels in control animals. Intra-CeA
(S)-3,4-DCPG also increased the thermoceptive threshold and modify the activity
of RVM pain-responding neurons: the ON cells which are activated and the OFF
cells which are inhibited by nociceptive stimuli (Fields et al. 1983; Heinricher et al.
1989). Consistently with behavioral analgesia, intra-CeA (S)-3,4-DCPG inhibited
the ON cell activity and enhanced the OFF cell activity in rats treated with carra-
geenan. (S)-3,4-DCPG was instead ineffective on pain responses and ON and OFF
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cell activity in control rats. Thus, it seems like a pain-related plasticity in the CeA is
required for mGluR8 stimulation being effective. An increase in mGluR8 expres-
sion on vesicular GABA transporter (VGAT)-positive profiles has been found in the
CAA of carrageenan-given rats thus providing a functional target for inhibiting pain
through the disinhibition of the descending facilitatory system (Maione et al. 2000;
Berrino et al. 2001).

PAG/RVM Being PAG a crucial area within the antinociceptive descending path-
way, whose stimulation induces analgesia (Reynolds et al. 1969; Behbehani 1995),
mGluR expression at this level (Catania et al. 1994; Leyva et al. 1995) has a strate-
gic importance. First evidence that group III mGluRs at PAG level modulate pain
threshold came from a study in which L-SOP, a phosphate analog of L-AP4 with
the same group III mGluR agonist property, microinjected into the PAG facilitated
pain response under normal conditions (Maione et al. 1998b) and in the late phase
of the formalin pain test, possibly by inhibiting descending pain inhibition (disinhi-
bition) or by activating the descending facilitatory system (Maione et al. 2000;
Berrino et al. 2001). Later on, by using more selective compounds, it has been
shown that the individual roles of mGluR7 and mGIluRS in the regulation of pain
threshold within the PAG were not univocal as in the CeA. The intra-PAG adminis-
tration of (S)-3,4-DCPG alleviated pain responses, an effect which proved to
depend from the time of administration with respect to the peripheral injection of
formalin and carrageenan. Interestingly, the intra-PAG microinjection of MSOP, a
group III receptor antagonist, antagonized the analgesic response of systemically
administered (S)-3,4-DCPG suggesting that the analgesic effect of systemic (S)-3,4-
DCPG requires mGuR8 within the PAG (Marabese et al. 2007a). The analgesic
effect of intra-PAG (S)-3,4-DCPG was also associated with simultaneous changes
in the RVM activity (Marabese et al. 2007b). Indeed, it increased the ongoing and
tail flick-related activity of OFF cells and reduced that of ON cells. Conversely, the
mGluR7 stimulation in the PAG by AMNOS?2 increased the activity of ON cells and
reduced that of OFF cells and consistently decreased tail flick latency (Marabese
et al. 2007b). mGluR7 and mGIuRS stimulation within the PAG produced opposite
effect on GABA and glutamate release too. Indeed, intra-PAG (S)-3,4-DCPG
increased glutamate and decreased the GABA levels, whereas AMNOS?2 reduced
the glutamate concentration and increased GABA release, conversely (Marabese
et al. 2007b). The role of mGluR7 at PAG level has been recently deepened by
microinjecting into the PAG the novel selective negative allosteric modulator for
mGIluR7, the 6-(4-methoxyphenyl)-5-methyl-3-pyridin-4-ylisoxazolo[4,5-c]pyri-
din-4(5H)-one, MMPIP (Suzuki et al. 2007; Nakamura et al. 2010). Intra-VL PAG
MMPIP inhibited pain responses in formalin and neuropathic pain models remain-
ing ineffective in healthy rats. MMPIP also modulated RVM cell activity by increas-
ing the activity of the antinociceptive OFF cells and decreased that of the
pronociceptive ON cells, consistently with antinociception only in neuropathic rats
and proved to be ineffective in healthy controls (Palazzo et al. 2012). The context-
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dependent MMPIP effect was later on confirmed in a recent study where systemic
MMPIP has proved to revert pain and pain-related affective and cognitive responses
in the SNI model of neuropathic while remaining ineffective in control mice
(Palazzo et al. 2015).

Nucleus Tractus Solitarius (NTS) Interestingly and accordingly to the opposite
effects on pain modulation played by mGluR7 and mGIuR8 stimulation in the PAG
and amygdala, opposite roles of these receptors have also been reported in the
NTS. However, the function played by mGIuR7 (pain facilitation) and mGIuRS8
(pain inhibition) on cardiac somatic reflex induced by pericardial capsaicin was
exactly the opposite to those played in the amygdala and PAG. Indeed, mGluR7 has
an inhibitory, whereas mGIuR8 has a facilitatory role in modulating cardiac noci-
ception in the NTS (Liu et al. 2012). The effects of intra-NTS stimulation of mGluR7
and mGluR8 were antagonized by intra-NTS MSOP, a selective group III mGIuR
antagonist. The reason of the discrepancy among mGluR7 and mGluR8 stimulation
effect within the NTS and PAG/amygdala may originate from the fact that NTS has
a pronociceptive action and the stimulation of mGIluR8 on GABAergic terminals by
disinhibiting NTS-descending activity increases nociceptive information at the spi-
nal cord level. The stimulation of mGluR7 on glutamatergic terminals would have
the opposite effect (Liu et al. 2012). It has been also recently shown that group III
mGIuR blockade in NTS prevents sensitization of neural firing response to intratra-
cheal application of capsaicin in both naive- and allergen-sensitized rats (Spaziano
et al. 2015).

Dorsal Striatum (DS) The role of the mGluRS8 in modulating pain responses in
neuropathic pain conditions has been recently investigated also in the dorsal stria-
tum (DS). mGIluRS8 stimulation did not modify the nociceptive behavior and RVM
neural activity in control rats but increased the mechanical withdrawal threshold
and the activity of the OFF cells while decreasing that of the ON cells in the SNI
model of neuropathic pain. The effect of mGIluR8 manipulation (and of other group
IIT mGluRs) being analgesic in chronic pain conditions only is consistent with pre-
vious reports (2011b, 2014a,b, 2015). AZ12216052, a mGIuR8 PAM, has shown an
effect similar to that of (S)-3,4-DCPG. An increase in tail flick latency and in the
OFF cell activity and a decrease in the ON cell activity have been observed in SNI
rats only. However, the effect of AZ12216052 was less potent than that of (S)-3,4-
DCPG. Differently from mGIuRS, the mGIuR4 stimulation by VU0155041, a selec-
tive mGluR4 PAM, was ineffective in changing pain responses in both shams and
SNI rats thus confirming the specificity of (S)-3,4-DCPG effect was due by mGIluRS8
stimulation (Thomas et al. 2001). mGluR8 protein expression was increased in the
DS and associated with vesicular glutamate transporter vGAT-positive profiles in
SNI rats suggesting that disinhibition of the DS inhibits pain transmission through-
out the descending pain pathway activation at RVM level in chronic pain condition
(Rossi et al. 2014).
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2.6 Conclusion

Altogether the potential and the variety of the effects which may be obtained by
mGluR manipulation on CNS functioning are unlimited. A large number of neuro-
logical and psychiatric diseases are associated with glutamate transmission dys-
regulation; thus, its modulation by mGluR fine-tuning appears strategic. The
mGluR-wide expression in nervous tissue of the pain pathway suggests that multi-
ple avenues exist to exploit mGluRs for designing pain-killers. In particular, pain-
controlling supraspinal sites often overlap those controlling affective and cognitive
behaviors which are seriously compromised in chronic pain suffering subjects.
Moreover, their expression in supraspinal structures such as those belonging to the
endogenous antinociceptive descending pathway, including PAG and RVM, whose
task is to counteract pain, offers an endogenous substrate for evoking analgesia.
Taken as a whole, the mGluR ligand effects on pain and pain-related affective/cog-
nitive responses depend not only from their selectivity for a particular mGIuR sub-
type and the transduction cascades to which they are coupled but also from the
neuron type (glutamate or GABA) and the brain site which can be pronociceptive or
antinociceptive on which they are located. The recent increasing development of
NAMs and PAMs which have shown selectivity toward a specific mGluR subtype
offers a large variety of pharmacological tools for investigating mGluR potential on
psychiatric and neurological diseases including chronic pain and its emotional and
cognitive consequences. Moreover, these allosteric modulators present better lipo-
philicity and selectivity than their orthosteric counterparts. While preliminary stud-
ies investigating the effect of mGluR8 PAMs and mGluR7 NAMs on chronic pain
and related affective cognitive consequences appear encouraging, further studies
will be needed to clarify the precise contribution of each mGluR subtype and its
therapeutic potential.
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Chapter 3

Metabotropic Glutamate Receptors

and Parkinson’s Disease: Basic and Preclinical
Neuroscience

Paolo Gubellini, Liliya Iskhakova, Yoland Smith, and Marianne Amalric

Abstract Since the late 1990s, data from various laboratories have provided strong
evidence that the three groups of mGlu receptors are widely and specifically
expressed in the basal ganglia (BG), where they modulate neuronal excitability as
well as synaptic transmission and plasticity. Therefore, targeting specific mGlu
receptor subtypes by means of selective drugs could be a possible strategy for
restoring normal synaptic function and neuron activity in the BG in Parkinson’s
disease (PD). In this context, the spectacular development of subtype-selective
mGlu receptor agonists, antagonists, and allosteric modulators has provided scien-
tists with a wide range of neuropharmacological tools that have largely supported
this hypothesis. This review provides data showing that drugs acting on mGlu
receptors can alleviate PD motor symptoms and reduce levodopa-induced dyskine-
sia in animal models of PD and recent clinical trials that confirm these findings.
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3.1 Parkinson’s Disease

Parkinson’s disease (PD) is a chronic neurodegenerative disorder primarily due to
the progressive loss of substantia nigra pars compacta (SNc) neurons releasing
dopamine (DA) and characterized by the “classical” motor symptoms: resting
tremor, bradykinesia, akinesia, rigidity, and postural instability (Olanow 2007
Jankovic 2008; Schapira and Jenner 2011). These DAergic neurons project to the
basal ganglia (BG), a highly organized network of brain nuclei implicated in move-
ment control and motor learning, as well as limbic and cognitive functions, and
receive massive projections from the cortex and thalamus (Fig. 3.1a). The BG nuclei
include the caudate-putamen (or striatum in non-primates), which is the main input
station and is composed by >95% of projection medium spiny neurons (MSNs)
using y-aminobutyric acid (GABA) as neurotransmitter and by cholinergic and
GABAergic interneurons; the external globus pallidus (GPe or GP in non-primates);
the so-called output structures, i.e., the substantia nigra pars reticulata (SNr) and
the internal globus pallidus (GPi or entopeduncular nucleus, EP, in non-primates)
that project to the thalamus and brain stem; and the subthalamic nucleus (STN),
which is the second input station and the only intrinsic glutamatergic structure of
the BG, the others being mainly GABAergic. Two distinct efferent pathways
[although such segregation is not complete (Calabresi et al. 2014)] originate from
the striatum: the “direct” pathway, consisting in striatal GABAergic projection neu-
rons expressing mainly DA Dl1-like receptors and projecting directly to the BG
output structures (SN1/GPi), and the “indirect” pathway, whose neurons express
D2-like receptors and project to the SNr/GPi indirectly, via two intermediate sta-
tions—the GPe and the STN (Fig. 3.1a) (Levy et al. 1997; DeLong and Wichmann
2007). In PD (Fig. 3.1b), the loss of SNc DAergic neurons leads to two opposite
effects in the BG: hypoactivity of direct-pathway neurons and, conversely, hyperac-
tivity of the indirect pathway, resulting in increased inhibition of the GPe which, in
turn, disinhibits the STN (Blandini et al. 2000). The overall effect is an increased
glutamatergic and a decreased GABAergic tone at the level of the SNr/GPi, which
become hyperactive leading to excessive thalamic and brain stem inhibition and to
the PD motor symptoms (Obeso et al. 2000; DeLong and Wichmann 2007;
Wichmann and Dostrovsky 2011). Moreover, an increased corticostriatal glutama-
tergic input and an increased striatal cholinergic tone are thought to contribute to
such imbalance in the cortico-BG circuit (Chase and Oh 2000; Chase et al. 2003;
Bamford et al. 2004; Yin and Lovinger 2006; Pisani et al. 2007; Obeso et al. 2008).

To date, available therapies for PD are only symptomatic. The gold standard
treatment is the administration of the DA precursor L-3,4-dihydroxyphenylalanine
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Fig. 3.1 Simplified
scheme representing the
basal ganglia circuitry in
normal (a) and in
parkinsonian state (b). The
“hyperdirect” pathway
(from cortex to STN), the
thalamostriatal afferences,
the connection between
SNc and GPi/SNr, as well
as the cortical outputs to
the brain stem and spinal
cord are omitted. The
strenght of synaptic
pathways is represented by
their thickness (the thicker
the stronger and vice
versa), and the
neurotransmitters

utilized are indicated by
different colors in fibers
and neuronal cell bodies
(ACh acetylcholine, Glu
glutamate, GABA
y-aminobutyric acid, DA
dopamine).Fig.

3.1 (continued) The
degeneration of the SN¢
and dopaminergic fibers in
parkinsonian condition is
represented in b (the dotted
line represents altered
thalamic output to the
cortex). Abbreviations: CM
centromedian, GPe/i
globus pallidus pars
externa/interna, IN
interneuron, MSN medium
spiny neuron, SNc/r
substantia nigra pars
compacta/reticulata, STN
subthalamic nucleus, VA
ventral anterior, VL ventral
lateral, VM ventral medial
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(L-DOPA), DA agonists, and/or DA degradation blockers. However, the relief pro-
vided by such therapy is impaired in the long term by loss of efficacy and the appear-
ance of dose-dependent side effects, notably L-DOPA-induced dyskinesia (LID)
and motor fluctuations, probably due to the pulsatile, non-physiological stimulation
of DA receptors by these treatments (Chase 1998; Ahlskog and Muenter 2001;
Olanow et al. 2009; Bastide et al. 2015). Since the mid-1990s, deep brain stimula-
tion has become a successful and frequently practiced neurosurgical approach for
alleviating PD motor symptoms, in particular high-frequency stimulation of the
STN (Benabid et al. 2001; Gubellini et al. 2009; Benabid et al. 2009). However, its
clinical use is proceeding without a complete understanding of its action mecha-
nisms, and its long-term consequences on non-motor symptoms are still under study
(Rosa et al. 2012; Karas et al. 2013). Furthermore, some patients show a progressive
worsening of both motor and non-motor symptoms that are likely due to the pro-
gression of the disease, although long-term changes induced by chronic STN stimu-
lation cannot be excluded (Fasano et al. 2012; Rizzone et al. 2014). Finally, several
other treatments are currently under investigation, including pharmacologically tar-
geting other neurotransmitter systems, cell transplantation, gene therapy, and neu-
roprotective treatments (Smith et al. 2012; Brichta et al. 2013; Schapira et al. 2014;
Buttery and Barker 2014). Among the new therapeutic strategies for PD, probably
the best option would be an alternative non-DAergic treatment that could relieve PD
symptoms by restoring the excitation/inhibition balance in the BG and, at the same
time, avoid the development of side effects, notably LID (Smith et al. 2012; Brichta
et al. 2013). In this context, the metabotropic glutamate (mGlu) receptors constitute
interesting targets.

3.2 Rationale for Targeting mGlu Receptors for Parkinson’s
Disease

The three classes of mGlu receptors, i.e., group I (mGlul and mGluS5), group 11
(mGlu2 and mGlu3), and group III (mGlu4, mGlu7, and mGlu8), are specifically
expressed in the BG (Fig. 3.2), where they regulate neuron excitability, synaptic
transmission and synaptic plasticity, in particular in the striatum (mGlu6, another
group III mGlu receptor, is expressed only in the retina). Briefly, group I mGlu
receptors are largely postsynaptic, and their activation increases neuronal excitabil-
ity and response to glutamate, while groups II and III are mainly located presynapti-
cally, where they act as auto- and hetero-receptors and their stimulation leads to
decreased neurotransmitter release (Testa et al. 1994, 1995, 1998; Conn and Pin
1997; Tallaksen-Greene et al. 1998; Bradley et al. 1999b; Pin and Acher 2002;
Pisani et al. 2003; Gubellini et al. 2004; Conn et al. 2005; Bonsi et al. 2007). Given
such ubiquitous but rather specific expression on neurons and synapses of the BG,
and due to their differential effects, mGlu receptors are interesting tools to modulate
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Fig. 3.2 Pre- and postsynaptic localization of the different mGlu receptor subtypes in the basal
ganglia (for abbreviations, see Fig. 3.1). The circuitry represented here is in parkinsonian condi-
tion, in order to highlight the over- and hypoactive synapses and neuronal subtypes targeted by
selectively acting on specific mGlu receptor subtypes (See Fig. 3.1 for abbreviations)

neuronal excitability and synaptic strength in these brain structures. Therefore, they
represent potential pharmacological targets that could allow restoring physiological
activity in BG circuitry in PD state by, for example, inhibiting a given synapse or
neuronal type or targeting a specific BG nucleus.

3.3 Localization and Function of mGlu Receptors
in the Basal Ganglia

The cellular localization of mGlu receptors in the BG has been examined using in
situ hybridization and immunohistochemical approaches. Further electron micro-
scopic studies with high-resolution pre-embedding immunogold techniques pro-
vided detailed maps of the subcellular and subsynaptic distribution of these receptors
throughout the BG circuitry. These studies also highlighted the complex and intrigu-
ing pattern of localization of the various mGlu receptor subtypes suggesting that
these receptors are located to subserve pre- and postsynaptic regulation of
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glutamatergic and non-glutamatergic synaptic networks of the BG circuitry.
Furthermore, the localization of mGlu receptors at non-glutamatergic synapses as
well as extrasynaptically raised some interesting questions about the sources of acti-
vation and the possible roles of these receptors at these nonconventional sites. The
importance of glutamate spillover, astrocytic release of glutamate, and protein-pro-
tein interactions has been discussed in previous studies [for review, see (Galvan
et al. 2000)]. These advances in our understanding of the localization of specific
mGlu receptor subtypes, combined with the development of specific mGlu-related
compounds, have helped dissecting out the modulatory role of these receptors at
various synapses throughout the BG circuitry. Furthermore, these studies set the
foundation for the development of preclinical work aimed at testing the therapeutic
efficacy of drugs acting on mGlu receptors in various brain disorders including PD.

3.3.1 Group I mGlu Receptors

Virtually all neurons of the BG nuclei express to a variable degree group I mGlu
receptors, in particular mGlu5 (Fig. 3.2), and because of such widespread distribu-
tion, they have generated significant interest as potential targets for drug therapy in
PD (Paquet and Smith 2003; Conn et al. 2005).

In the dorsal and ventral striatum, both mGlula (a splice variant of mGlul) and
mGlu5 receptors are strongly expressed in both populations of projection neurons,
cholinergic interneurons, and subtypes of GABAergic interneurons (Testa et al.
1994; Tallaksen-Greene et al. 1998; Pisani et al. 2001a). Co-localization studies in
the nucleus accumbens (or ventral striatum) revealed that ~60% of dendritic spines
co-express mGlula and mGlu5 receptors and that a significant amount of the post-
synaptic labeling for both group I subtypes is expressed in D1 receptor-positive and
receptor-negative profiles, suggesting that both direct and indirect pathway neurons
express group I mGlu receptors (Mitrano and Smith 2007).

At the subcellular level, the two receptor subtypes are mainly found postsynapti-
cally in dendritic spines and shafts, although presynaptic expression of mGlula
receptor (but not mGlu5) in glutamatergic and DAergic terminals has also been
reported in the caudate nucleus and putamen of rhesus monkeys (Paquet and Smith
2003), but not in the nucleus accumbens where presynaptic mGlula and mGlu5
labeling is confined to rare unmyelinated axons (Mitrano and Smith 2007). In gen-
eral, the bulk of postsynaptic labeling for both receptor subtypes in the dorsal stria-
tum and nucleus accumbens is located at non-synaptic sites along the plasma
membrane of dendrites and spines, but a significant amount of labeling is also spe-
cifically found at the edges of the postsynaptic densities (i.e., perisynaptic) of asym-
metric glutamatergic synapses from the cortex, thalamus, and amygdala (Paquet
and Smith 2003; Mitrano and Smith 2007), a pattern reminiscent of the localization
of group I mGlu receptors at glutamatergic synapses throughout the CNS (Baude
etal. 1993; Nusser et al. 1994; Galvan et al. 2006) (Fig. 3.3a). In the monkey dorsal
striatum, mGlu5 receptor (but not mGlula) is also expressed perisynaptically at
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symmetric synapses formed by DAergic terminals, suggesting that it could be
involved in mediating some of the physiological effects of nigrostriatal afferents in
the primate striatum [see discussion in (Paquet and Smith 2003)] (Fig. 3.3a). In light
of evidence that subsets of nigral DAergic terminals co-express and release gluta-
mate in the striatum (Chuhma et al. 2009; Hnasko et al. 2010; Trudeau et al. 2014),
the potential role of mGlu5 receptor at nigrostriatal synapses warrants further inves-
tigation. In the monkey dorsal striatum, a significant amount of labeling for both
receptor subtypes is also found in the main body of putative GABAergic symmetric
synapses formed by terminals that ultrastructurally resemble those from local axon
collaterals of striatal projection neurons (Paquet and Smith 2003) (Fig. 3.3a). In
addition to this heterogeneous pattern of plasma membrane expression of both
group I mGlu receptor subtypes, a significant amount of immunoreactivity (mainly
mGlu5) is expressed in various intracellular compartments of neurons in the dorsal
and ventral striatum (Paquet and Smith 2003; Mitrano and Smith 2007). Whether
this labeling is accounted for by receptors being trafficked to and from the plasma
membrane, or by a pool of functional intracellular mGlu5 receptors, still remains to
be established.

At the presynaptic level, mGlula receptor is expressed predominantly in subsets
of thalamic glutamatergic terminals from the caudal intralaminar nuclei and nigros-
triatal DAergic boutons in the dorsal striatum (Paquet and Smith 2003), while in the
nucleus accumbens it is particularly abundant in unmyelinated axons (Mitrano and
Smith 2007). The functional significance of this presynaptic labeling remains to be
established (Battaglia et al. 2001; Paquet and Smith 2003). Altogether, these studies
demonstrate that group I mGlu receptors display a highly heterogeneous pattern of
cellular, subcellular, and subsynaptic distribution in the rodent and primate striatum,
through which they can regulate both glutamatergic and non-glutamatergic
transmission.

From a neurophysiological point of view, the pharmacological stimulation of
mGlu5 receptor has been shown to enhance N-methyl-D-aspartate (NMDA)
receptor-mediated glutamatergic signaling in striatal MSNs (Awad et al. 2000;
Pisani et al. 2001b), while in the GP this effect is achieved by stimulating mGlul
receptor (Sun et al. 2012). Moreover, long-term synaptic plasticity (long-term
depression (LTD) and long-term potentiation (LTP)) in the striatum, known to
underlie motor control and learning, also depends on group I mGlu receptor stimu-
lation (Gubellini et al. 2001, 2003; Sung et al. 2001; Lovinger 2010; Bagetta et al.
2010). Furthermore, a form of corticostriatal LTD is achieved by the stimulation of
group I mGlu receptors via the synthesis of nitric oxide and the release of endocan-
nabinoids (Sergeeva et al. 2007). Given the evidence that corticostriatal LTD and
LTP are lost in animal models of PD (Picconi et al. 2012), a possible strategy for PD
treatment should be to rescue synaptic plasticity and/or restore physiological synap-
tic transmission by acting on group I mGlu receptors. In particular, inhibition of
mGlu5 receptor could reduce the increased excitability of striatal MSNs and cholin-
ergic interneurons, and thus the subsequent overinhibition of the GPe, therefore
counteracting the hyperactive glutamatergic inputs that the striatum and GPe receive
from the cortex and the STN, respectively, in PD condition (Figs. 3.1b and 3.2).
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Fig. 3.3 Schematics showing the subcellular and subsynaptic distribution of groups I, II, and IIT
mGlu receptors in relation to synapses formed by glutamatergic (red), GABAergic (blue), and
dopaminergic (green) terminals in the striatum (a), GP/SNr (b), and STN (c). The legend of the
different receptor subtypes is shown at the bottom right of the figure (See Fig. 3.1 for
abbreviations)
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In the GPe and GPi, both mGlula and mGlu5 receptors are also co-expressed in
most neurons (Poisik et al. 2003). Overall, the pattern of subcellular postsynaptic
labeling for both receptor subtypes is similar to that described in the striatum, i.e.,
strong extrasynaptic dendritic labeling of GPe and GPi neurons with perisynaptic
expression at the edges of asymmetric glutamatergic synapses most likely originat-
ing from the STN (Hanson and Smith 1999; Smith et al. 2001, 2000). In line with
data from the dorsal striatum, prominent mGlula and mGlu5 receptor labeling is
expressed in the main body of putative striatopallidal GABAergic synapses on den-
drites of GPe and GPi neurons (Hanson and Smith 1999). Similar findings were also
obtained for striatonigral GABAergic synapses in the rat SNr (Hubert et al. 2001)
(Fig. 3.3b). Although the role and mechanisms of activation of postsynaptic group I
mGlu receptors at GABAergic striatofugal synapses remain unknown, it is notewor-
thy that these observations have recently been confirmed and extended to other
brain regions using different imaging methods (Mansouri et al. 2015).

In the GP, the pharmacological stimulation of mGlul receptor has been shown to
increase neuronal spontaneous firing rate and induce a long-lasting excitation in
both rat (Kaneda et al. 2007) and monkey (Kaneda et al. 2005), suggesting that this
receptor may play an important role in the control of pallidal neuron activity.
Although mGlula and mGlu5 receptors display a high degree of co-localization in
the GP and other BG nuclei, little is known about the functional significance of this
co-expression (Valenti et al. 2002). However, data from the rat GP indicate that
mGlul and mGlu5 receptors functionally interact at the level of single pallidal neu-
rons so that mGlu5 activation regulates the desensitization of mGlul (Poisik et al.
2003). Supporting such possible interaction, it has been shown that mGlul receptor
stimulation or mGlu5 receptor blockade produces similar excitatory effects on pal-
lidal neurons (Sun et al. 2012). Interestingly, in reserpine-treated rats, these effects
are inverted (Poisik et al. 2007). This novel mechanism of interaction expands the
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possibility by which group I mGlu receptors can regulate neuronal activity in the
pallidal complex (Valenti et al. 2002), especially in parkinsonian conditions in
which the expression and excitatory action of mGlul in the pallidal complex are
downregulated (Kaneda et al. 2005).

In the STN, both group I mGlu receptor subtypes also frequently co-localize in
cell bodies and dendritic profiles of single neurons (Testa et al. 1998; Awad et al.
2000; Marino et al. 2002; Kuwajima et al. 2004, 2007). At the subcellular and sub-
synaptic level, mGlula and mGlu5 receptors display a preferential perisynaptic
localization at the edges of glutamatergic and GABAergic synapses, some of which
being established by putative pallido-subthalamic terminals (Awad et al. 2000;
Kuwajima et al. 2004) (Fig. 3.3c). In contrast to other BG nuclei, a significant
amount of mGlula receptor immunoreactivity displays glial expression in the mon-
key STN (Kuwajima et al. 2004, 2007). Despite significant co-expression of both
group I mGlu receptor subtypes in single STN neurons, it appears that mGlu5 is the
key mediator of slow depolarization, direct excitation, increased burst-firing activ-
ity, and potentiation of NMDA receptor-mediated currents in STN neurons, while
activation of both receptor subtypes regulates the levels of intracellular calcium
(Awad et al. 2000; Valenti et al. 2002; Marino et al. 2002). However, other studies
showed that stimulation of group I mGlu receptors (most likely of mGlul) generates
a hyperpolarizing K-ATP current by a nitric oxide- and protein kinase G-dependent
process that is mediated by the release of calcium from intracellular stores (Shen
and Johnson 2013) and depresses glutamatergic transmission (Awad-Granko and
Conn 2001), suggesting that these receptors might also exert crucial inhibitory
influences on the activity and synaptic transmission of STN neurons.

In both the SNc and SNr, the pattern of plasma membrane-bound subsynaptic
labeling of the two receptor subtypes is the same as in the GP, with the exception
that the relative prevalence of intracellular mGlu5 labeling is much higher in den-
drites of SNr/SNc neurons than in GPe/GPi neurons. In contrast, most mGlula
labeling is located on the dendritic plasma membrane in both structures (Hanson
and Smith 1999; Hubert et al. 2001). Strong synaptic labeling in the core of putative
striatonigral GABAergic synapses and perisynaptic expression at glutamatergic
synapses is the most typical pattern of mGlula and mGlu5 labeling in the SNr
(Hubert et al. 2001) (Fig. 3.3b). As in the GP, glial and presynaptic expression of
group I mGlu receptors is almost nonexistent in the SNr of adult rats and monkeys
(Hanson and Smith 1999; Hubert et al. 2001). However, strong enrichment of both
group I mGlu receptor subtypes in astrocytic processes and axon terminals has been
reported in young rats (up to at least P18), suggesting a critical role of these recep-
tors in early brain development (Hubert and Smith 2004).

In both the SNc and SNr, the pharmacological stimulation of group I mGlu
receptors triggers an inward current (Shen and Johnson 2013). In the SNc, in par-
ticular, this results in increased internal sodium and calcium concentration in
DAergic neurons (Marino et al. 2002; Katayama et al. 2003), altering their firing
from regular to bursty, suggesting that these receptors can modulate the activity as
well as the vulnerability of these cells (Guatteo et al. 1999; Prisco et al. 2002). In
the SN, the activation of both mGlula and mGlu5 receptors depolarizes GABAergic



42 P. Gubellini et al.

neurons and inhibits glutamatergic transmission (Wittmann et al. 2001; Marino
et al. 2001; Marino et al. 2002).

3.3.2  Group II mGlu Receptors

The two group II mGlu receptor subtypes (mGlu2 and mGlu3) are expressed to vari-
able extent throughout the BG (Testa et al. 1994; Petralia et al. 1996; Tamaru et al.
2001; Samadi et al. 2008a), the striatum being the most enriched nucleus (Fig. 3.2).
Overall, striatal mGlu2 receptor immunoreactivity is mainly expressed in glutama-
tergic axons and terminals and in cholinergic interneurons (Testa et al. 1994; Pisani
et al. 2002), while mGlu3 labeling is found in glia and at low levels in various sub-
types of neuronal cell bodies, except large cholinergic cells (Testa et al. 1994;
Petralia et al. 1996). Albeit both being located presynaptically in glutamatergic ter-
minals, mGlu2 and mGlu4 receptors (the latter belonging to group III; see below)
display a strikingly different pattern of subcellular localization, mGlu2 being
expressed away from the release site of glutamate, while mGlu4 is densely aggre-
gated in the presynaptic grid of active zones at glutamatergic synapses (Petralia
et al. 1996; Bradley et al. 1999a; Bogenpohl et al. 2013) (Fig. 3.3), suggesting that
these two populations of presynaptic mGlu autoreceptors rely on different sources
and mechanisms of activation (Galvan et al. 2006). In line with these anatomical
data, group II mGlu receptor activation exerts powerful inhibitory control over glu-
tamatergic corticostriatal transmission and acetylcholine release in rodents
(Lovinger and McCool 1995; Marti et al. 2001; Kahn et al. 2001; Kupferschmidt
and Lovinger 2015).

Other BG nuclei display low to moderate levels of neuronal group II mGlu recep-
tor mRNA (Testa et al. 1994) and protein immunoreactivity (Petralia et al. 1996;
Testa et al. 1998; Tamaru et al. 2001). Electrophysiological studies have shown that
activation of group II mGlu receptors reduces glutamatergic transmission in the
STN (Shen and Johnson 2003), the GP (Poisik et al. 2005) and the SN (Bradley
et al. 2000; Wittmann et al. 2002; Katayama et al. 2003; Johnson et al. 2011). Thus,
group II mGlu receptor agonists should help in restoring BG circuitry in parkinso-
nian state by reducing the output of glutamatergic corticostriatal and subthalamofu-
gal synapses and by inhibiting cholinergic neurons in the striatum (Figs. 3.1b and
3.2).

3.3.3 Group II1 mGlu Receptors

The two main group III mGlu receptors, mGlu4 and mGlu7, are expressed through-
out the BG circuitry (Fig. 3.2), although evidence for low level of mGlu8 expression
has also been suggested (Kinoshita et al. 1998; Kosinski et al. 1999; Bradley et al.
1999a, b; Corti et al. 2002; Messenger et al. 2002; Conn et al. 2005; Bogenpohl
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et al. 2013; Johnson et al. 2013). In the striatum, mGlu4a and mGlu7a receptors are
mainly expressed presynaptically in glutamatergic corticostriatal terminals
(Kosinski et al. 1999; Bradley et al. 1999a, b; Corti et al. 2002; Bogenpohl et al.
2013) (Fig. 3.3a), which is in line with the powerful inhibitory effects of mGlu4
receptor activation on corticostriatal transmission in the rodent striatum (Cuomo
et al. 2009; Bennouar et al. 2013; Gubellini et al. 2014). The effects of mGlu7
receptor stimulation have been mainly characterized in the nucleus accumbens,
where it lowers extracellular GABA and increases extracellular glutamate levels (Li
et al. 2008). Recent findings indicate that mGlu4-containing cortical boutons pref-
erentially target spines of indirect-pathway projection neurons (Iskhakova and
Smith 2015), suggesting that mGlu4 receptor-related drugs may have a differential
modulatory effects upon the activity of the two main populations of striatofugal
neurons. In addition to their role as autoreceptors on glutamatergic terminals, stria-
tal mGlu4 receptors are also expressed presynaptically in putative GABAergic ter-
minals, most likely from intrinsic axon collaterals of striatofugal GABAergic
neurons (Fig. 3.3a). Interestingly, the main postsynaptic targets of these intrastriatal
mGlu4-containing terminals are dendrites of cholinergic interneurons (Kuramoto
et al. 2007). Together with recent findings showing that axon collaterals of direct-
and indirect-pathway neurons terminate massively upon striatal cholinergic inter-
neurons (Gonzales et al. 2013; Gonzales and Smith 2015) and that mGlu4 receptor
activation inhibits intrastriatal GABAergic transmission (Cuomo et al. 2009), these
findings confirm that mGlu4 receptor can regulate intrastriatal GABAergic micro-
circuits and suggest that it could also influence striatal cholinergic activity. In both
glutamatergic and GABAergic terminals, mGlu4 and mGlu7 receptors display a
specific pattern of subsynaptic localization, being mainly aggregated at the presyn-
aptic active zones of these terminals (Kinoshita et al. 1998; Kosinski et al. 1999;
Bradley et al. 1999a, b; Corti et al. 2002; Bogenpohl et al. 2013). Detailed informa-
tion about the localization and synaptic effects of mGlu8 receptor modulation in the
BG is lacking. Thus, as for group III mGlu receptors, mGlu4 activation is viewed as
a possible strategy to reduce neurotransmitter release at hyperactive synapses in
the BG in parkinsonian state, notably the corticostriatal and striatopallidal projec-
tions (Figs. 3.1b and 3.2).

At the level of GPe, GPi, and SNr, mGlu4 and mGlu7 receptors are abundantly
expressed in striatal GABAergic terminals (Kinoshita et al. 1998; Kosinski et al.
1999; Bradley et al. 1999a, b; Corti et al. 2002; Bogenpohl et al. 2013), which is
consistent with the strong inhibitory effects of mGlu4 receptor agonists or allosteric
potentiators on GABAergic transmission at striatopallidal synapses (Valenti et al.
2003; Beurrier et al. 2009; Gubellini et al. 2014) (Fig. 3.3b). In addition, significant
presynaptic mGlu4 receptor expression has also been reported in the GP and SNr on
putative glutamatergic terminals, arising most likely from the STN, of both rodents
and nonhuman primates (Bradley et al. 1999a, b; Bogenpohl et al. 2013) (Fig. 3.3b).
Thus, group III mGlu receptors are located to subserve a powerful control over
GABAergic and glutamatergic transmission in the GP and SNr.

In contrast to other BG nuclei, the levels of group III mGlu receptor mRNA and
protein expression in the STN are low (Kosinski et al. 1999; Bradley et al. 1999a, b;
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Corti et al. 2002). However, the activation of these receptors causes a presynaptic
depression of excitatory transmission in the rat STN (Awad-Granko and Conn
2001), suggesting the presence of functional group III mGlu receptor subtypes on
glutamatergic afferents to the STN (Fig. 3.3c).

In the SN, slice recording studies have shown that mGlu4 receptor (and possi-
bly mGlu8) activation reduces excitatory transmission (Katayama et al. 2003;
Valenti et al. 2005). It has been suggested that this downregulation of glutamatergic
transmission may contribute to the neuroprotective effects of mGlu4 receptor ago-
nists against toxin-induced degeneration of midbrain DAergic neurons in models of
PD (Battaglia et al. 2006; Betts et al. 2012) (see also Masilamoni and Smith,
Chap. 6, this book).

3.4 Group I mGlu Receptors and Parkinson’s Disease

Early studies showed that mGlu5 receptor antagonism could ameliorate motor dys-
function in animal models of PD (Conn et al. 2005; Phillips et al. 2006; Ossowska
et al. 2007). Negative allosteric modulators (NAMs) that exhibit noncompetitive
inhibition of mGlu5 receptors, such as MPEP (2-methyl-6-(phenylethynyl)-pyri-
dine) and MTEP (3-((2-Methyl-1,3-thiazol-4-yl)ethynyl)pyridine hydrochloride),
were effective in relieving motor symptoms and LID in a variety of rodent and
nonhuman primate models of PD (Breysse et al. 2002, 2003; Coccurello et al.
2004; Ambrosi et al. 2010; Hovelso et al. 2012; Gasparini et al. 2013; Morin et al.
2013; Amalric 2015). Anatomical and behavioral studies further showed that mGlu5
receptor blockade normalizes the hyperactive STN and the cortical input onto the
“indirect” pathway (Oueslati et al. 2005; Phillips et al. 2006). Antagonism of mGlu5
receptor is also a potential new target in the management of LID (Gasparini et al.
2013; Rascol et al. 2014). Increased postsynaptic mGlu5 receptor density and spe-
cific striatal binding with selective mGlu5 receptor ligands were observed in MPTP-
lesioned macaques with LID (Samadi et al. 2008b; Rascol et al. 2014) and in
postmortem brains of parkinsonian patients with LID (Ouattara et al. 2011). Further
evidence for antidyskinetic efficacy of mGluS receptor antagonists in LID come
from preclinical studies in rodent (6-OHDA lesion) and monkey (MPTP lesion) PD
models (Mela et al. 2007; Levandis et al. 2008; Maranis et al. 2012; Gasparini et al.
2013; Rascol et al. 2014). The mGlu5 receptor NAM mavoglurant (AFQ056) was
recently tested in PD patients in clinical phase II and III studies (Berg et al. 2011):
this drug, as well as another mGlu5 receptor NAM, dipraglurant (ADX-48621), has
shown potential antidyskinetic action in PD patients, without reducing the efficacy
of antiparkinsonian therapy (Stocchi et al. 2013; Rascol et al. 2014). Adverse effects
including dizziness and hallucinations were reported, however, probably involving
other structures outside the BG, such as the lateral habenula, the amygdala, the
prefrontal cortex and the hippocampus. Inhibition of glutamate activity by acting on
mGlu receptors located in these areas may thus prove to be a novel target to reduce
LID (Bastide et al. 2014; Engeln et al. 2014).
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Another major breakthrough of targeting group I mGlu receptors for PD came
from studies showing that their blockade, in particular of mGlu5 (by MPEP or other
selective antagonists), could provide neuroprotection in rodent and monkey models
of PD (Battaglia et al. 2004; Vernon et al. 2005, 2007a; Aguirre et al. 2005;
Armentero et al. 2006; Ambrosi et al. 2010; Chen et al. 2011; Masilamoni et al.
2011; Hsieh et al. 2012; Fuzzati-Armentero et al. 2015).

3.5 Group II mGlu Receptors and Parkinson’s Disease

Selective agonists of mGlu2 and mGlu3 receptors potently decrease excitatory
transmission at corticostriatal synapses via a presynaptic mechanism (Picconi et al.
2002). The modulation of group II mGlu receptors did not however provide signifi-
cant benefit in animal models of PD. In particular, agonists of mGlu2 and mGlu3
receptors did not show good evidence of an antiparkinsonian action in rodent mod-
els of PD (Rylander et al. 2009) and even worsened motor symptoms (Murray et al.
2002). Group II mGlu receptors also do not play a significant role in LID, and the
expression of mGlu2 and mGlu3 receptors in the BG does not change with L-DOPA
treatment in parkinsonian primates (Samadi et al. 2008a). The recent development
of subtype 2 or 3 selective agonists may help to resolve this issue.

3.6 Group III mGlu Receptors and Parkinson’s Disease

Among group III (mGlu4, mGlu7, and mGlu8) mGlu receptors, the targeting of
mGlu4 has been the most characterized in PD models using orthosteric agonists or
positive allosteric modulators (PAMs). Each one presents its own advantages and
shortcomings, in particular orthosteric agonist being less selective and less able to
pass the blood-brain barrier compared to PAMs but more effective in activating the
receptor. Whether mGlu4 receptor PAMs are preferable or not to orthosteric ago-
nists for potential PD treatments is still a matter of debate (Flor and Acher 2012;
Iderberg et al. 2015).

The first drug targeting mGlu4 receptor showing an antiparkinsonian effect
was the PAM N-phenyl-7-(hydroxylimino)cyclopropa[b]-chromen-1a-carbox-
amide (PHCCC), which produced a marked reversal of reserpine-induced akine-
sia in rats when injected intracerebroventricularly (Marino et al. 2003). More
recent, potent, and selective mGlu4 receptor PAMs, such as VU0155041
(Niswender et al. 2008), ML128 (Hopkins et al. 2010), VU0400195 and ML182
(Jones et al. 2011), N-phenyl-7-(hydroxylimino)cyclopropa[b]-chromen-1a-car-
boxamide (PHCCC) (Broadstock et al. 2012), and VU0364770 (Jones et al. 2012),
have been shown to decrease haloperidol-induced catalepsy and/or reserpine-
induced akinesia in rats when injected in the brain or administered systemically
(orally or by i.p. injection). When tested on more relevant PD models, systemic
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administration of VU0364770 decreased forelimb asymmetry in rats with unilat-
eral nigral 6-OHDA lesion and reduced premature responses in rats with bilateral
striatal 6-OHDA lesions (Jones et al. 2012) [surprisingly, a subsequent study
VU0364770 failed to reproduce such effects on forelimb asymmetry, but it could
decrease L-DOPA-induced rotations and improve rotarod score (Iderberg et al.
2015)]. Other two mGlu4 PAMs, namely ADX88178 (Le Poul et al. 2012) and Lu
AF21934 (Bennouar et al. 2013), could reverse haloperidol-induced catalepsy in
rats but had no impact on forelimb akinesia resulting from unilateral 6-OHDA
lesion. An interesting feature of VU0364770, ADX88178, and Lu AF21934, how-
ever, is that they could significantly reduce forelimb asymmetry in rats with uni-
lateral striatal 6-OHDA lesion when coadministered with low doses of L-DOPA
that per se were ineffective (Jones et al. 2012; Le Poul et al. 2012; Bennouar et al.
2013). Such synergic action also allowed to slightly improve LID (Iderberg et al.
2015) and, more interestingly, significantly reduce its occurrence (Bennouar et al.
2013). Overall, these studies suggest that a combined treatment with low doses of
L-DOPA and an mGlu4 receptor PAM could be a valuable therapeutic strategy for
alleviating PD motor symptoms and minimizing the occurrence of LID. A possi-
ble explanation for the little or no effect of these PAMs alone against akinesia in
animal PD models could be found in their lack of efficacy at striatopallidal
GABAergic synapses (Gubellini et al. 2014) and on the activity of GP neurons
(Bogenpohl et al. 2013), which thus would limit their action to the striatum.
Concerning group III orthosteric agonists, it was reported that the administration
of (1S,3R,4S)-1-aminocyclopentane-1,3,4-tricarboxylic acid (ACPT-I), O-phospho-
L-serine (L-SOP), L-2-amino-4-phosphono-butanoate (L-AP4), or L-AP4 analogs
causes complex effects in rats treated with haloperidol or lesioned with 6-OHDA,
notably a reduction of motor deficits when injected in the GP and a lesser or oppo-
site effect when injected in the SNr (Lopez et al. 2007, 2008; Sibille et al. 2007;
Konieczny et al. 2007; Sun et al. 2013), the latter outcome being also observed with
the selective mGlu8 agonist (S)-3,4-dicarboxyphenylglycine (DCPG) (Lopez et al.
2007). Together, these data suggest that the activation of group III mGlu receptors—
notably mGlu4—provides benefits in parkinsonian rats by modulating GABAergic
neurotransmission in the GP, which mGlu4 PAMs seem unable to achieve
(Bogenpohl et al. 2013; Gubellini et al. 2014). Interestingly, chronic systemic injec-
tion of ACPT-I in rats with partial bilateral nigrostriatal lesions could alleviate the
akinetic deficit evidenced in a reaction time task, and this was associated with the
reversal of subthalamonigral overactivity (Lopez et al. 2012). Concerning subtype-
selective ligands, the selective mGlu4 agonist LSP1-3081 (or L-AP4) could inhibit
both glutamatergic and GABAergic synaptic transmission in the striatum and reduce
forelimb asymmetry in rats with unilateral 6-OHDA lesion when injected in the
striatum (Cuomo et al. 2009), confirming that this structure of the BG is a main
target of drugs acting on group III mGlu receptors for PD treatment. Another mGlu4
agonist, LSP1-2111, could depress striatopallidal synaptic transmission, improve
the performance of rats with striatal 6-OHDA lesion in the reaction time test when
injected in the GP, as well as reduce haloperidol-induced catalepsy when i.p.
injected (Beurrier et al. 2009). Interestingly, systemic administration of LSP1-2111
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also produced a reduction of LID in 6-OHDA-lesioned mice (Lopez et al. 2011),
similarly to the PAM Lu AF21934 (Bennouar et al. 2013).

Concerning mGlu7 receptor, promising results were provided by the PAM
AMNOS82 (oral or intrastriatal administration), which could reverse haloperidol-
induced catalepsy in naive rats, reduce apomorphine-induced rotations in unilateral
6-OHDA-lesioned rats, and improve reaction time task in rats with bilateral striatal
6-OHDA lesion (Greco et al. 2010). Systemic (i.p.), intrastriatal, or intranigral
administration of AMNO82 also decreased haloperidol-induced catalepsy
(Konieczny and Lenda 2013) and reserpine-induced akinesia (Broadstock et al.
2012). However, no data with this drug are available on primate models of PD.

The mGlu8 receptor agonist DCPG (intracerebroventricular administration in
rats) could reduce motor deficits caused by prolonged (18-20 h) but not acute (2 h)
haloperidol and reserpine treatments, and improve forelimb use asymmetry caused
by unilateral 6-OHDA lesion (Johnson et al. 2013). However, a previous study
showed no alleviation of prolonged reserpine-induced akinesia (Broadstock et al.
2012).

Group III agonists such as L-AP4 and L-SOP have also been shown to confer
some degree of neuroprotection in PD models. For example, reduction of TH+ cell
loss in the SNc and/or striatal DA denervation was reported in 6-OHDA-lesioned
rodents administered with these agonists (Vernon et al. 2005, 2007b; Austin et al.
2010; Betts et al. 2012), and decrease of rotenone toxicity on midbrain TH+ neurons
in culture was obtained by L-AP4 application (Jiang et al. 2006).

3.7 Concluding Remarks

The three groups of mGlu receptors are widely expressed in the BG nuclei where
they act as key regulators of BG function in both normal and diseased conditions,
by modulating neuronal excitability as well as synaptic transmission and plasticity.
Since the late 1990s, data from various laboratories have provided strong evidence
that the targeting of specific mGlu receptors by means of selective drugs could be a
possible strategy in PD treatment for restoring synaptic function and neuronal activ-
ity in the BG, thus improving motor symptoms. In this context, the spectacular
development of subtype-selective mGlu receptor agonists, antagonists and allosteric
modulators has provided scientists with a wide range of neuropharmacological tools
to test this hypothesis.

In light of the vast anatomical and functional studies of mGlu receptors gathered
throughout the BG circuitry, converging evidence shows that antagonism of group I
mGlu receptors (in particular mGlu5), as well as stimulation of group III mGlu
receptors (in particular mGlu4), can alleviate motor symptoms, reduce LID, and
provide neuroprotection in some animal models of PD. Clinical trials confirmed in
part such findings, showing that mGlu5 receptor NAMSs can improve motor symp-
toms and LID in parkinsonian patients.
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Chapter 4
Metabotropic Glutamate 2 (mGlu2) Receptors
and Schizophrenia Treatment

Javier Gonzalez-Maeso

Abstract Although it is not without controversy, recent preclinical and clinical
studies suggest that activation of metabotropic glutamate 2 (mGlu2) receptors by
orthosteric mGlu2/3 receptor agonists or allosteric mGlu2 receptor agonists repre-
sents a potential new approach to treat schizophrenia and other psychotic disorders.
Using rodent models of psychosis, it has been shown recently that expression of the
serotonin 5-HT,, receptor is at least in part necessary for the mGlu2-dependent
antipsychotic-like behavioral effects of the mGlu2/3 receptor agonist LY379268.
Additionally, chronic treatment with atypical antipsychotic drugs epigenetically
represses the promoter activity of the mGIlu2 (Grm2) gene in mouse and human
frontal cortex through a molecular mechanism that requires 5-HT,, receptor-
dependent signaling. In the present book chapter, we describe the basic signaling
and epigenetic mechanisms whereby serotonin and glutamate system cross talk
through these two neurotransmitter receptors and discuss some of the molecular
underpinnings of this framework, ranging from pharmacological interaction and
biophysical mechanisms to epigenetic pathways.

Keywords G protein-coupled receptor (GPCR) ¢ Metabotropic glutamate receptor
(mGlu) * Schizophrenia ® Antipsychotic ¢ Epigenetic

4.1 Schizophrenia

Schizophrenia is one of the most incapacitating mental disorders that affects almost
1% of the world’s population and is among the most costly of all mental illnesses,
with an estimated annual per person direct treatment cost that is approximately
twofold higher than the cost of major depression and fourfold higher than an anxiety
disorder (Sawa and Snyder 2002; Freedman 2003; Adam 2013). The available
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symptomatic treatment is only partially successful, and, therefore, the development
of rational therapeutics based on better understanding of the basic etiological mech-
anisms and pathogenesis of this psychiatric disorder is imperative. Advances in our
knowledge of schizophrenia and its treatment have been limited by a number of
factors, including heterogeneity of the schizophrenia phenotype and the lack of
clear neuroanatomical and neurodegenerative processes such as those that have pro-
vided reference points in the study of Alzheimer’s disease, Parkinson’s disease, and
other neurological disorders. Additionally, the anti-schizophrenia effects of both
first-generation or typical antipsychotic drugs, such as chlorpromazine and halo-
peridol, and second-generation or atypical antipsychotic drugs, such as clozapine,
olanzapine, and risperidone, were discovered as secondary effects of drugs origi-
nally tested to target a different battery of disorders (Kapur and Remington 2001;
Miyamoto et al. 2012; Meltzer 2013). As an example, the first antipsychotic drug
chlorpromazine was serendipitously discovered in 1952 as an antihistaminic drug
that decreased psychosis in schizophrenia patients. Haloperidol was originally
tested as a pain reliever, and clozapine was described in 1958 as a “tricyclic antide-
pressant with antipsychotic properties.” Following these early discoveries, the
molecular and neuronal circuit mechanisms of antipsychotic drug action as well as
the basic biological causes underlying schizophrenia have been the focus of much
attention in molecular psychopharmacology and translational neuroscience fields.

Schizophrenia is among the most heritable common disorders, with first-degree
relatives of an affected individual having 8—10 times the risk of the corresponding
disorder in the general population which is, as mentioned above, about 1%. Thus,
twin and adoption studies consistently demonstrate a genetic influence on schizo-
phrenia risk, confirming work that started in the 1930s (Burmeister et al. 2008). For
example, third-degree relatives (e.g., first cousins) share about 12.5% of their genes
and show a risk of 2% for developing schizophrenia. Second-degree relatives (e.g.,
half-siblings) share about 25% of their genes and show a risk of 6%. Most first-
degree relatives (e.g., siblings and dizygotic twins) share about 50% of their genes
and show a risk of about 9%. Monozygotic twins share 100% of their genes and
show risks near 50% (Cardno and Gottesman 2000; Gottesman and Erlenmeyer-
Kimling 2001). This underlines the importance of genetic factors in the develop-
ment of schizophrenia. At the same time, it also demonstrates that genetic factors
are not sufficient for the development of this psychiatric disorder.

Within this context, it has been demonstrated that environmental insults during
pregnancy, such as maternal infection and maternal severe stress significantly
increase the risk of schizophrenia in the adult offspring. Thus, it was shown in 1919
that infection with the influenza virus during pregnancy was associated with the
schizophrenia risk (Menninger 1919). These interesting findings have been vali-
dated with influenza virus (Brown et al. 2004) as well as with a variety of infectious
agents rubella (Brown et al. 2001), genital and reproductive infections (Babulas
et al. 2006), and the protozoan parasite Toxoplasma (Brown et al. 2005).
Epidemiological studies also point toward a statistically significant link between
severe maternal adverse life event during pregnancy and schizophrenia in the new-
borns. These prenatal environmental insults include war (van Os and Selten 1998;
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Malaspina et al. 2008), famine (Susser et al. 2008), and death of a relative (Khashan
etal. 2008). Together with genome-wide association studies (GWAS) (see Stefansson
et al. 2008, 2009; Walsh et al. 2008; Purcell et al. 2009, 2014; Consortium 2008,
2014), these findings suggest that schizophrenia is a multifactorial psychiatric dis-
order, caused by interactions of several genes, neurodevelopmental alterations, and
environmental events. However, the primary target of currently used antipsychotic
medications is restricted to monoaminergic neurotransmitter systems: all antipsy-
chotic drugs bind with high-affinity dopamine, serotonin, and norepinephrine recep-
tors (Miyamoto et al. 2005, 2012; Meltzer 2013; Snyder and Murphy 2008;
Lieberman et al. 2008). Interestingly, the glutamatergic system has recently emerged
as one of the most prominent targets in schizophrenia treatment. Thus, recent large
GWAS show that some of the genetic loci associated with schizophrenia are involved
in glutamatergic neurotransmission (Consortium 2014). Similarly, the use of pre-
clinical models led to the hypothesis that activation of metabotropic glutamate 2
(mGlu2) receptor might represent a new pharmacological approach to treat schizo-
phrenia, hypothesis that was translated into clinical work (for review, see Moreno
et al. 2009). In the present book chapter, we review recent work focused on the
potential role of mGlu2 receptors as antipsychotic targets.

4.2 Metabotropic Glutamate Receptors

Glutamate is the neurotransmitter involved in the majority of fast excitatory syn-
apses in the CNS. Until relatively recently, the functional responses induced by
glutamate were assumed to be mediated through the opening of sodium/calcium
permeable ligand-gated ion channels that were classified as N-methyl-D-aspartate
(NMDA) and non-NMDA quisqualate/AMPA and kainate receptor subtypes
(Krystal et al. 2003). It was also accepted that dopamine, acetylcholine, serotonin,
and norepinephrine modulated glutamate neurotransmission by activation of G
protein-coupled receptors (GPCRs). It was in the mid-1980s, however, when two
independent groups showed that glutamate was able to release intracellular calcium
via activation of the PLC pathway. In 1991, two groups independently cloned the rat
mGlul receptor subtype after which additional mGlu receptor subtypes where
cloned and classified based on their primary sequence, signaling properties, and
pharmacological characteristics. Currently, there are eight known subtypes of mGlu
receptors, which have been classified into three groups. Group I mGlu receptors,
which include mGlul and mGlu5, activate PLC via G, protein coupling. Group II
mGlu receptors (mGlu2 and mGlu3) and group III (mGlu4, mGlu6, mGlu7 and
mGlu8) are coupled to PTX-sensitive Gy, proteins and inhibit cAMP formation.
This general information of mGlu receptors has been revised previously elsewhere
(Conn and Pin 1997; Schoepp 2001; Pin et al. 2003, 2004).

GPCRs are characterized by a central core domain composed of seven trans-
membrane alpha-helices, with an extracellular N-terminus and an intracellular car-
boxyl tail (Rosenbaum et al. 2009; Audet and Bouvier 2012). Two unique properties
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of family III mGlu receptors include a large N-terminal extracellular domain termed
Venus flytrap, where the endogenous neurotransmitter glutamate as well as ortho-
steric agonists and antagonists bind to, as well as their functional properties as
homodimeric structural units (Pin et al. 2003, 2004). In this context, GPCRs were
assumed to be expressed at the plasma membrane as monomeric entities. However,
it was demonstrated that expression of a cloned cDNA for family III gamma-
aminobutyric acid B (GABAg) receptor 1 (GABAg-R1) in living cells led to a pro-
tein that did not show functional properties and that was located intracellularly
(Kaupmann et al. 1997; Couve et al. 1998), which was opposite to previously
described GPCRs. Follow-up work showed that GABA-R1 reached the plasma
membrane protein only when expressed as a receptor heterocomplex with the
GABA3-R2 (Jones et al. 1998; Kaupmann et al. 1998; White et al. 1998) and that
GABA;-R1 alone was retained at the endoplasmic reticulum via an element that
controls endoplasmic reticulum retention signal located within its C-terminal
domain. Thus co-expression of GABAg-R1 and GABA3-R2 led to a functional het-
eromeric GABAg receptor complex via their coiled-coil domain that reaches the cell
surface (Margeta-Mitrovic et al. 2000, 2001). This was the first demonstration that
heteromeric formation was necessary for GPCR receptor function.

Based on the combination of time-resolved FRET and SNAP-tag approaches to
quantitatively analyze protein-protein interactions at the surface of living cells, it
was demonstrated that mGlu receptors are expressed as strict dimers (Maurel et al.
2008), although the structural mechanism whereby mGlu receptors are assembled
as homodimeric receptor complexes is not the same as that for the GABA-R1-
GABAj-R2 receptor heterodimer. Thus, mutagenesis studies have shown that
homodimeric mGlu receptors are stable receptor complexes in part because a disul-
fide bridge formed by the ninth cysteine at the cysteine-rich domain in lobe 2 of the
Venus flytrap. Recent findings further define biophysical mechanisms whereby
inter- and intra-subunit rearrangements during activation of homodimeric mGlul
receptors. By inserting eYFP and CFP in the second intracellular loop and the
C-terminus of the mGlul receptor, it was shown that in the presence of orthosteric
agonists inter-subunit FRET signal was rapidly increased. However, immediately
after this inter-subunit movement, the intra-subunit FRET was found decreased,
which suggests conformational changes upon inter-subunit movements within each
individual subunit. The use of chimeric constructs that affected G protein coupling
also suggested that only a single mGlul receptor subunit achieves an active state in
an mGlul receptor homodimers (Hlavackova et al. 2012; EI Moustaine et al. 2012;
Xue et al. 2015).

Although it has been demonstrated that the formation of disulfide bonds between
cysteine residues in the Venus flytrap domains of mGlu protomers is responsible for
the formation of stable and functionally active mGlu homodimers, the transmem-
brane domains (TMs) located at the homodimeric interface of mGlu receptor
homodimers remain a topic of much debate. Thus, upon deletion of the extracellular
Venus flytrap domain, determination of crystal structure of the human mGlul recep-
tor seven TM domain at a resolution of 2.8 A suggests a parallel 7TM dimer medi-
ated via TM1-TM1 homodimeric interface (Wu et al. 2014). It is worth mentioning,
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however, that the Venus flytrap domains, and hence disulfide bonds between the two
mGlul protomers, were excluded and that oligomeric structures obtained after crys-
tallization protocols might not represent those under physiological conditions as it
is demonstrated by the crystallization of rhodopsin revealing an antiparallel dimer
with respect to the plane of the membrane. Further work in heterologous expression
systems (HEK293 cells) suggests that the main mGlu2 receptor homodimeric inter-
face is formed by TM4 and TM5 (Xue et al. 2015). Nevertheless, the cysteine cross-
linking approach used to define the mGlu2-mGlu2 homodimeric interface required
mutation of all cysteines into alanines, including those that form disulfide bonds
between at the Venus flytrap domains, which might lead to structural changes in the
relative location of the mGlu2 protomers within the mutated mGlu2 homodimer
(Xue et al. 2015). Additional studies are therefore still pending to fully understand
the molecular mechanism by which the two mGlu protomers within an mGlu
homodimer cross talk.

Especially interesting are the findings that monomeric mGlu2 receptors, either
without the Venus flytrap domain as an isolated TM or in full length, purified and
reconstituted into nanodisks activate G proteins in the presence of positive allosteric
modulators (El Moustaine et al. 2012). However, only a reconstituted full-length
dimeric mGlu2 receptor activates G proteins upon orthosteric agonist binding (EI
Moustaine et al. 2012). These data further support previous evidence that a single
7TM is sufficient to activate G proteins in nanodisks (Whorton et al. 2007, 2008;
Kuszak et al. 2009), whereas a homodimeric mGlu2 structure is necessary for G
protein coupling. Additional work will be necessary to validate these structural find-
ings in living cells.

4.3 Preclinical and Clinical Schizophrenia Assays
with mGlu2/3 Receptor Agonists

Hallucinogenic drugs, such as lysergic acid diethylamide (LSD) and psilocin (Hoch
et al. 1952; Schmid et al. 2015; Gouzoulis-Mayfrank et al. 2005; Kometer et al.
2012, 2013; Young 1974; Vollenweider et al. 1998), and dissociative drugs such as
ketamine and phencyclidine (PCP) (Gouzoulis-Mayfrank et al. 2005; Lahti et al.
2001; Umbricht et al. 2000) cause psychotic and cognitive symptoms in healthy
volunteers that resemble some of those observed in schizophrenia patients. Based
on this, although animal models of schizophrenia and other psychiatric disorders
have severe limitations (Hanks and Gonzalez-Maeso 2013), LSD-like and PCP-like
drugs have been used in preclinical models to test therapeutic effects of compounds
on schizophrenia-related phenotypes of psychosis and cognitive deficits (Hanks and
Gonzalez-Maeso 2013; Moreno and Gonzalez-Maeso 2013a). PCP-like drugs
induce hyperlocomotor activity in rodents, and this is prevented by administration
of atypical antipsychotic drugs such as clozapine and risperidone (Nestler and
Hyman 2010). Using this paradigm of antipsychotic-like behavior, it was shown in
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1998 that the orthosteric mGlu2/3 receptor agonist LY354740 prevented the loco-
motion activity and stereotypical behavior induced by PCP in rats (Moghaddam and
Adams 1998). It was also demonstrated that LY354740 attenuated the effects of
PCP on cortical glutamate efflux without affecting dopamine hyperactivity
(Moghaddam and Adams 1998). These findings represented the first preclinical
demonstration that non-dopaminergic strategies might serve as a new therapeutic
approach for schizophrenia treatment. This was followed up by a complementary
behavioral study showing that LY354740 suppressed head-twitch behavior induced
by the hallucinogenic 5-HT,, receptor agonist DOI in rats (Gewirtz and Marek
2000), which led to the demonstration of a multitude of cellular, electrophysiologi-
cal, and behavioral antipsychotic-like behaviors of both orthosteric mGlu2/3 recep-
tor agonists and allosteric mGlu2 receptor agonists (for review, see Moreno et al.
2009). Additionally, the use of mGlu2 and mGlu3 receptor knockout mice provided
convincing evidence that the effects of the mGlu2/3 agonists LY314582 (Spooren
et al. 2000), LY379268 (Woolley et al. 2008), and LY404039 (Fell et al. 2008)
diminishing hyperlocomotor activity induced by PCP-like drugs in mice were
mGlu2 receptor dependent and not mGlu3 receptor dependent. Positive allosteric
modulations of mGlu receptors represent an attractive pharmacological tool because
they allow a fine-tuning of the responses induced by orthosteric agonists (Ellaithy
et al. 2015). Thus, they modulate the responses induced by the endogenously
expressed neurotransmitter receptors, which implicate that they do not induce phys-
iological responses in cellular types or neuronal circuits without the presence of the
endogenous mGlu agonist glutamate. Considering the higher differences in amino
acid sequence of the TM domains between mGlu receptor subtypes as compared to
that of their Venus flytrap, binding sites of positive allosteric modulators are also
more attractive from a targetable perspective, and certainly the number of commer-
cially available positive and negative allosteric modulators that bind selectively to a
particular mGlu receptor subtypes has increased substantially, whereas this pharma-
cological advance did not occur with mGlu orthosteric agonists and antagonists,
which up to now rarely bind specifically to a particular mGlu receptor subtype.
Using selective positive allosteric modulators of the mGlu2 receptor, such as
LY487379 (Galici et al. 2005) and BINA (Benneyworth et al. 2007), it has been
demonstrated that activation of mGlu2 function reverses psychosis-like states
induced by psychedelic drugs, including LSD-like such as DOB as well as PCP and
amphetamine. Consequently numerous research groups showed convincing evi-
dence that either orthosteric activation of mGlu2 receptors or potentiation of mGlu2-
dependent function by positive allosteric modulators repress cellular and
electrophysiological responses induced by LSD-like and PCP-like drugs (Ellaithy
et al. 2015; Moreno and Gonzalez-Maeso 2013b). Among the cellular responses
modulated via activation of mGlu2 receptors some of particular interest include
expression of immediately early genes, such as Egr-1 and Egr-2 (Gonzalez-Maeso
et al. 2008; Moreno et al. 2011a, 2013). Considering that these genes are involved
in mechanisms related to synaptic plasticity and cognitive processes (Veyrac et al.
2013; O’Donovan et al. 1999; Jones et al. 2001), it is therefore tempting to speculate
that the mGlu2 receptor and its signaling effects might affect how the brain



4 Metabotropic Glutamate 2 (mGlu2) Receptors and Schizophrenia Treatment 65

processes sensory information and how these processes might be abnormal in
human subjects with hallucinatory symptoms, such schizophrenia.

From a clinical perspective, it was exceptionally promising when Eli Lilly pub-
lished in 2007 that treatment with 40 mg of LY2140023 (prodrug of the mGlu2/3
receptor orthosteric agonist LY404039) twice daily or with 15 mg of olanzapine for
4 weeks resulted in statistically significant improvements in the Positive and
Negative Syndrome Scale (PANSS) total score (Patil et al. 2007). Additionally,
treatment with LY2140023 was well tolerated and did not affect prolactin elevation,
extrapyramidal side effects, or weight gain (Patil et al. 2007). Thus, the results of
these studies, which enrolled 193 schizophrenia patients and were conducted at 10
psychiatric hospitals in Russia, pointed toward a translational validation in schizo-
phrenia patients of the previously suggested antipsychotic-like effects of mGlu2/3
receptor agonists in rodent schizophrenia models (Patil et al. 2007). However, addi-
tional clinical work with LY2140023 showed either inconclusive results (Kinon
et al. 2011) or clinical effects that did not separate from placebo (Adams et al.
2013). Thus, the first follow-up study published in 2011 showed that LY2140023
given twice daily for 4 weeks at four different doses (5, 20, 40, or 80 mg/kg), or
placebo, to schizophrenia patients did not separate from placebo on the PANSS total
score (number of patients per group = 120-122) (Kinon et al. 2011). Notably, olan-
zapine (n = 62) did not separate significantly from placebo, and there was also a
significant effect (14.6-point improvement on the PANSS total score) in the placebo
group (Kinon et al. 2011). The results of this study are considered inconclusive as
neither LY2140023 nor olanzapine is statistically separated from placebo (Kinon
et al. 2011). A further and larger study (open-label 24 weeks) randomized 262
schizophrenia patients to either LY2140023 or standard of care (SOC: olanzapine,
risperidone, or aripiprazole) treatment groups (Adams et al. 2013). Doses of
LY2140023 were 20, 40, or 80 mg (twice daily). Doses of olanzapine were 10, 15,
or 20 mg (one daily). Doses of risperidone were 2, 4, or 6 mg (once or twice daily).
Doses of aripiprazole were 10, 20, or 30 mg (once daily). The incidence of serious
adverse events was comparable between groups. Improvement in PANSS total score
over the initial 6-8 weeks of treatment was similar between groups, but improve-
ment was significantly greater in the SOC group compared to the LY2140023 group
at 24-week endpoint (Adams et al. 2013). These negative findings preceded the
press release by Eli Lilly and Company with the decision to stop the clinical trials
with LY2140023 for the treatment of schizophrenia. Importantly, more recent pre-
clinical data and findings in postmortem human brain samples of schizophrenic
subjects and controls provided the basis for a post hoc analysis that provides new
insights into why certain schizophrenic subjects do not respond to treatment with
LY2140023.

In 2008, it was demonstrated that chronic treatment with the atypical antipsy-
chotic clozapine induces both downregulation of mGlu2/3 receptor density as
defined by radioligand binding saturation curves with [PH]LY341495 in mouse
frontal cortex and decreased mGlu2, but not mGlu3, mRNA expression (Gonzalez-
Maeso et al. 2008). These findings provided the basis for additional work that
showed an epigenetic explanation of the effect of chronic antipsychotic treatment
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Fig. 4.1 Schematic model of the epigenetic mechanism by which previous long-lasting treatment
with atypical antipsychotic drugs limits the mGlu2-dependent therapeutic effects of the mGlu2/3
agonist LY2140023 in schizophrenia patients (see Kurita et al. 2012)

on mGlu2 expression (Kurita et al. 2012, 2013a). Thus, it was demonstrated that
chronic treatment (21 days) with atypical antipsychotic drugs, such as olanzapine
and risperidone, but not with the typical antipsychotic drug haloperidol, induced
histone modifications at the promoter region of the mGlu2 gene that correlated with
transcriptional repression (Fig. 4.1). These included decreased acetylation of his-
tone H3 (H3ac), decreased acetylation of histone H4 (H4ac), and increased tri-
methylation of histone H3 atlysine 27 (H3K27me3). Neither histone H3 methylation
at lysine 4 (H3K4mel, H3K4me?2, and/or H3K4me3), marker of gene activation,
nor histone H3 tri-methylation at lysine 9 (H3K9me3), marker of transcriptional
repression, was affected after antipsychotic treatment. Additionally, sub-chronic
treatment (2 days) with clozapine, olanzapine, or haloperidol did not induce repres-
sive histone modifications at the mGlu2 promoter. The authors also demonstrated
that these epigenetic changes induced at the mGlu2 promoter in mouse frontal cor-



4 Metabotropic Glutamate 2 (mGlu2) Receptors and Schizophrenia Treatment 67

tex were also observed in postmortem frontal cortex of schizophrenic subjects
previously treated with atypical antipsychotic drugs but not in drug-free schizo-
phrenic subjects. These data suggested that decreased acetylation of histone H3 at
the mGlu2 promoter and downregulation of mGlu2 expression in frontal cortex is a
consequence of atypical antipsychotic drug treatment and not an epigenetic mark of
schizophrenia in postmortem tissue samples. Mechanistically, it was also demon-
strated that this epigenetic change at the mGlu2 promoter occurred in association
with a serotonin 5-HT,, receptor-dependent upregulation and increased binding of
HDAC?2 to the mGlu2 promoter (Kurita et al. 2012, 2013a). These observations sug-
gested that previous treatment with atypical antipsychotic drugs, but not with halo-
peridol, would prevent at least part of the therapeutic effects induced by mGlu2/3
receptor agonists such as LY2140023 (Kurita et al. 2012, 2013a, b).

Importantly, this hypothesis has recently been supported by results for a post hoc
analysis showing that a subgroup of schizophrenia patients who were previously
exposed to haloperidol showed a therapeutic response to LY2140023 that was com-
parable to that of risperidone, whereas efficacy of LY2140023 did not differ from
placebo in patients previously treated with atypical antipsychotic drugs (Kinon
et al. 2015). Together, these findings support the use of preclinical studies in the
basic investigation of the molecular and neuronal circuit mechanisms involved in
the mechanism of action of antipsychotic drugs and suggest that adjunctive admin-
istration of drugs that inhibit HDAC?2 may prevent the repressive histone modifica-
tions induced at the mGlu2 promoter by chronic atypical antipsychotic drug
treatment and hence improve the antipsychotic properties of orthosteric mGlu2/3
agonists and allosteric mGlu2 agonists (Kurita et al. 2013b). This cross talk and
genetic and epigenetic levels between the serotonin and glutamatergic systems via
5-HT,, and mGlu2 receptors are further suggested by the repressive histone modi-
fications observed at the mGlu2 promoter in the frontal cortex of 5-HT,, knockout
mice (Kurita et al. 2013a) and by single nucleotide polymorphisms (SNPs) located
along the 5-HT,, receptor (Htr2A) gene that were significantly associated with the
therapeutic effects of LY2140023 (Liu et al. 2010). Further work is needed to fully
understand the mechanisms and consequences of these functional, genetic, and epi-
genetic cross talks.

4.4 Environmental Events and mGlu2 Expression

Behavioral assays in mGlu2 and mGlu3 knockout mice suggest that mGlu2 is the
principal target responsible for the therapeutic effects induced by orthosteric
mGlu2/3 receptor agonists (see above). This is further supported by the behavioral
outcomes achieved by allosteric mGlu2 receptor agonists (see above). Thus,
although the role of mGlu3 in some of the schizophrenia-related phenotypes
observed in rodents cannot be excluded (Walker et al. 2015), these findings suggest
that activation of mGlu2 receptor-dependent signaling leads to antipsychotic-like
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Fig. 4.2 In mouse models, prenatal insults that include maternal influenza virus infection with the
mouse-adapted influenza A/WSN/33 (HIN1) virus, maternal variable and unpredictable stress,
and activation of the maternal immune system via intraperitoneal injection of poly-(I:C) leads to
alterations in expression and behavioral function of mGlu2 and 5-HT,, receptors in frontal cortex
in the adult offspring. These behavioral phenotypes include increased head-twitch behavior
induced by hallucinogenic 5-HT2A receptor agonists and decreased antipsychotic-like effect of
the mGlu2/3 agonist LY379268 on hyperlocomotor responses induced by injection of the PCP-like
drug MK801 (see Moreno et al. 2011a, b; Holloway et al. 2013)

effects. Since mGlu2/3 receptor density and mGlu2, but not mGlu3, mRNA expres-
sion was downregulated in postmortem human brain of schizophrenic subjects
(Gonzalez-Maeso et al. 2008), together, these findings indicate that changes in
expression of mGlu2 might be responsible for psychosis and/or cognitive deficits in
schizophrenia patients. From a translational perspective, it would therefore be inter-
esting to generate animal models that recreate this particular biochemical altera-
tion, with the final goal of defining whether downregulation of mGlu2 expression in
frontal cortex is responsible for behavioral changes that model schizophrenia
symptoms in mice.

As discussed above, environmental insults during pregnancy, such as maternal
viral infection and maternal severe stress, increase the risk of schizophrenia in the
adult offspring. Notably, recent findings suggest that maternal infection with the
mouse-adapted influenza A/WSN/33 (HINI1) virus causes downregulation of
mGlu2/3 binding and decreased mGlu2, but not mGlu3, mRNA expression in fron-
tal cortex in the adult offspring (Moreno et al. 2011b) (Fig. 4.2). Additionally, the
behavioral responses induced by the mGlu2/3 receptor agonist LY379268 were
affected by maternal influenza virus infection (Moreno et al. 2011b) (Fig. 4.2).
Thus, adult mice born to influenza virus-infected mothers during pregnancy
showed decreased effect of LY379268 on the hyperlocomotor activity induced by
the noncompetitive NMDA receptor antagonist MK801 (Moreno et al. 2011b)
(Fig. 4.2). Additional findings obtained by independent groups testing the effects
of several environmental factors, such as variable and unpredictable stress during



4 Metabotropic Glutamate 2 (mGlu2) Receptors and Schizophrenia Treatment 69

pregnancy (Holloway et al. 2013; Wang et al. 2015), maternal immune activation
during pregnancy with poly (I:C) (Holloway et al. 2013) or lipopolysaccharide
(Wischhof et al. 2015), perinatal exposure to bisphenol A (Zhou et al. 2015), pre-
natal exposure to kynurenic acid (Pershing et al. 2015), comparison of Roman low-
and high-avoidance (RLA-I versus RHA-I) rat strains (Klein et al. 2014), and
repeated administration of methamphetamine (Chiu et al. 2014), validate that
adverse environmental effects induce downregulation of mGlu2 in frontal cortex
and dysregulation of mGlu2 receptor-dependent signaling and behavioral function
(Table 4.1). This downregulation of mGlu2 has not been reported in knock-in mice
with a tryptophan hydroxylase 2 (Tph2) R439H mutation (Jorgensen et al. 2013).
However, because either upregulation of 5-HT,, or downregulation of mGlu2 in
rodent frontal cortex after prenatal and postnatal environmental indults has been
validated in numerous experimental models (Table 4.1), it is tempting to speculate
that dysfunction of expression and function of either of these two receptors, or
both, play a fundamental role in schizophrenia-related phenotypes. Further inves-
tigation will be necessary to understand the molecular and epigenetic mechanisms
responsible for the effects of prenatal/perinatal insults on mGlu2 and 5-HT,,
receptor densities and their role, if any, on schizophrenia-related structural and
behavioral phenotypes.

4.5 Expression of mGlu2 and 5-HT,, as a GPCR Heteromer
in Schizophrenia Treatment

An alternative, but not mutually exclusive mechanism, that affects the cross talk
between mGlu2 and 5-HT,, is related to their expression in close molecular prox-
imity at the plasma membrane in living cells. GPCRs have been thought to function
as monomers—a model of receptor signaling that is further supported by observa-
tions based on assays that measured agonist binding and G protein coupling of a
single purified monomeric family A GPCR, including (3,-adrenergic receptor, rho-
dopsin, and p-opioid receptor (Whorton et al. 2007, 2008; Kuszak et al. 2009).
Nevertheless, convincing evidence supports the existence of GPCR homo- and het-
eromeric complexes that affect pharmacology, trafficking, and receptor function
(for review, see Gonzalez-Maeso 2011, 2014). Interestingly, it has been confirmed
in heterologous expression systems that at least a fraction of the populations of
mGlu2 and 5-HT,, receptors constitute part of the same protein complex as defined
by co-immunoprecipitation assays (Moreno et al. 2012; Rives et al. 2009). It has
also been demonstrated that these two receptors are expressed in close molecular
proximity as defined independently by biophysical assays such as BRET (Gonzalez-
Maeso et al. 2008), FRET (Moreno et al. 2012), antibody-based time-resolved
(TR)-FRET (Rives et al. 2009), and combination of TR-FRET and the SNAP-tag
approach (Delille et al. 2012). In mouse frontal cortex, it was demonstrated that the
Gij-coupled mGlu2 and the G,,-coupled 5-HT,, receptors form part of the same
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Fig. 4.3 The 5-HT,,-mGlu2 complex-dependent changes in Gy, and G, activity predict the psy-
choactive behavioral effects of a variety of serotonergic (red) and glutamatergic (blue) compounds,
including antipsychotics (clozapine, risperidone, and LY379268), neutral antagonists (ritanserin,
methysergide, and eGlu), and propsychotics (LY341495 and DOI). These observations provide a
mechanistic insight into antipsychotic drug action (see Fribourg et al. 2011)

protein complex (Gonzalez-Maeso et al. 2008; Fribourg et al. 2011) and are located
in close physical proximity at cortical synaptic junctions at the electron microscopy
level (Moreno et al. 2012). Acting through the 5-HT,,-mGlu2 receptor heterocom-
plex, it was reported that both serotonergic and glutamatergic ligands balance G-
and G;,,-protein-dependent signaling (Fribourg et al. 2011) and that this pattern of G
protein coupling induced by drugs bound to one receptor of the heteromer in the
presence of the other receptor’s endogenous ligand (i.e., serotonin or glutamate)
predicts their propsychotic-like and antipsychotic-like behavioral effects (Fig. 4.3).
Additionally, disruption of heteromeric expression of mGlu2 and 5-HT,, receptors
in mouse frontal cortex attenuates the antipsychotic-like behaviors induced in
mouse by clozapine and LY379269 (Fribourg et al. 2011). Together, these structural
and behavioral findings suggest that the 5-HT,,-mGlu2 heteromer is at least in part
necessary for the antipsychotic effects induced by atypical antipsychotic drugs and
mGlu2/3 receptor agonists.

4.6 Conclusions

Undoubtedly, the study of the basic molecular and cellular mechanism by which
modulation of mGlu2-dependent function affects schizophrenia-related phenotypes
bears great promise to enhance our knowledge of schizophrenia and other
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psychiatric disorders. Recent technological advances, combining viral-mediated
over-expression protocols and dendritic spine analysis, now make it possible to
study regulation of synaptic remodeling in a highly quantitative fashion. Additionally,
bivalent ligands that affect specifically the function of a given GPCR heteromer
within a region of the CNS are arising as a promising tool in molecular psychiatry
research. Complete understanding of the role of mGlu2 receptor in signaling, plas-
ticity, and behavior might lead to the development of better therapeutic strategies to
treat psychotic and cognitive symptoms in schizophrenia patients.
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Chapter 5

mGluS: A Metabotropic Glutamate Receptor
at the Hub of Hippocampal Information
Processing, Persistent Synaptic Plasticity,
and Long-Term Memory

Hardy Hagena and Denise Manahan-Vaughan

Abstract In the hippocampus, the metabotropic glutamate (mGlu) receptor, mGlu5,
plays a very prominent role in synaptic information storage and memory. This recep-
tor enables persistent (>24 h) forms of synaptic plasticity, in the form of long-term
potentiation (LTP) and long-term depression (LTD), and is also required for plasticity
forms that are directly modulated by spatial learning. mGlu5 supports hippocampal
neuronal oscillations that occur during synaptic plasticity events, supports the stabi-
lization of place fields, and regulates the direction of change in synaptic weights in
specific synaptic subcompartments of the hippocampus. Furthermore, dysfunctions
in this receptor are associated with potent disturbances of hippocampus-dependent
cognition. We propose that the mGluS5 receptor lies at the hub of hippocampal infor-
mation processing and is pivotal to the accurate, long-term, and reliable acquisition
and encoding of new spatial experiences and cognitive representations.

Keywords mGlu5 ¢ Synaptic plasticity ¢ Hippocampus * In vivo ¢ Rodent ¢
Learning * Memory * Metabotropic glutamate receptor

5.1 Introduction

One of the most abundant and important neurotransmitters in the mammalian
central nervous system (CNS) is glutamate. Glutamate binding to its ionotropic
receptors results in the opening of ion channels, whereas glutamate’s action on
metabotropic receptors triggers a chemical cascade that can activate many down-
stream targets. Metabotropic glutamate (mGlu) receptors are distributed through-
out the brain and show a prominent distribution in the hippocampus (Ferraguti and
Shigemoto 2006), an area that is critically involved in distinct forms of memory
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and learning. For neuroscientists, these receptors have become increasingly of
interest following reports that they are involved in numerous brain diseases, such
as schizophrenia and epilepsy (Ure et al. 2006; Conn et al. 2009; Niswender and
Conn 2010), as well as in addiction (Bickstrom et al. 2004; Cowen et al. 2005;
Kenny et al. 2005; McMillen et al. 2005; Schroeder et al. 2005; Bird and Lawrence
2009) and pathological pain (Urban et al. 2003; Zhou et al. 2013). However, mGlu
receptors also play an essential role in normal brain function and are crucially
involved in fine-tuning of persistent synaptic plasticity, a cellular mechanism that
underlies memory formation, and spatial learning (Balschun and Wetzel 1998; Jia
et al. 1998; Balschun et al. 1999; Balschun and Wetzel 2002; Naie and Manahan-
Vaughan 2004; Manahan-Vaughan and Braunewell 2005; Naie and Manahan-
Vaughan 2005; Altinbilek and Manahan-Vaughan 2007; Bikbaev et al. 2008;
Altinbilek and Manahan-Vaughan 2009; Popkirov and Manahan-Vaughan 2011;
Goh and Manahan-Vaughan 2012a; Zhang and Manahan-Vaughan 2014).

mGlu receptors are classified into three groups based on their G protein coupling
and associated biochemical cascades (Conn and Pin 1997). The mGlu5 and the
mGlul receptor subtypes are group I mGlu receptors that couple positively to inosi-
tol phosphate (Abe et al. 1992) and occur in different isoforms (Minakami et al.
1993; Joly et al. 1995). They contribute to bidirectional regulation of synaptic
strength, particularly with regard to forms that last for very long periods of time
(Mukherjee and Manahan-Vaughan 2012). This is in marked contrast to group II and
group III mGlu receptors; these are negatively coupled to adenylyl cyclase (Conn
and Pin 1997), largely serve as autoreceptors for glutamate (Harris and Cotman
1986; Kamiya et al. 1996; Macek et al. 1996; Min et al. 1998; Kwon and Castillo
2008), and mostly contribute to synaptic plasticity by changing excitability thresh-
olds or driving changes in synaptic strength toward LTD (Manahan-Vaughan and
Reymann 1995a; Manahan-Vaughan 2000; Klausnitzer et al. 2004; Naie et al. 2006).

The mGlu5 receptor (mGluS5) is of particular interest for synaptic plasticity and
memory researchers alike, given its very prominent role in plasticity and memory pro-
cesses (Mukherjee and Manahan-Vaughan 2012) as well as brain diseases that specifi-
cally relate to dysfunctions of the receptor, such as Fragile X (Bassell and Warren 2008;
Waung and Huber 2009; Délen et al. 2010; Krueger and Bear 2011). MGluS5 is ubiqui-
tously expressed in the brain (Romano et al. 1995) and is primarily located in extrasyn-
aptic areas of the postsynaptic membrane (Ferraguti and Shigemoto 2006). In terms of
the hippocampus, the CA1 region demonstrates the highest expression, followed by the
dentate gyrus and CA3 regions (Romano et al. 1995; Shigemoto et al. 1997).

5.2 Role of mGluS in Persistent Forms of Hippocampal
Synaptic Plasticity and Memory

Robust hippocampus-dependent memory is likely to be enabled by persistent forms
of synaptic plasticity such as LTP and LTD (Kemp and Manahan-Vaughan 2007).
Persistent LTP and LTD last for days and weeks in freely behaving rodents (Manahan-
Vaughan and Braunewell 1999; Abraham et al. 2002; Abraham 2003), and many
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forms are tightly associated with novel learning and the creation of associative
memories (Manahan-Vaughan and Braunewell 1999; Straube et al. 2003; Kemp and
Manahan-Vaughan 2004, 2005, 2012; Etkin et al. 2006; Whitlock et al. 2006).

Numerous studies over the last decade have demonstrated that mGlu5 activation
is essential for the long-term persistency of both LTP and LTD in rodents, whereby
persistent (>24 h) synaptic plasticity in both rats and mice critically depends on
mGlu5 (Mukherjee and Manahan-Vaughan 2012; Goh and Manahan-Vaughan
2012a) (Fig. 5.1). Traditionally, persistent LTP and LTD are induced by patterned
stimulation of hippocampal afferents, although direct pharmacological activation of
mGlu5 has been shown to induce hippocampal LTD (Palmer et al. 1997; Fitzjohn
et al. 1999; Huber et al. 2001; Naie et al. 2007), whereas agonists of group I mGlu
receptors can lead to slow-onset synaptic potentiation in vitro (Bashir et al. 1993;
Chinestra et al. 1994; Bortolotto et al. 1995) or in vivo (Manahan-Vaughan and
Reymann 1995b).

5.2.1 Role of mGlu5 in Persistent LTP and LTP-Related
Memory

Many years ago, the phases of LTP were subdivided into early LTP (or short-term
potentiation, STP) that lasts less than 3 h and late (L)-LTP that lasts beyond 3-6 h
(Racine et al. 1983; Krug et al. 1984; Otani et al. 1989; Matthies et al. 1990; Frey

CA1
LTP &
LTD 4
AC-CA3 MF-CA3
LTD & 'LTP & DG
\ -.
LTP &
LTD &
/

Fig. 5.1 Summary of the effects of mGlu5 antagonism on persistent synaptic plasticity in the
rodent hippocampus In freely behaving rats, antagonism of mGlu5 receptors in the dentate gyrus
(DG, blue rectangle) results in inhibition of persistent (>24 h) LTP and LTD in vivo. LTP is
impaired at mossy fiber-CA3 (MF-CA3) synapses, whereas LTD is impaired at commissural/asso-
ciational-CA3 (AC-CA3) synapses (green rectangle). (By contrast, MF-CA3 LTD and AC-CA3
LTP are not prevented by antagonism of mGlu5). At Schaffer collateral-CA1 synapses, mGlu5
receptor antagonism inhibits LTP and LTD in both rats and mice (brown rectangle)
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et al. 1993, 1996; Nguyen et al. 1994; Frey and Morris 1997). Whereas
hippocampal E-LTP, at least in the CA1 region, critically depends on NMDAR
activation (Harris et al. 1984; Coan and Collingridge 1987; Errington et al. 1987;
Bashir et al. 1991; Dudek and Bear 1992; Bear and Malenka 1994; Hrabetova and
Sacktor 1997; Hrabetova et al. 2000), LTP depends on protein kinase (Frey et al.
1993) and immediate early gene activation (Abraham et al. 1991; Fazeli et al.
1993; Dragunow 1996). L-LTP requires protein translation (Frey et al. 1988;
Otani and Abraham 1989; Bliss and Collingridge 1993) and protein transcription
(Nguyen et al. 1994; Frey et al. 1996).

Activation of the N-methyl-D-aspartate receptor (NMDAR) is crucial for long-
term changes in synaptic plasticity and leads to Ca**-influx into the postsynaptic
compartment. This initiates the activation of downstream targets, such as Ca*/
calmodulin-dependent protein kinase II (CaMKII) (Malenka and Bear 2004;
Kerchner and Nicoll 2008; Lisman et al. 2012; Coultrap et al. 2014), phosphati-
dylinositol 3-kinase (PI3K) (Perkinton et al. 2002; Zhu et al. 2002), extracellular
signal-regulated kinase (ERK) (Kim et al. 2005; Ivanov et al. 2006), as well as
protein kinase A (PKA) (Roberson and Sweatt 1996; Banko et al. 2004; Giordano
et al. 2005). mGlu5 receptors actively contribute to these processes. In vivo, or
in vitro, treatment of the hippocampus with specific antagonists of mGlu5 prior to
high-frequency stimulation (HFS) to induce LTP, results in an impairment of both
the induction and maintenance phases of LTP, whereas treatment post-HFS affects
only the late phases (Naie and Manahan-Vaughan 2004; Neyman and Manahan-
Vaughan 2008). mGlu5 receptors are positively coupled to phospholipase C via G,
(Tanaka et al. 2000), and glutamate binding results in phosphatidylinositol hydro-
lysis, Ca’*-release from intracellular stores, and to a potentiation of NMDAR cur-
rents (Conn and Pin 1997; Jia et al. 1998; Attucci et al. 2001; Mannaioni et al.
2001; Marino and Conn 2002; O’Brien et al. 2004). Receptor activation also stim-
ulates ERK1/2 (Peavy and Conn 1998) and regulates NMDAR subunit composi-
tion. NMDARs are heterotetramers comprising two GluN1 and two GIuN2 subunits
(Moriyoshi et al. 1991). GluN2A- and GIuN2B-containing NMDAR exhibit very
different opening thresholds and durations (Chen et al. 1999; Banke and Traynelis
2003; Erreger et al. 2005; Amico-Ruvio and Popescu 2010); thus, a directed
change in subunit composition has immense implications for synaptic plasticity
and the expression of LTD or LTP (Liu et al. 2004; Bartlett et al. 2007; Morishita
et al. 2007; Xu et al. 2009; Ballesteros et al. 2016). NMDARs undergo a switch in
their subunit composition from a high GluN2B/GluN2A ratio to a low GluN2B/
GIluN2A ratio during normal development (Monyer et al. 1994; Sheng et al. 1994;
Sans et al. 2000). This switch is mediated by activation of NMDAR and mGlu5
receptors (Matta et al. 2011). MGlu5 knockouts, for example, do not express the
developmental and experience-dependent switch from GIuN2B to GIuN2A-
containing receptors (Matta et al. 2011). The switch from GIuN2B to GluN2A is an
important factor in regulating the direction of LTP and LTD (Liu et al. 2004;
Morishita et al. 2007). Thus, an alteration in the subunit composition and/or rela-
tive expression can be expected to change the outcome of persistent plasticity
(Ballesteros et al. 2016; Jansen et al. 2017).
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Interestingly, although LTP does not depend on NMDAR activation in all hip-
pocampal subfields (Harris and Cotman 1986; Wang et al. 1996; Nicoll and Schmitz
2005), LTP at the perforant path-dentate gyrus (pp-DG) synapse (Naie and Manahan-
Vaughan 2004), the mossy fiber-CA3 synapse (Hagena and Manahan-Vaughan
2015), and the Schaffer collateral-CA1 synapse (Popkirov and Manahan-Vaughan
2011) all critically require mGluS activation in order for LTP to be sustained for
periods of over 24 h. Long-term changes of synaptic plasticity are based on the
synthesis and translation of proteins (Frey et al. 1988; Manahan-Vaughan et al.
2000) and subsequent activation of immediate early genes (IEGs) such as c-fos or
Arc. All of these processes are influenced by mGlu5 activation. An involvement of
mGlu5 was first shown in striatal cells, where binding of glutamate to mGlu5 recep-
tors mediates downstream targets such as JNK, Ca?*/calmodulin-dependent protein
kinase (CaMK), and phosphorylation of ERK1/2 and Elk-1 (Jong et al. 2009),
which is involved in the activation of the IEG c-fos (Cavigelli et al. 1995).
Intracellular mGluS receptor activation stimulates activity-regulated cytoskeletal-
associated protein, Arc/Arg3.1 (Kumar et al. 2012), another IEG that is upregulated
in response to synaptic activity (Lyford et al. 1995; Guzowski et al. 2005).
Furthermore, group I mGlu receptors contain an intracellular C-terminal tail that
interacts with the IEG Homer 1la, which is also a marker for enhanced synaptic
activity (Brakeman et al. 1997; Tu et al. 1998). Homer proteins may regulate the
function of mGlu receptors upon synaptic activity (Tu et al. 1998). Different family
members of Homer have been described that couple to mGlu5 but exercise different
functions. Homer 1b and lc are constitutively expressed, whereas Homer 1la is
upregulated in response to synaptic activity but impairs the coupling of the receptor
(Xiao et al. 1998; Yang et al. 2004; Duncan et al. 2005; Mao et al. 2005).

Persistent forms of synaptic plasticity that last for longer than 24 h all require
activation of mGlu5 receptors (Table 5.1). The stabilization of synaptic plasticity over
long periods of time is likely to be supported by synaptic remodeling: proteins of the
postsynaptic density (PSD), such as Homer and Shank interact to increase dendritic
spine morphology (Sala et al. 2001) and to connect receptors with their signaling cas-
cades (Scannevin and Huganir 2000; Sheng and Pak 2000; Sheng and Sala 2001;
Tomita et al. 2001). These processes in turn engage with mGlu5: Homer proteins
enable proximal interactions between mGlu5 receptors with the inositol trisphosphate
(IP5) receptor (Tu et al. 1998; Xiao et al. 2000) that in turn mediates Ca** release from
intracellular Ca®* stores. Furthermore, Homer interacts with another protein termed
Shank that associates with the NMDAR/PSD-95 complex (Naisbitt et al. 1999) and
mediates the clustering of group I mGlu receptors (Tu et al. 1999). Through this clus-
tering, mGlu receptors are linked with the NMDAR scaffold, connecting both signal-
ing pathways. Following the induction of LTP, mGluS receptor expression is
upregulated in the dentate gyrus and in the CA1 region and is accompanied by a reduc-
tion of mGlu2/3 receptor expression (Manahan-Vaughan et al. 2003). This change in
mGlu receptor homeostasis can be expected to positively enhance presynaptic release
of, and postsynaptic responsiveness to, glutamate. Enhancements of LTP via environ-
mental enrichment also depend on mGlu5 (Buschler and Manahan-Vaughan 2017),
suggesting that this receptor is dynamically regulated by learning experiences.
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Table 5.1 Regulation of hippocampal synaptic plasticity by mGlu5 receptors

DG MF-CA3 AC-CA3 CAl
LTP | LTP blocked*® |LTP blocked' No effect’ Enhancement of LTP following
prolonged antagonism®
L-LTP blocked® | No effect! LTP blocked®<¢
LTD | LTD blocked" | No effect' LTD blocked" | LTD blockeds™

Summary of the influence of pharmacological antagonism of mGlu5 receptors or knockout of
mGlu5 receptors on long-term potentiation (LTP) and long-term depression (LTD) in the hippo-
campal perforant path-dentate gyrus (DG), mossy fiber-CA3 (MF-CA3), commissural/associa-
tional-CA3 (AC-CA3), or Schaffer collateral-CA1 (CA1) synapses

*Naie and Manahan-Vaughan (2004)

"Balschun and Wetzel (2002)

‘Manahan-Vaughan and Braunewell (2005)

Lu et al. (1997)

‘Bikbaev et al. (2008)

"Hagena and Manahan-Vaughan (2015)

£Manahan-Vaughan (1997)

"Ayala et al. (2009)

iGoh and Manahan-Vaughan (2012a)

7Popkirov and Manahan-Vaughan (2011)

*Dietz and Manahan-Vaughan (2017)

LTP is associated with specific aspects of spatial and associative memory including
learning about novel or global changes in space (Kemp and Manahan-Vaughan 2004,
2007), some aspects of spatial reference memory (Morris et al. 1986), and aversive
associative memories such as conditioned fear (Rogan et al. 1997; Whitlock et al.
2006; Zhou et al. 2009). Studies using rodents that lack mGlu5 or have received antag-
onist treatment to block mGlu5 corroborate, at least indirectly, that LTP may enable
these forms of memory (Table 5.2). Thus, antagonist treatment that prevents persistent
LTP also prevents spatial reference memory (Balschun and Wetzel 2002; Naie and
Manahan-Vaughan 2004). Conversely, positive allosteric modulation of mGlu5 pro-
motes spatial memory (Balschun et al. 2006; Ayala et al. 2009; Xu et al. 2013) and
persistent forms of LTP (Kroker et al. 2011; Bikbaev and Manahan-Vaughan 2017).
Furthermore, mGlu5 is required for the consolidation of conditioned fear (Lu et al.
1997; Handford et al. 2014) and for spatial reference memory in the water maze (Lu
et al. 1997; Steckler et al. 2005), and fear conditioning enhances mGlu5 expression in
the hippocampus (Riedel et al, 2000). Overall, mGlu5 serves as a prominent common
denominator shared by hippocampal LTP and specific forms of spatial memory.

5.2.2 Role of mGlu5 in Persistent LTD and LTD-Related
Memory

Both LTP and LTD comprise cellular mechanisms through which spatial informa-
tion is stored by the hippocampus (Manahan-Vaughan and Braunewell 1999;
Braunewell and Manahan-Vaughan 2001; Kemp and Manahan-Vaughan 2004;
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Hagena and Manahan-Vaughan 2011). Whereas LTP is associated with the acquisition
of information about global changes in the spatial environment (Kemp and Manahan-
Vaughan 2004; Uzakov et al. 2005; Hagena and Manahan-Vaughan 2011) or
aversive associative experiences (Rogan et al. 1997; Whitlock et al. 2006; Zhou
et al. 2009), LTD is associated with the acquisition of details about the spatial
content of an experience (Kemp and Manahan-Vaughan 2004, 2008, 2012; Hagena
and Manahan-Vaughan 2011; Goh and Manahan-Vaughan 2012b).

LTD, in contrast to LTP, is induced by slow and prolonged influx of postsynaptic
Ca?* (Wickens and Abraham 1991; Artola and Singer 1993). This activates protein
phosphatases (Mulkey et al. 1993; Mauna et al. 2011) leading to a dephosphoryla-
tion (Bear and Malenka 1994; Roche et al. 1994) and subsequent internalization of
AMPA receptors (Liischer et al. 2000; Liischer and Malenka 2012). Long-term sta-
bilization of hippocampal LTD is enabled by IEG activation (Kemp et al. 2013) and
protein synthesis (Manahan-Vaughan et al. 2000). Although for a time it was
assumed that LTD comprised the mechanistic mirror image of LTP (Bear and
Malenka 1994; Stevens and Wang 1994), several studies demonstrated that different
molecular processes are likely to distinguish these forms of synaptic plasticity (Lee
et al. 2000; Braunewell and Manahan-Vaughan 2001; Shonesy et al. 2014).

Intriguingly, pharmacological antagonism of mGlu5 receptors prevents both LTP
and LTD (Table 5.1). One mechanism whereby this occurs is likely to comprise sup-
pression of mGlu5 receptor-mediated NMDAR currents (Harney et al. 2006), as
well as changes in intracellular Ca®* levels that normally occur following mGlu5
activation (Harney et al. 2006; Naie et al. 2007). Antagonism of mGlu5 receptors
may also prevent the activation of downstream proteins necessary for the mainte-
nance of persistent depression (Tu et al. 1999; Kumar et al. 2012) or prevent den-
dritic protein synthesis that is associated with LTD (Huber et al. 2001).

Strikingly, antagonism of mGlu5 not only prevents LTD that is triggered by spa-
tial learning, it also prevents the memory of the novel spatial experience that would
normally facilitate LTD (Goh and Manahan-Vaughan 2012a). Furthermore, mGlu5
receptors are required for LTD that is facilitated by visuospatial (Popkirov and
Manahan-Vaughan 2011) and audiospatial learning (Dietz and Manahan-Vaughan
2017), suggesting that its requirement extends to learning through different sensory
modalities. These observations reinforce the likelihood that mGlu5 is pivotal to nor-
mal information encoding and cognition within the hippocampus.

5.3 Role of mGluS in Hippocampal Information Processing

5.3.1 Neuronal Oscillations

Within the CNS and hippocampus, information is transferred across neural networks
by means of neuronal oscillations (Harris et al. 2003; Buzsédki and Draguhn 2004;
Itskov et al. 2008; Axmacher et al. 2009). Hippocampal oscillations in the theta
(5-10 Hz) and gamma (30-100) frequency ranges reflect tightly coupled patterns of
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network activity (Huerta and Lisman 1993; Whittington et al. 1995, 1997; Huerta
and Lisman 1996; Traub et al. 2004) that occur during behavioral learning (Bragin
et al. 1995; Chrobak and Buzsaki 1998; Buzsaki 2002, 2005; Csicsvari et al. 2003).
mGluS5 is intrinsically involved in enabling appropriate network activity in the hip-
pocampus. Persistent antagonism of mGlu5 in rodents results in a suppression of
theta and gamma oscillations in the hippocampus that are associated with a loss of
spatial memory ability and changes in the profile of LTP in both the dentate gyrus
and CA1 subfields (Bikbaev et al. 2008). Strikingly, the precise pattern of theta-
gamma responses that occur during patterned high-frequency afferent stimulation
(HFS) to induce hippocampal LTP accurately predicts the success or failure of HFS
in enabling LTP (Bikbaev and Manahan-Vaughan 2007, 2008), and this process
depends on activation of mGlu5 (Bikbaev and Manahan-Vaughan 2017).

Gamma oscillations occur in synchrony with theta oscillations and exhibit the
highest amplitudes in the hippocampus, compared to other CNS areas (Csicsvari
et al. 2003; Bartos et al. 2007). They contribute to different cognitive processes
(Singer 1993; Llinas et al. 1998; Fries et al. 2001; Kahana 2006) and may enable
temporal coding of information, as well as the acquisition and retrieval of memory
traces (Lisman and Idiart 1995; Axmacher et al. 2006). Prolonged treatment of
rodents with an mGlu5 antagonist prevents the increases in gamma oscillations that
typically occur in association with LTP induction (Bikbaev et al. 2008). This may
correspond to a loss of precision of granule cell firing in the dentate gyrus
(Whittington et al. 1995; Ylinen et al. 1995) that is essential for the optimal encod-
ing of incoming information (Bragin et al. 1995; Csicsvari et al. 2003). This may
also form the basis for mGluS-related disruptions in sensory information process-
ing, cognition, and neuronal excitability that have been reported in diseases such as
psychosis (Lipska and Weinberger 2000; Seong et al. 2002; van den Buuse et al.
2005; Arguello and Gogos 2006; Krivoy et al. 2008), Fragile X syndrome (Bassell
and Warren 2008; Waung and Huber 2009; Doélen et al. 2010; Krueger and Bear
2011), and epilepsy (Moldrich et al. 2003).

Frequently, neuronal oscillations are disrupted in brain illnesses that affect
hippocampus-dependent learning and synaptic plasticity (Dugladze et al. 2007,
Trevifio et al. 2007). In line with this, the failure of HES to induce hippocampal LTP
in amyloid-beta treated rats is tightly associated with a failure of HFS to evoke
changes in theta-gamma responses that are characteristic of subsequent successful
LTP (Kalweit et al. 2015). Taken together, the results of the abovementioned studies
suggest that the stability or precise characteristics of neuronal oscillations that
emerge during learning may be essential for the successful encoding of synaptic
information. Furthermore, the observation that mGlu5 activity is positively corre-
lated to theta and gamma activity in the dentate gyrus suggests that mGlu5 may be
involved in eliciting a precise temporal encoding of neuronal signals within the hip-
pocampus (Bikbaev et al. 2008). This possibility is rendered all the more likely by
reports that antagonists of mGlu5 prevent long-term spatial reference memory
(Manahan-Vaughan and Braunewell 2005) and object-place memory (Goh and
Manahan-Vaughan 2012a) and disrupt the stability of hippocampal place fields
(Zhang and Manahan-Vaughan 2014).
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5.3.2 The Role of mGlu5 in Place Fields

Place cells comprise hippocampal neurons that display firing patterns that correlate
with the context-dependent location of an animal in a spatial environment (O’ Keefe
and Dostrovsky 1971; O’Keefe 1976; Olton et al. 1978). The location of the rodent
in space in which the cells respond with an increase in firing activity is called the
place field (O’Keefe 1979)). Place cells enable orientation and navigation in space
and, together with information provided by grid cells in the entorhinal cortex (Fyhn
et al. 2004; Hafting et al. 2005) and head direction cells in structures such as the
thalamus and subiculum (Taube et al. 1990a, b; Taube 1995; Zhang 1996), enable
the creation of a cognitive map of an environment (O’Keefe 1979).

The initiation of place fields depends on activation of NMDAR (McHugh et al.
1996; Kentros et al. 1998), but strikingly, the long-term stability of place fields is
dependent on activation of mGlu5 (Zhang and Manahan-Vaughan 2014). This
observation creates an interesting link between the involvement of mGlu5 in neuro-
nal oscillations, persistent synaptic plasticity, and place fields. Although a causative
interdependency for these three processes has not yet been demonstrated, the depen-
dency of these processes on mGlu5 suggests that it is only a matter of time before
this interconnectivity is demonstrated.

5.3.3 The Special Case of the CA3 Region

In the hippocampal CA1 region, persistent LTP and LTD both depend on NMDAR
activation (Morris et al. 1986; Davis et al. 1992; Manahan-Vaughan 1997), whereas
in the dentate gyrus, not all forms of LTP require NMDAR (Manahan-Vaughan
et al. 1998). Persistent forms of dentate gyrus LTD are also NMDAR-independent
(Poschel and Manahan-Vaughan 2007). In the CA3 region, this differentiation is
even more distinct: LTP and LTD at mossy fiber (MF)-CA3 afferents, which last
for at least 24 h in freely behaving rodents (Hagena and Manahan-Vaughan 2011,
2013), do not depend on NMDAR, whereas these forms of plasticity are NMDAR
dependent at commissural associational (AC)-CA3 synapses (Hagena and
Manahan-Vaughan 2013). In vitro studies suggest that presynaptic mechanisms
are critical for the induction of MF-CA3 LTP (Schmitz et al. 2000; Contractor
et al. 2001; Lauri et al. 2001), whereas in vivo studies have revealed that early and
late phases of MF-CA3 LTP depend on protein translation, but only the late phase
requires transcription (Hagena and Manahan-Vaughan 2013).

The MF-CA3 and AC-CA3 synapses convey very different informational content
to the CA3 region. Input from dentate gyrus granule cells arrives via MF-CA3 syn-
apses, whereas input from the entorhinal cortex (associational path) as well as from
contralateral CA3 afferents (commissural path) arrives via the AC-CA3 synapses to
the CA3 region (Blackstad 1956; Ishizuka et al. 1990). In contrast to the dentate
gyrus and CAl regions, where both LTP and LTD critically depend on mGlu5,
MF-CA3 LTP but not LTD requires mGlu5 activation, whereas AC-CA3 LTD but not
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LTP depend on mGlu5 (Hagena and Manahan-Vaughan 2015). The CA3 region is
believed to contribute to working memory, pattern completion, and pattern separation
(Marr 1971; Nakazawa 2002; Kesner 2007, 2013; Leutgeb and Leutgeb 2007,
Neunuebel and Knierim 2014). The fact that mGlu5 activation can serve to promote
synaptic potentiation in mossy fiber synapse of the CA3 region while mediating syn-
aptic depression in AC-CA3 synapses (Hagena and Manahan-Vaughan 2015) sug-
gests that it may play a very important role in regulating signal-to-noise ratios and the
precise nature of information encoding in the CA3 region: the selective promotion of
LTP at MF-CA3 synapses, concurrent with synaptic depression at AC-CA3 synapses
can be expected to enable a high resolution, input specific and highly tuned retention
of the encoded experience. This in turn would facilitate subsequent information pro-
cessing related to pattern separation or pattern completion. Thus, the synapse-specific
regulation by mGlu5 of LTP and LTD in the CA3 region may comprise a key mecha-
nistic determinant of the unique properties of this subfield in learning and memory.

5.4 mGluS at the Hub of Hippocampal Function

mGlu5 receptors are critically involved, not only in inducing and maintaining but
also, in shaping synaptic plasticity: they regulate the direction of change in synaptic
strength through hippocampal synapses and also serve as a switch that toggles the
specific direction of change in synaptic strength, depending on the hippocampal
synaptic subpopulation involved (Hagena and Manahan-Vaughan 2015). Activation
of mGlu5 receptors is required for forms of LTP and LTD that last for very long
periods of time in rodents (Table 5.1) and are also required for spatial learning,
context-dependent extinction learning, and associative fear memory (Table 5.2).
Furthermore, disruptions in mGlu5 receptor expression or function are tightly
linked to a plethora of brain diseases and cognitive disorders that impact upon the
hippocampus (Urban et al. 2003; Bickstrom et al. 2004; Cowen et al. 2005; Kenny
et al. 2005; McMillen et al. 2005; Schroeder et al. 2005; Ure et al. 2006; Bassell and
Warren 2008; Bird and Lawrence 2009; Conn et al. 2009; Waung and Huber 2009;
Dolen et al. 2010; Niswender and Conn 2010; Krueger and Bear 2011). No other
neurotransmitter receptor has been demonstrated to be so intrinsically involved in
so many diverse aspects of hippocampal physiology and pathology and most par-
ticularly in the context of synaptic information encoding, hippocampus-dependent
learning, and optimal cognitive function. In sum, the results of the studies reported
in this article strongly support the likelihood that the mGlu5 receptor lies at the hub
of hippocampal information processing and is pivotal to the accurate, long-term,
and reliable acquisition and encoding of new spatial experiences and cognitive
representations.
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Chapter 6

Neuroprotective Properties of Glutamate
Metabotropic Glutamate Receptors

in Parkinson’s Disease and Other Brain
Disorders

Gunasingh Jeyaraj Masilamoni and Yoland Smith

Abstract Because of their modulatory role, cell-type-specific expression in the CNS,
and anti-inflammatory properties, the metabotropic glutamate receptors (mGluRs)
have generated significant interest as potential therapeutic targets for various brain
disorders. In addition, preclinical studies in animal models of Parkinson’s disease
have revealed that specific mGluR subtypes mediate significant neuroprotective
effects that reduce midbrain dopaminergic neuronal death. Although the underlying
mechanisms of these effects remain to be established, there is evidence that intracel-
lular calcium regulation, anti-inflammatory effects, and glutamatergic network regu-
lation contribute to these properties. These protective effects extend beyond midbrain
dopaminergic neurons for some mGluRs. In this review, we discuss recent evidence
for mGluR-mediated neuroprotection in PD and highlight the challenges to translate
these findings into human trials.

Keywords Dopamine ¢ Inflammation ¢ Huntington ¢ Striatum ¢ Substantia nigra
* MPTP e Excitotoxicity

6.1 Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder clinically charac-
terized by bradykinesia (slowness), rigidity (stiffness), resting tremor, and gait dys-
function with postural instability. The major pathological hallmark of PD is the
degeneration of dopaminergic (DA) nigrostriatal neurons in the substantia nigra pars
compacta (SNC) and the presence of cytoplasmic a-synuclein-positive inclusions
(Lewy bodies) (Fearnley and Lees 1991; Forno 1996; Spillantini et al. 1998; Giasson
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et al. 2000; Dauer and Przedborski 2003). This progressive degeneration of the nigros-
triatal system results in complex pathophysiological changes of neuronal activity and
neurochemical imbalance in neurotransmitter release throughout the basal ganglia cir-
cuitry and their projection targets (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990;
Wichmann and DeLong 2006). The onset of parkinsonian motor symptoms appears
only when a critical threshold of 50-60% DA neurons loss in SNC and 70-80% degen-
eration of striatal DA terminals have been reached (Hornykiewicz 1975, 1998).
This lag between the development of motor deficits and the protracted extent of the
nigrostriatal degenerative process provides an opportunity for neuroprotective inter-
vention that could slow down the degeneration of the dopaminergic system and delay
or prevent the development of parkinsonian motor symptoms.

Significant effort has, indeed, been devoted at identifying disease-modifying
therapeutics in different animal models of PD. Unfortunately, despite encouraging
preclinical data, none of these compounds were found to be neuroprotective when
tested in human trials (Siderowf and Stern 2008; Schapira 2009a, b, c; Smith et al.
2012). Various potential explanations have been raised to explain the failure of
these trials, including the lack of PD biomarkers and the late start of the neuropro-
tective therapy (Mandel et al. 2003, Schapira 2004, Siderowf and Stern 2008, Lang
2009, Olanow 2009, Rascol 2009, Schapira 2009a, c). Thus, the need for effective
neuroprotective drugs that could alter the progressive degeneration of the dopami-
nergic nigrostriatal system and the development of PD biomarkers are key inter-
related attributes to the successful development of effective neuroprotective
therapy in PD.

Although the mechanisms that underlie nigral DA degeneration in PD remain
poorly understood, evidence suggests that glutamate excitotoxicity contributes to
the cascade of events that lead to DA cell death in the SNc (Fornai et al. 1997,
Sonsalla et al. 1998; Greenamyre et al. 1999; Golembiowska et al. 2002; Blandini
et al. 2004; Przedborski 2005). Glutamate elicits its action through the activation of
ionotropic (iGlu) and metabotropic glutamate receptors (mGluRs). The use of com-
pounds blocking iGlu, particularly of the N-methyl-D-aspartate (NMDA) subtype,
has shown significant neuroprotective effects of midbrain dopaminergic neurons in
experimental models of parkinsonism (Turski et al. 1991; Zuddas et al. 1991; Storey
et al. 1992; Nash et al. 1999; Konitsiotis et al. 2000). However, the use of these
compounds failed human trials because of narrow therapeutic windows and marked
CNS side effects (Montastruc et al. 1992; Muir 2006). An alternative approach to
the development of glutamate-mediated therapies with a good profile of safety and
tolerability for brain disorders is the targeting of glutamate receptors that “modu-
late” rather than “mediate” fast excitatory synaptic transmission. Because the
G-protein-coupled mGluRs meet these criteria, they have generated significant
interest as new therapeutic targets for brain diseases, including symptomatic and
neuroprotective agents in PD (Lovinger et al. 1993, Conn et al. 2005, Bonsi et al.
2007, Ossowska et al. 2007, Gasparini et al. 2008, Niswender and Conn 2010,
Nicoletti et al. 2011, Finlay and Duty 2014, Nickols and Conn 2014, Williams and
Dexter 2014, Amalric 2015, Nicoletti et al. 2015).
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6.2 MGIuR Localization in the Basal Ganglia Circuitry

Eight mGIuR subtypes (mGluR 1-mGluR8) have been cloned and divided into three
groups (groups I-III) on the basis of sequence homologies, signal transduction path-
ways, and ligand-binding patterns (Pin and Duvoisin 1995; Conn and Pin 1997;
Nakanishi et al. 1998; Anwyl 1999; Pin and Acher 2002). Members of these three
groups of mGluRs are strongly expressed throughout the basal ganglia circuitry,
where they regulate neuronal excitability and synaptic transmission via pre- and post-
synaptic mechanisms (Calabresi et al. 1992, Lovinger et al. 1993, Lovinger and
McCool 1995, Conn and Pin 1997, Pisani et al. 1997, Rouse et al. 2000, Smith et al.
2000, Pisani et al. 2001, Corti et al. 2002, Marino et al. 2002, 2003a, Gubellini et al.
2004, Conn et al. 2005, Johnson et al. 2009, Lovinger 2010). Furthermore, midbrain
dopaminergic neurons in the SNc also express specific mGluRs which represent
potential therapeutic targets for neuroprotection in PD (see below). Thus, the founda-
tion of preclinical studies that have been performed so far to assess the potential rel-
evance of mGluR-mediated neuroprotection in PD has been based on the assumption
that excitotoxic effects upon midbrain dopaminergic neurons can be mediated either
directly through overactivation of calcium-dependent postsynaptic glutamate recep-
tors or via overactivity of glutamatergic inputs onto SNc neurons (Battaglia et al.
2002, 2004; Johnson et al. 2009; Masilamoni et al. 2011). In either case, drugs aimed
at postsynaptic (i.e., group I) or presynaptic (i.e., groups I and III) mGluRs may have
beneficial effects in reducing toxic insults upon midbrain dopaminergic neurons and
possibly other vulnerable populations of neurons in PD (Johnson et al. 2009).

Group I mGluRs (mGluRs 1 and 5) are mainly expressed postsynaptically, couple
to G, proteins, and positively modulate neuronal excitability through activation of
phospholipase C leading to an increase in intracellular Ca?* and protein kinase C (Kim
et al. 1994; Pin and Duvoisin 1995; Conn and Pin 1997; Fiorillo and Williams 1998;
Nakanishi et al. 1998; Sala et al. 2005; Zhang et al. 2005), while group II (mGluRs 2
and 3) and group III (mGluRs 4, 6, 7, and 8) mGluRs are mainly localized presynapti-
cally, classically couple to Gy, and negatively modulate neuronal excitability (Conn
and Pin 1997). Group I mGluRs are largely expressed postsynaptically in dendrites
and spines, where they enhance excitability through various postsynaptic mechanisms
that involve regulation of intracellular calcium, functional interactions with NMDA
receptors, and modulation of voltage-gated calcium channels (Conn and Pin 1997;
Nakanishi et al. 1998; Alagarsamy et al. 1999; Pisani et al. 2001; Sala et al. 2005;
Zhang et al. 2005)

On the other hand, group III mGluRs are predominantly located in the presynap-
tic active zones of glutamatergic and non-glutamatergic synapses, where they act as
autoreceptors or heteroreceptors that reduce neurotransmitter release (Cartmell and
Schoepp 2000; Ferraguti and Shigemoto 2006). Although mGluRs 4, 7, and 8§ are
expressed to a variable degree in different brain regions, mGluR6 is restricted to the
retina (Vardi et al. 2000).

The two members of the group II mGluR subtypes, mGIluR2 and mGluR3, are
differentially expressed in neurons and astrocytes, respectively (Mineff and
Valtschanoff 1999; Geurts et al. 2003). At the neuronal level, mGluR2 is located
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presynaptically in glutamatergic and non-glutamatergic terminals, but its pattern of
subcellular expression is different from that of group III mGluRs; instead of being
aggregated at the active zones close to the transmitter release sites, as is the case
from group III mGluRs, mGIuR?2 is most commonly expressed away from the syn-
apses, often in preterminal axonal segments, of glutamatergic and GABAergic
afferents (Schoepp and Conn 1993; Pin and Duvoisin 1995; Conn and Pin 1997,
Cartmell and Schoepp 2000; De Blasi et al. 2001; Galvan et al. 2006; Ferraguti et al.
2008; Niswender and Conn 2010). Thus, upon activation, groups II and III mGluRs
can reduce glutamatergic signaling and dampen neuronal excitability giving them
potential neuroprotective properties (Nicoletti et al. 1996). On the other hand, group
I mGluR antagonists display neuroprotective properties, likely through reduced cal-
cium release from intracellular stores and decreased neuroinflammation (Kim et al.
1994; Pin and Duvoisin 1995; Conn and Pin 1997; Nakanishi et al. 1998; Sala et al.
2005; Zhang et al. 2005).

In this review, we will discuss evidence for neuroprotective properties of differ-
ent subtypes of mGluRs in PD. We will also summarize findings of mGluR-mediated
neuroprotection in other brain diseases (Table 6.1). These will be followed by a
brief discussion of the subtype-selective mGlu receptor ligands that still hold the
promise to become disease-modifying drugs in neurodegenerative disorders.

6.3 Neuroprotective Effects of Group I mGluRs

There is evidence that mice treated with the mGluRS antagonist 2-methyl-6-
(phenylethynyl) pyridine (MPEP) or mice that lack mGluRS receptors show
increased survival of nigrostriatal DA neurons after administration of the dopami-
nergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Battaglia
et al. 2004; Aguirre et al. 2005; Armentero et al. 2006; Vernon et al. 2007). mGluR5
receptor antagonists are also protective against nigrostriatal dopamine denervation
in the methamphetamine model of parkinsonism (Battaglia et al. 2002). The mGIuR5
antagonist, MTEP, was also found to be neuroprotective against the loss of midbrain
DA neurons and norepinephrine neurons in the locus coeruleus (LC) in a chronic
MPTP-treated monkey model of PD (Masilamoni et al. 2011) (Fig. 6.1). In this
study, we showed that neurons in the SNc and LC of monkeys chronically treated
with low doses of MPTP over a period of over 20 weeks were significantly spared in
animals that received daily administration of MTEP (Masilamoni et al. 2011).
Altogether, these rodent and monkey data suggest that the use of mGIluRS5 receptor
antagonists may be a useful strategy to reduce degeneration of catecholaminergic
neurons in PD. Taking into consideration evidence that mGIuRS antagonists also
have significant anti-dyskinetic effects in rodent and nonhuman primate models of
PD (Dekundy et al. 2006; Mela et al. 2007; Gravius et al. 2008; Levandis et al. 2008;
Rylander et al. 2009; Johnston et al. 2010; Morin et al. 2010; Rylander et al. 2010;
Gregoire et al. 2011) and some antiparkinsonian effects in 6-OHDA-treated rats
(Breysse et al. 2002), these findings provide additional support for the potential use
of mGIluR5 antagonist as PD-relevant therapeutic.
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Fig. 6.1 Neuroprotective effects of MTEP towards MPTP-induced neurotoxicity of the midbrain
dopaminergic nigrostriatal system in rhesus monkeys. (a—c) Coronal sections at the level of the pre-
commissural striatum showing binding of the 18F-FECNT dopamine transporter ligand at baseline
(a) and after chronic treatment with MPTP/vehicle (b) or MPTP/MTEP (C). (d—f) show correspond-
ing levels of the striatum in the same groups of animals immunostained with a DAT antibody. (g-1)
Coronal sections showing 18F-FECNT binding (g—i) or TH immunostaining (j-1) at the level of the
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The evidence that various mGIuRS antagonists (AFQ056-mavoglurant; ADX-
4862 1-dipraglurant) currently being tested in human trials as anti-dyskinetic drugs
are well tolerated and do not worsen PD motor symptoms (Berg et al. 2011; Stocchi
et al. 2013) is encouraging and provides further supports toward the chronic use of
mGluR5-related compounds as potential neuroprotective drug in PD.

Although the exact mechanisms by which mGIuRS5 antagonists mediate their neu-
roprotective effects upon catecholaminergic neurons in toxin-based models of PD
remain to be established, some interesting possibilities have been raised. In light of
evidence that calcium dysregulation, mitochondrial respiration impairment, and exci-
totoxic insults contribute to the degeneration of nigral dopaminergic neurons in PD
(Sherer et al. 2002; Maesawa et al. 2004; Wallace et al. 2007; Caudle and Zhang
2009; Chan et al. 2009; Cannon and Greenamyre 2010; Winklhofer and Haass 2010;
Van Laar et al. 2011), the blockade of mGIuRS may provide its protective effects
through reduction of intracellular calcium levels in dopaminergic neurons via
decreased mGluR5-mediated activation of intracellular IP3 receptors (Kim et al.
1994; Pin and Duvoisin 1995; Conn and Pin 1997; Nakanishi et al. 1998; Sala et al.
2005; Zhang et al. 2005) and/or reduction of the potentiating effects of mGluRS5 upon
NMDA receptor function (Calabresi et al. 1992; Alagarsamy et al. 1999; Tu et al.
1999; Awad et al. 2000). An alternative mechanism could involve the reduction of
overactive glutamatergic inputs from the subthalamic nucleus (STN) to SNC neurons
in the PD state (Bezard et al. 1998; Rodriguez et al. 1998; Awad et al. 2000; Breysse
et al. 2003; Fazal et al. 2003; Shimo and Wichmann 2009; Piallat et al. 2011). Finally,
because glial mGluRS5 expression is upregulated in some inflammatory processes
(Byrnes et al. 2009a; Loane et al. 2009, 2012; Drouin-Ouellet et al. 2011), the block-
ade of these receptors may reduce these harmful effects and attenuate MPTP-induced
toxicity toward midbrain dopaminergic neurons (see further discussion below).

6.4 Neuroprotective Effects of Group II mGluRs in PD

Results from several groups reveal a moderate neuroprotective effect of Group II
mGluR agonists in rodent models of PD, the magnitude of which was dependent on
lesion severity (Battaglia et al. 2002, 2003, Murray et al. 2002; Vernon et al. 2005;
Battaglia et al. 2009). Both mGIuR2 and mGluR3 are expressed in the BG circuitry
including in STN neurons (Testa et al. 1994). Activation of presynaptic group II

<
<

Fig 6.1 (continued) ventral midbrain of the three animal groups used in this study. Abbreviations: PA
associative putamen, CA associative caudate nucleus, AL limbic nucleus accumbens, SNC substantia
nigra, PM motor putamen, CA associative caudate nucleus. Scale bar: 10 mm (applies to a—c and
g-i) and 5 mm (applies to d—f and j-1). M: Densitometry analysis N. Stereological estimate of the
total number of TH-positive neurons (means + SD) in SNC-v, SNC-d and VTA regions of control,
MPTP/vehicle and MPTP/MTEP treated monkeys. **p < 0.001 and *p< 0.05 for differences from
control and MPTP/vehicle. #, p < 0.05 for differences between the vehicle and MTEP-treated ani-
mals. There were no significant difference found in the SNCd and VTA between control and MPTP/
MTEP treated monkeys (see Masilamoni et al. 2011 for details)
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mGluRs at the STN-SNc synapse reduces excitatory postsynaptic current amplitudes
in rat SNc neurons (Bradley et al. 2000; Wang et al. 2005). In line with these observa-
tions, systemic treatment or intranigral administration of the group II mGluR ago-
nists LY379268 and (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (2R,4R-APDC)
reduces the extent of 6-OHDA-induced toxicity of dopaminergic neurons in the rat
SNc (Murray et al. 2002; Vernon et al. 2005; Chan et al. 2010). In addition, activation
of group II mGluRs by dual mGlu2/3 receptor agonist LY379268 or DCG-IV reduces
SNc degeneration in mice after intrastriatal MPP+ or systemic MPTP administration,
further supporting a role for group II mGlIuRs as disease-modifying agents in PD
(Battaglia et al. 2003). Activation of mGluR2/3 could also contribute to neurorestora-
tion via the production and release of neurotrophic factors from glial cells in vitro
(Bruno et al. 1998a; D’Onofrio et al. 2001) and in vivo (Matarredona et al. 2001;
Corti et al. 2007; Battaglia et al. 2009). Through the use of the mGluR?2/3 receptor
agonist LY379268 in mGluR2 and mGluR3 receptor knockout mice, Corti et al.
(2007) suggested that the neuroprotective properties of the mGIuR2/3 receptor ago-
nist LY379268 in MPTP-treated mice were entirely mediated by activation of the
astrocytic mGluR3 receptor and that these effects were amplified in the absence of
neuronal mGluR?2 receptors, suggesting that mGluR2 activation might be harmful to
toxin exposure (Corti et al. 2007). The studies of the neuroprotective properties of the
selective mGluR3 receptor agonist, N-acetylaspartylglutamate (NAAG) (Orlando
et al. 1997; Wroblewska et al. 1997; Bruno et al. 1998a; Bergeron et al. 2005), have
been limited by the poor blood-brain barrier permeability for this compound
(Westbrook et al. 1986; Sekiguchi et al. 1992).

6.5 Neuroprotective Effects of Group III mGluRs in PD

Several lines of evidence based on cellular and physiological data predict that acti-
vation of group III mGluRs in the BG could have neuroprotective effects in PD
(Wigmore and Lacey 1998; Valenti et al. 2002, 2003, 2005). These Gi/Go-coupled
auto- or heteroreceptors regulate GABAergic and glutamatergic synaptic transmis-
sion, most likely through inhibition of voltage-gated calcium entry required for trig-
gering transmitter release (Trombley and Westbrook 1992; Conn and Pin 1997).
In regard to neuroprotection in PD, activation of mGluR4 at the striatopallidal syn-
apse reduces the activity of the indirect pathway, which attenuates hyperactivity of
the STN, and thereby reduces its excitotoxic effects toward SNc dopaminergic neu-
rons (Valenti et al. 2005). Group III mGluRs activation protects against NMDA-
induced toxicity in cultured neurons and in vivo, neuroprotection against excitotoxic
insult (Gasparini et al. 1999; Bruno et al. 2000; Flor et al. 2002).

Consistent with the prediction that group III mGluRs activation might have neu-
roprotective effects in PD, both acute and subchronic intranigral infusion of the
group III mGluRs agonist L-AP4 reduce the extent of 6-OHDA toxicity in the rat
SNc (Vernon et al. 2005, 2007, 2008; Jiang et al. 2006; Betts et al. 2012). Furthermore,
systemic or intrapallidal administration of the mGIluR4 allosteric potentiator,
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PHCCC (Phenyl-7-(hydroxyimino) cyclopropa [b] chromen-la-carboxamide),
reduces the extent of nigrostriatal MPTP toxicity in wild-type mice, but not in mice
lacking mGluR4, further supporting the selective activation of mGluR4 as a neuro-
protective approach in PD (Battaglia et al. 2006). The study of mGluR7 and mGluRS8
receptor subtypes in neuroprotection awaits the development of specific compounds
that selectively regulate these receptors.

6.6 Neuroprotective Effects of mGluR-Related Drugs
in Other Brain Diseases

Chronic treatment with the prototypic mGluRS5 receptor antagonist, MPEP, attenu-
ates cell death, delays the onset of motor symptoms, and prolongs survival in mutant
mice carrying a mutation of SOD1 associated with familiar ALS (Rossi et al. 2008).
There is evidence that modulation of mGIuR1 and mGluRS on oligodendrocytes is
protective in a rodent model of periventricular leukomalacia during the develop-
mental peak of vulnerability to hypoxia/ischemia, and modulation of these recep-
tors is protective in a rodent model of periventricular leukomalacia (Jantzie et al.
2010). Recent evidence from Huntington’s disease (HD) mouse model indicates
that the mGIluRS5 allosteric potentiator, CDPPB, protects striatal neurons against
excitotoxic neuronal death, maybe through activation of Akt pathway, without trig-
gering increased intracellular Ca2+ concentration (Ribeiro et al. 2010; Doria et al.
2013,2015). There is also evidence that the mGluRS5 antagonist MPEP might reduce
disease progression in HD mouse models (Schiefer et al. 2004; Ribeiro et al. 2011).

6.7 Anti-inflammatory Properties of mGluRs: Implications
for Neuroprotection

In the normal brain, microglia, the resident CNS macrophages, are found in a rest-
ing state with ramified morphology, but when chronically activated in response to
insults, they display an amoeboid morphology (Kreutzberg 1996; Nimmerjahn et al.
2005) and exacerbate neurodegeneration by releasing glutamate and neurotoxic
pro-inflammatory cytokines and cytotoxic factors (Barger and Basile 2001; Parker
et al. 2002; Cunningham et al. 2005; Barger et al. 2007; McCoy and Tansey 2008;
Lee et al. 2009; Tansey and Goldberg 2010). In addition, prolonged activation of
microglia prevents them from carrying out their neuro-supportive functions such as
the release of key growth factors (Benoit et al. 2008). Microglial toxicity toward
midbrain dopaminergic neurons is well documented in a number of cell culture
studies and animal models of PD (Gao et al. 2002a, b; Liu and Hong 2003; McCoy
and Tansey 2008; Lee et al. 2009; Tansey and Goldberg 2010; Barnum et al. 2014).
It has been postulated that both the initiation and progression of PD are triggered by
neuroinflammation (Qin et al. 2007a, b; McCoy and Tansey 2008; Lee et al. 2009;
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Tansey and Goldberg 2010) and there is a growing body of evidence that in some
cases, PD is linked to head trauma, viruses, and infections which subsequently trig-
ger microglial activation (Liu and Hong 2003; Herrera et al. 2005). Inflammation is
also heavily implicated in the pathogenesis of other neurodegenerative diseases
including AD, ALS, MS, and HD (McGeer and McGeer 2002; Kutzelnigg et al.
2005; Solomon et al. 2006; Gao and Hong 2008; Hickman et al. 2008; Jimenez et al.
2008; Moller 2010).

As discussed above, glia (astrocytes, microglia, and oligodendrocytes) express
mGluRs to variable degrees. Although mGIluR3 is the most abundant subtype of
glial mGluRs, there is evidence that groups I and III mGluRs also display light glial
expression. These glial receptors are activated under normal and pathophysiological
conditions (Loane et al. 2012). The selective mGluRS orthosteric agonist, (RS)-2-
chloro-5-hydroxyphenylglycine (CHPG), reduces microglial activation and the
associated release of pro-inflammatory mediators following stimulation with either
lipopolysaccharide (LPS) or interferon-y (IFNy) (Byrnes et al. 2009a, b; Loane
et al. 2009). CHPG treatment also attenuates NADPH oxidase (NOX2) activity lev-
els and abolishes the neurotoxic potential of activated microglia in microglia/neu-
ron co-culture models. The anti-inflammatory effects of CHPG are abolished in
mGluR5 knockout mice or by addition of the mGluR5 antagonist, MTEP, demon-
strating selective mGluR5-mediated neuroprotective effects through microglia
(Byrnes et al. 2009a; Loane et al. 2009). Recently, mGIuRS positive allosteric mod-
ulators were found to significantly attenuate both LPS- and IFNy-induced nitric
oxide (NO) and tumor necrosis factor-a (TNFa) release in cultured microglia with
higher potency compared to the orthosteric agonist, CHPG (Xue et al. 2014).
These data support the use of mGIluR5 PAMs as anti-inflammatory neuroprotective
agents. MGIuR5 PAMs are currently being investigated as potential treatment for
various CNS conditions ranging from schizophrenia and anxiety disorders (Kinney
et al. 2003, 2005; Homayoun et al. 2004; Lecourtier et al. 2007; Gravius et al. 2008)
to learning and cognition-related problems (Gravius et al. 2008; Ayala et al. 2009;
Gass and Olive 2009; Cleva et al. 2010; Reichel et al. 2011). Whether their neuro-
protective/anti-inflammatory properties contribute to the potential benefit of these
compounds in these disorders remain to be established.

Activation of group III mGluRs also mediates anti-inflammatory effects. For exam-
ple, LPS-induced microglial activation in vitro is attenuated by the group III mGIuR
agonists L-AP4 and RS-PPG (Taylor et al. 2003). Activation of glial mGluR4 reduces
the production of RANTES, a chemokine involved in neuroinflammation that circu-
lates at higher levels in humans with PD compared with age- and sex-matched controls
(Besong et al. 2002; Rentzos et al. 2007). L-AP4 is similarly protective against myelin-
induced microglial neurotoxicity in cell culture, a finding attributable to the mGluR-
mediated inhibition of soluble toxin production by activated microglia (Pinteaux-Jones
et al. 2008). Similarly, oligodendrocyte precursor cells found in lesion sites are par-
ticularly vulnerable to cytotoxic and pro-inflammatory factors released by activated
microglia, and stimulation of group IIl mGluRs by L-AP4 prevents microglial-induced
inhibition of oligodendrocyte precursor cell proliferation (Taylor et al. 2010).
These studies suggest that targeting microglia by group III mGlu receptors has the
potential to encourage neuroprotection and regeneration of lost myelin in MS.
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Activation of mGluR2/3 stimulates the production and release of neurotrophic
factors from glial cells in vitro (Bruno et al. 1998b; D’Onoftrio et al. 2001) and
in vivo (Matarredona et al. 2001; Corti et al. 2007; Battaglia et al. 2009). Results
from several groups reveal a moderate neuroprotective effect of group II mGluR
agonists in rodent models of PD, the magnitude of which was dependent on lesion
severity (Battaglia et al. 2002, 2003, 2009, Murray et al. 2002; Vernon et al. 2005; ).

6.8 mGluR-Mediated Neuroprotection vs Disease
Biomarkers

The mGluRs are therapeutic targets of great interest for various brain diseases
(Conn et al. 2005; Marino and Conn 2006; Johnson et al. 2009; Niswender and
Conn 2010). Their beneficial symptomatic effects are further amplified by their
potential neuroprotective properties in PD and other brain diseases. However, cau-
tion must be exercised in translating the promising preclinical neuroprotective data
discussed in this review to human trials (Olanow 2009; Smith et al. 2012; Schapira
et al. 2014). The constant failure of previous neuroprotective human trials in PD
patients (Olanow 2009) indicates that the effective assessment of mGluR neuropro-
tective properties in PD must await the development of biomarkers that will allow
to identify at-risk candidates for the disease prior to the appearance of motor symp-
toms. We hope that the current effort of the Parkinson Progression Marker Initiative
(PPMI) multicenter study (Parkinson Progression Marker 2011) will help identify
reliable progression biomarkers that could be used toward the future assessment of
the disease-modifying properties of mGluRs in PD.
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Chapter 7
Structure, Dynamics, and Modulation
of Metabotropic Glutamate Receptors

Philippe Rondard, Xavier Rovira, Cyril Goudet, and Jean-Philippe Pin

Abstract The metabotropic glutamate receptors (mGluRs) are glutamate-activated
G-protein-coupled receptors that are expressed throughout the central nervous sys-
tem. The eight mGluR subtypes serve to modulate transmission at many synapses
and are potential therapeutic targets for the treatment of many neurological and psy-
chiatric diseases. In particular, their organization in multiple domains and subunits
offers various possibilities for the development of new drugs that modulate mGluR
activity. This review will show how recent and original approaches to study the
mGluR structure, dynamics, and pharmacology have brought a new view of their
mechanism of activation and the possibility of developing innovative ligands, such as
light-regulated drugs, to control the physiological activity of mGluRs in animals.

Keywords Allosteric modulator ¢ Partial agonist ® Forster resonance energy transfer
(FRET) ¢ Lanthanide-based resonance energy transfer (LRET) ¢ Photopharmacology
* G-protein-coupled receptor (GPCR)

7.1 Introduction

The eight metabotropic glutamate (mGlul-8) receptors (mGluRs) are all activated
by glutamate, which is the major excitatory neurotransmitter in the central nervous
system (Conn and Pin 1997; Niswender and Conn 2010). The mGluRs are thus
essential for the regulation of synaptic activity. Accordingly, they are promising
drug targets for the treatment of neurological and psychiatric disorders (Gregory
et al. 2013; Jacquemont et al. 2011; Patil et al. 2007). Structurally, mGluRs belong
to the class C G-protein-coupled receptor (GPCR) family, which also includes the
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Fig. 7.1 Structural and functional organization of the mGluRs. (a) Cartoon illustrating a full-
length mGluR dimer stabilized by a disulfide bridge. (b) Scheme illustrating the different organi-
zation of the mGlu and GABAg receptors at the surface of living cells. While the mGluR
homodimers form strict dimers, the GABAg receptor, which is composed of GABAg; and GABAg,
subunits (named “1” and “2”, respectively), forms constitutive and higher-order oligomers (het-
eromers) through the interaction with the GABAg, subunit, which is responsible for GABA bind-
ing (Maurel et al. 2008; Calebiro et al. 2013; Comps-Agrar et al. 2011, 2012; Schwenk et al. 2010).
In these heteromers, the GABAg, subunits are responsible for G-protein activation, and they do not
interact directly together. (¢) Specific and functional mGlu heterodimers have been detected at the
surface of living cells thanks to the measurement of trFRET signals between the SNAP- and CLIP-
tagged mGlu subunits that were co-transfected in the cells (Adapted from Doumazane et al. 2011).
The SNAP- and CLIP-tag were covalently labeled with a pair of fluorophores (compatible with
trFRET signal detection), as shown for the heterodimers mGlu2—-mGlu4. The chart indicates that
the homo- and heterodimers are formed between two separate groups of receptors: mGlul and
mGlu5 in one group and mGlu2, mGlu3, mGlu4, mGlu7, and mGlu$ in the other

metabotropic receptor for GABA (GABAg), the calcium-sensing receptor (CaSR),
the receptor GPCROA, and the receptors for sweet and umami taste in humans
(Kniazeff et al. 2011). These receptors share a large extracellular ligand binding
domain (ECD) where the natural ligand binds and a heptahelical transmembrane
domain (7TM) that contains the binding site for synthetic allosteric modulators
(AMs) and is responsible for G-protein activation (Fig. 7.1a).

7.2 Functional Organization and Structure of the mGluRs

We recently demonstrated that mGluRs must be in a homodimer state to be
activated by glutamate (El Moustaine et al. 2012), by purifying, reconstituting, and
stabilizing the full-length mGlu2 receptor in nanodiscs that reproduce a native-like
environment. Indeed, only the fraction containing the dimeric mGluRs was able to
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activate a purified G-protein upon stimulation by glutamate. The monomeric receptor
bound glutamate, but could not be activated by it, although it could be fully
activated by a positive AM (PAM). Furthermore, using a time-resolved Forster
resonance energy transfer (trFRET) combined with SNAP-tag technology to label
the extracellular N-terminus of the mGlu subunits with fluorophores compatible
with FRET, we showed that mGlu homodimers form mostly strict dimers at the cell
surface of living cells (Doumazane et al. 2011; Maurel et al. 2008) (Fig. 7.1b).
Similar conclusions that mGlu receptors are strict dimers at the surface of cells have
been proposed from photobleaching experiments using GFP-tagged mGlu receptors
in single-molecule conditions (Levitz et al. 2016). This is in contrast to the GABAg
receptor that forms constitutive, stable, and organized dimers of dimers, and even
higher-order oligomers, in similar conditions (Maurel et al. 2008; Calebiro et al.
2013; Comps-Agrar et al. 2011, 2012; Schwenk et al. 2010). Dimers of dimers of
mGlu2 receptor were recently detected, but only when their interaction was stabi-
lized by a disulfide bridge, which suggests the oligomeric forms of mGIuR are very
transient (Xue et al. 2015).

Interestingly, mGlu subunits could also form specific and strict heterodimers at
the surface of transfected live cells (Doumazane et al. 2011; Levitz et al. 2016). This
was the case for all the groups I (mGlu2 and mGlu3) and III mGlu subunits (mGlu4,
mGlu6, mGlu7, and mGlu8) that could form heterodimers together, but not with the
two group I mGlu subunits (mGlul and mGlu5), while these two latter receptors
could form heterodimers with one another (Fig. 7.1c). These heterodimers were
revealed in trFRET saturation experiments where the two co-expressed subunits
were orthogonally and covalently labeled with a pair of fluorophores attached to the
extracellular N-terminal SNAP and CLIP-tagged subunits (Doumazane et al. 2011).
Although the existence of such heterodimers in native tissues remains to be estab-
lished, data indicate they could exist. Indeed, it was shown that different mGlu
subunits are co-expressed in the same compartment of neurons (Doumazane et al.
2011; Ferraguti et al. 2005; Ferraguti and Shigemoto 2006). In addition, a recent
study has proposed specific pharmacological properties of the mGlu2/mGlu4
heterodimer that was observed in cortical neurons (Yin et al. 2014).

7.3 Crystal Structures and Conformational States
of the mGluR

The ECD is composed of both a Venus flytrap (VFT) domain that contains the
glutamate binding pocket (also called orthosteric ligand binding site) and a cysteine-
rich domain (CRD) that connects the VFT to the 7TM domain. Crystal structures of
the isolated VFT dimers have been solved for most mGluRs (mGlul, mGlu2,
mGlu3, mGlu5, and mGlu7)(Kunishima et al. 2000; Monn et al. 2015; Muto et al.
2007; Rondard et al. 2011). They have revealed that the bi-lobal VFT contains the
binding site for the orthosteric agonists and competitive antagonists that bind
between the upper and lower lobes (Fig. 7.2). In mGluRs, each VFT is connected to
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Fig. 7.2 Crystal structures and conformational changes of the extracellular ligand binding domain
of the mGluRs (Figure Adapted from Doumazane et al. 2013). Crystal structures of the mGluR
VFT dimer were solved in complex with antagonist (red) and agonist (green), in the resting (R) and
active (A) orientation, respectively. In these structures the VFTs are either open (o) or closed (c).
Accordingly, the two main conformations, Roo and Aco (or Acc, when both VFT are closed),
correspond to the two major states of the VFT dimer. These conformations show the reorientation
of the VFT dimer in a scissorlike movement during activation. Whereas the lower VFT lobes are
distant in the inactive state they become closed in the active state. Of note, the active reorientation
bound to antagonist (Aoo) and the resting conformation bound to agonist (Rcc) have also been
observed in the crystal structures (Doumazane et al. 2013). The VFT at the front of the dimer is in
dark blue, and the one at the back is in purple

the 7TM domain through the CRD similarly to other class C GPCRs that are consti-
tutive dimers, such as CaSR, GPRC6A, and the taste receptors. But in contrast, the
GABAg receptor lacks this CRD (Kniazeff et al. 2011; Rondard et al. 2011). It was
demonstrated that the CRD of mGluRs is required for the allosteric communication
between the VFT and the 7TM domains and is stabilized by disulfide bridges, one
of which connects the CRD to the VFT (Muto et al. 2007; Rondard et al. 2006).

From the crystal structures of the isolated ECD dimer of mGluRs (Kunishima
et al. 2000), CaSR (Geng et al. 2016; Zhang et al. 2016), and the GABAj receptor
(Geng et al. 2013), it is known that each VFT can adopt two major states: (i) an
“open” conformation observed in the absence of ligand or in presence of competi-
tive antagonists and (ii) a “closed” conformation stabilized by agonists. In addition,
the ECD dimer can adopt two different orientations, either the “active” (A) state, in
which the two ECDs are reoriented by 70° compared to the structure obtained in the
presence of the antagonist (“resting” (R) state)(Kunishima et al. 2000; Rondard
et al. 2011; Tsuchiya et al. 2002) (Fig. 7.2). To summarize, based on crystal struc-
tures, the main conformations that define the inactive and active states of the mGIluR
are the resting state Roo where both VFTs are opened and the active states Aco or
Acc where one or both VFTs are close, respectively.
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Fig. 7.3 Crystal structures of the 7TM domains of the mGlul and mGlu5 receptors (Figure taken
with permission from Rondard and Pin 2015). These structures correspond to the inactive state
stabilized by a specific NAM (in red) of these receptors (Doré et al. 2014; Wu et al. 2014).
The most conserved residue of each TM, according to the universal numbering system for the
residues in the transmembrane helices of class C GPCRs (Dor€ et al. 2014), is shown in yellow,
and the water molecule identified at the bottom of the allosteric binding site in mGlu5 7TM is
shown in green

The first crystal structures of the isolated 7TM domain of two human mGluRs,
mGlul and mGlu5, were solved at high resolution (Dor¢ et al. 2014; Wu et al. 2014)
(Fig. 7.3). These structures have revealed that despite the lack of sequence conser-
vation (<15% identical residues) between class C and class A GPCRs, the overall
fold of the 7TM is conserved between these two classes. These structures enabled
the proposal of a universal numbering system for residues in the transmembrane
helices of class C GPCRs (Dor¢€ et al. 2014; Pin et al. 2003) similar to the nomen-
clature used for the class A GPCRs (Ballesteros and Weinstein 1995). The most
conserved residue in each class C GPCR TM domain was assigned the position .50,
and this number is preceded by the TM number (this residue is called X.50, where
X is the number of the TM). Although these 7TM structures of mGluRs were only
solved in the inactive state, in complex with a negative AM (NAM, which is known
to stabilize the receptor ground state), they did reveal for the first time the binding
site for AMs in class C GPCRs. The inactive state was further stabilized by the ionic
interactions between TM3 and TM6 called the “ionic lock™ involving residues
Lys** and Glu®* in mGlul and mGlu5. In class A GPCRs, this ionic lock is
observed between the conserved Arg>¥ of the D(E)RY motif and Asp/Glus*. The
ionic lock is known to restrict the activation-related movement of TM6 in class A
GPCRs. In the mGlul and mGlu5 receptors, this ionic lock is further stabilized by
polar interactions with the intracellular loop 1(Dor¢ et al. 2014; Wu et al. 2014).

These structures have also suggested that the mGlul 7TM domain can form
dimers through TM1-TM!1 interaction, and this interface is stabilized by cholesterol
molecules (Wu et al. 2014). Although this TM1-TM1 interface was found in other
GPCR dimers (Cherezov et al. 2007; Ruprecht et al. 2004), a recent study based on
cysteine cross-linking revealed that TM4, TMS, and TM6 in the full-length mGlu2
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receptor constitute the 7TM dimer interface (Xue et al. 2015) (see details below).
TM4-TM6 interfaces are also frequently observed in class A GPCR dimers (Guo
et al. 2005; Manglik et al. 2012; Wu et al. 2010). Finally, these 7TM structures did
not reveal much information regarding the structural coupling between the ECD and
the 7TM in the mGluRs. The extracellular loop 2 of mGlul 7TM (usually the most
important extracellular loop for GPCRs activation (Venkatakrishnan et al. 2013))
adopts a large P hairpin conformation pointing to the extracellular space and poten-
tially to the ECD (Fig. 7.3). A similar conformation of the extracellular loop 2 was
previously observed in the crystal structures of class A receptors (Wu et al. 2012).
But such a feature was not observed in the mGlu5 7TM structure. In the absence of
structure of the full-length mGlu receptors, we are proposing a 3D working model
based on the structures of the isolated ECD dimer and 7TMs (Fig. 7.4).

7.4 Structural Dynamics of the mGluR ECD
During Activation

Recent structural, biophysical, and functional data have strongly contributed toward
elucidating the mechanism of activation and the dynamics of the ECD in the class C
GPCRs (Rondard et al. 2011; Rondard and Pin 2015) (Fig. 7.5). The first mandatory
step for mGIuR activation is the closure of the VFTs upon binding of the agonist
between the two lobes of each VFT (Rondard et al. 2011). Bessis et al. have shown
that competitive antagonists, that bind into the glutamate binding pocket of the VFT
domain, prevent mGlu8 receptor activation by blocking VFT closure by steric hin-
drance (Bessis et al. 2002). In mGlu8 receptor mutants where the glutamate binding
pocket was enlarged to accommodate these competitive antagonists in the closed
conformation of the VFT domain, the competitive antagonists became full agonists
resulting in a complete activation of the receptor. It was concluded that these antag-
onists were able to stabilize the VFT of these mGlu8 mutants in a closed state
similar to the one stabilized by the agonist. Further evidence of VFT closure being
sufficient for mGIluR activation came recently from the work of Kiyonaka et al.
(Kiyonaka et al. 2016) who described the activation of the mGlul receptor by a
bipyridine compound that acts like a staple as it is chelated by the upper and lower
lobes of the VFT. The resulting VFT that was stabilized in closed conformation
produced a fully activated receptor. The binding of this bipyridine reagent was
achieved by introducing a histidine residue in each lobe, by site-directed mutagen-
esis. In addition, it was demonstrated that the closure of one VFT per dimer is suf-
ficient to activate the mGlu receptor, but the closure of both VFTs in the dimer is
required for full activity (Kniazeff et al. 2004a). It was also shown that VFT closure
is sufficient for the activation of other class C GPCRs such as the GABAj receptor.
The introduction of pair of cysteines that stabilize the closed conformation of the
GABAg, subunit VFT responsible for GABA binding, thanks to a disulfide bridge
between the upper and lower lobes of the VFT, produced a GABAj receptor mutant
with a strong constitutive activity (Kniazeff et al. 2004b).
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Fig. 7.4 Structural models of the full-length mGlu2 receptor dimer in the resting and active states.
To build these models, we used the crystal structures of the mGIluR ECD in the absence of ligand
or in the presence of agonist, to model the resting and active conformations, respectively, as previ-
ously reported (Xue et al. 2015). Model of the 7TM dimers in the resting and active reorientations
were previously described (Xue et al. 2015). In the resting state, the lower lobes of the VFT and the
CRD are distant, while they become close in the active conformation when bound to glutamate.
The 7TM dimer interface is formed by the transmembrane helices TM4 and TM5 (in orange) in
the resting state and TM6 helices (in red) in the active state. In the active state, the trimeric
G-protein Gafy is shown in the nucleotide-free state and coupled to one 7TM domain (According
to the crystal structure of a class A GPCR solved in the active state, in complex with Gafy
(Rasmussen et al. 2011))

The second critical step for mGluR activation is the reorientation of the VFT in
the dimer (Figs. 7.2 and 7.5). It is known that the VFT dimer oscillates between two
major conformations, the R state stabilized by antagonists and the A state stabilized
by agonists and required for receptor activation. It has been well illustrated for the
mGlul receptor that the lower lobes of the two VFTs become closer in the active
state; meanwhile, they are distant in the resting state (Kunishima et al. 2000;
Tsuchiya et al. 2002). Since the VFT is cross-linked to the CRD through a disulfide
bridge (Rondard et al. 2006), the reorientation of the VFT dimer during activation
brings the two CRDs in contact in the active state. The introduction of a steric hin-
drance at the CRD dimer interface such as N-glycosylation, which produce a mutant
that can no longer be activated by an agonist (Doumazane et al. 2013), is consistent
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Fig. 7.5 Model of mGIuR activation (Figure taken with permission from Rondard and Pin 2015).
Schematic illustration of the major steps in mGIuR activation that lead to G-protein activation.
Glutamate or other agonists bind and induce VFT closure and reorientation (Kunishima et al.
2000), leading to the formation of a specific interface between CRDs (Huang et al. 2011), and
finally to the rearrangement at the 7TM dimer interface (Xue et al. 2015) that is followed by the
activation of only one of the two 7TMs (Hlavackova et al. 2005). The time course is shown
underneath

with the two CRDs being close during activation. Conversely, locking the active
orientation of the CRD dimer by a cysteine cross-linking at the CRD dimer interface
is sufficient to induce constitutive activity in the mGluRs (Huang et al. 2011). The
recent crystal structures of the apo- and agonist-bound conformations of the CaSR
(Geng et al. 2016; Zhang et al. 2016) and GABAg receptors (Geng et al. 2013) show
a similar reorientation of the two VFTs during activation. However, these crystal
structures suggested that the amplitude of ECD rearrangement of these two recep-
tors is smaller than the one in mGluR ECD. Finally, in the GABAg receptor, stabi-
lization of the direct contact between the two lower lobes of the VFTs through a
disulfide bridge produces a receptor mutant constitutively active (Geng et al. 2013).
It is consistent with the two lower lobes of the VFT dimer being in direct interaction
in the active state of the GABAg receptor, as proposed for the mGluRs.

We recently analyzed ECD dynamics by trFRET with a lanthanide donor with a
long lifetime and an organic fluorophore as acceptor that were linked to N-terminal
extracellular SNAP-tags on the mGluRs (Fig. 7.6a). Also, for kinetic analysis of the
ECD reorientation, single-molecule FRET (smFRET) experiments with the same
SNAP-tagged isolated ECD dimers (Olofsson et al. 2014) and SNAP-tagged full-
length mGlu2 and mGlu3 receptors (Levitz et al. 2016; Vafabakhsh et al. 2015)
were used. We thus showed that the rearrangement of the ECD dimer is correlated
with receptor activation at the surface of living cells (Doumazane et al. 2013). The
ECD dimer is in an equilibrium between the two major conformations described
above, R and A, and it oscillates between these states at sub-millisecond timescale
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Fig. 7.6 Rearrangement of the mGluR ECD dimer measured by trFRET (Figure Adapted from
Rondard and Pin 2015). (a) We have developed SNAP-tagged mGlu2 sensors to monitor mGluR
activation at the surface of living cells by measuring the trFRET signal between pairs of fluoro-
phores linked to the SNAP-tag, following incubation with glutamate or a competitive antagonist
(LY341495). The time course is shown below. (b, ¢) These sensors facilitate the identification of
partial agonists such as DCG-IV (b), and of PAMs and NAMs (c) in a format compatible with
high-throughput drug screening (Charts taken with permission from Doumazane et al. 2013)

between being bound, or not, by an agonist or an antagonist (Olofsson et al. 2014)
(Fig. 7.7a). As these two states are energetically similar even in the presence of
ligands, this explains why mGluR ECDs could be crystallized in the R or A
conformation with both kinds of ligand (Muto et al. 2007; Doumazane et al. 2013)
and why there is no difference between the crystal structures of the ECD in complex
with partial or full agonists (Muto et al. 2007).

7.5 Dynamics of the mGluR Transmembrane Domain
During Activation

How the ECD signal is transmitted to the 7TM domain and then to the G-protein
remains an open question. In our current model for receptor activation (Fig. 7.5),
agonist binding would cause a scissoring movement between VFTs, resulting in a
rearrangement of the CRDs that become stabilized in the active state (Geng et al.
2016; Huang et al. 2011). While these initial steps start to be well understood, the
molecular mechanism of the following conformational changes remains unknown.
The CRD conformational change, upon agonist binding, is expected to trigger a
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Fig. 7.7 Structural dynamics of the mGluRs (Figure with permission from Rondard and Pin
2015). (a) Based on smFRET experiments, we have shown that ECD dimers oscillate between the
resting and active states, whether unbound or bound to an agonist or an antagonist (Olofsson et al.
2014). (b) Model of the 7TM of the mGlu2 receptor in the resting and active states, illustrating the
large rearrangement that occurs at the 7TM dimer interface during receptor activation (Xue et al.
2015). The position of cysteine residues introduced in TM4 and TMS5 or in TM6 are indicated in
orange and red, respectively

rearrangement of the two 7TMs (Xue et al. 2015) leading to the activation of only
one 7TM at a time in the dimer (Hlavackova et al. 2005). This asymmetry could
result from the coupling of a single G-protein to a mGluR 7TM dimer. The G-protein
is expected to be coupled to the 7TM which reach the active state (Xue et al. 2015).

Moreover, using a cysteine cross-linking strategy and trFRET experiments, we
showed that structural changes at the 7TM interface of mGlu2 dimers cause recep-
tor activation (Xue et al. 2015) (Fig. 7.7b). The main dimer interface is formed by
TM4-TMS in the inactive state and by TM6 in the active state. This major change in
the dimer interface is required for receptor activity, because locking the TM4-TM5
interface prevents activation by agonists, while locking the TM6 interface leads to a
constitutively active receptor.

Finally, the kinetics of mGlul receptor rearrangement was investigated using
GFP-based FRET (Hlavackova et al. 2012; Marcaggi et al. 2009; Tateyama and
Kubo 2006). The study by Hlavackova et al. revealed a relative movement between
interacting 7TM domains during receptor activation (Hlavackova et al. 2012). The
relative rearrangement of the two 7TMs was proposed to occur first (time constant
of ~35 ms) and then to be followed by activation of a single 7TM within the dimer
(time constant of ~50 ms) (Fig. 7.5).
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7.6 Molecular Bases of Ligand Efficacy: Partial Agonism

The term « efficacy » was defined as the degree to which different agonists produce
varying responses when occupying the same proportion of receptors (Christopoulos
et al. 2014). The maximal response that agonists can produce when all their recep-
tors are occupied may vary for different ligands, a partial agonist having a lower
efficacy than a full agonist. The molecular bases of such differences can be due
either to the stabilization of various active conformations with different coupling
efficacies or to the stabilization of only a fraction of the receptors in an active state
(Rosenbaum et al. 2009). mGluR partial agonists act by shifting the conformational
equilibrium toward the fully active state, to a lower extent compared to full agonists,
rather than by stabilizing alternative static conformations (Olofsson et al. 2014;
Vafabakhsh et al. 2015). mGluR intramolecular trFRET sensors represent a power-
ful tool to identify partial agonists (Doumazane et al. 2013) which are otherwise
difficult to detect with classical cell signaling assays (Fig. 7.6b).

7.7 Allosteric Modulation of the mGluRs

Reports of the diversity of the ligands that can modulate the activity of mGluR by
binding to sites other than the orthosteric site are increasingly numerous. The allo-
steric ligands acting on the mGluR ECD, called extracellular domain allosteric
modulators (Kniazeff et al. 2011), are mostly ions (Tsuchiya et al. 2002; Jiang et al.
2010; Tora et al. 2015) and the monoclonal antibodies (Ullmer et al. 2012). On the
contrary, the synthetic compounds developed to act in the mGluR 7TM domain are
classically called PAMs and NAMs (Lindsley et al. 2016). Understanding the
molecular basis of these different AMs is important for the development of future
drugs to modulate mGluR activity in vivo.

The molecular basis for different positive AMs acting in the ECD was proposed
for several class C GPCRs including mGluRs. These AMs were shown to stabilize
the active conformation of the ECD by facilitating two states: the VFT closure and/
or the reorientation of the VFT dimer (Fig. 7.8a). In the umami and sweet taste class
C GPCRs, the natural ligands, glutamate, and sweeteners, respectively, bind near
the hinge region of the VFT domain and induce initial closure of the two lobes. AM
compounds bind near the opening of the VFT binding pocket and further stabilize
the closed conformation induced by the natural agonists (Zhang et al. 2008, 2010).
However, these kinds of enhancers have not yet been discovered for the mGluRs.
Instead, cations and anions were recently shown to play a similar role in stabilizing
the ECD dimer active state. Although such ions are not potential drugs, they do
highlight the possibility of developing new ligands for mGluR modulation. First,
cations such as calcium were shown to potentiate the activation of group I mGluRs
(Jiang et al. 2010). The Ca?* binding site is near the entrance of the VFT (Fig. 7.8a).



140 P. Rondard et al.

VU0155041 PHCCC

D 8
7™ -
allosteric ¢ ]
modulator pocket 5j
R.\ MPEP VUO415374
o Allosteric
3 Ago-PAM
9 -

Fig. 7.8 Allosteric modulation of the mGluRs. (a) Molecular modeling of the mGlul VFT. A
close-up is shown on the right with the molecular detail of the Ca®* binding site near the entrance
of the VFT binding pocket that was proposed to stabilize the closure of the VFT domain when
induced by glutamate (Jiang et al. 2010). (b) 3D model of the mGlu4 VFT where the binding of
CI~ has been shown to facilitate the activation of the mGlu4 receptor. While CI~ binding in the Site
1 is important to stabilize the structure of the VFT, we have proposed that C1~ binding in the Site 2
(near to the glutamate) would favor VFT closure (Tora et al. 2015). (¢) Crystal structure of mGlul
VFT dimer in the active orientation, where the presence of a Gd** ion has been proposed to stabi-
lize the active state by facilitating the proximity between the two lower lobes (Tsuchiya et al.
2002). (d) 3D model of the 7TM AM binding pocket in the mGlu4 receptor. We proposed two
overlapping binding pockets, one at the surface (in red) and a deeper one (in blue). The middle
panel highlights the 3D space occupied by these two binding pockets. While the intrinsic agonist
activity is proposed to come from the binding in red region, cooperativity would mostly depend on
the interaction in the deep pocket (Rovira et al. 2015). The right panel shows examples of mGlu4
PAMs that all have agonist activity, except the MPEP, which is predicted to only bind in the deep
pocket

More recently, it was shown that chloride ions play an important role in potentiation
of all mGluRs and that they confer different degrees of receptor modulation (Tora
et al. 2015). Interestingly, for the mGlu4 receptor, in low Cl~ buffer, the receptors
had a strong decrease in glutamate potency. A number of binding sites were pro-
posed for Cl7, including in the VFT, where they facilitate VFT closure (Fig. 7.8b).
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Finally, another mechanism to stabilize the active state of the ECD dimer is through
the binding of cations at the VFT dimer interface between the two lower lobes. Such
cation binding was observed in the crystal structure of the mGlul VFT dimer in the
active state (Tsuchiya et al. 2002). In this conformation, both VFT are in closed
state (conformation Acc) thanks to the presence of one gadolinium (Gd) ion
(Fig. 7.8¢). It was proposed that the Gd** acts as an extracellular domain allosteric
modulator by facilitating the approach of two negatively charged regions of the
lower lobe interface by neutralizing the repulsive charges.

The other AM compounds that bind to the 7TM domain of mGluRs have been
well described and extensively developed (Lindsley et al. 2016). 7TM NAMs and
PAMs are particularly attractive compounds to generate subtype-selective drug-like
mGluR ligands since their binding site are not conserved between mGluR subtypes.
In contrast, the development of orthosteric drugs has been hampered by the high
conservation of the glutamate binding site within the different mGluRs (Goudet
etal. 2012). PAMs and NAMs can modulate the affinity or efficacy of native ligands
in positive and negative, respectively (Conn et al. 2009). Some AMs were also
reported to be neutral (Christopoulos et al. 2014). The PAMs are of special interest
since they can finely tune the activation of the mGluRs by glutamate. In contrast to
mGluR agonists, PAMs are expected to enhance receptor activity only when and
where needed physiologically (when and where glutamate is produced to act on the
mGluRs). The PAMs potentiate the response mediated by orthosteric agonists by
stabilizing the ECD active state, a mechanism that originated from the cooperativity
between the ECD and 7TM domains (Parmentier et al. 2002). In contrast, the NAMs
act as noncompetitive antagonists. We demonstrated this using mGluR intramolecu-
lar trFRET sensors, where PAMs further stabilized the active state of the ECD
(Doumazane et al. 2013). G-protein coupling to the mGIluR 7TM had the same
effect (Doumazane et al. 2013) (Fig. 7.6¢). Finally, 7TM AMs could modulate just
a specific signaling cascade among the several pathways activated by the receptor
(Sheffler et al. 2011). This is the concept of functional selectivity or ligand bias
signaling (Sheffler et al. 2011; Urban et al. 2007). This stimulus bias was nicely
illustrated by a mGlu5 PAM that had an in vivo efficacy in schizophrenia models but
that did not potentiate the NMDA receptor function (Rook et al. 2015). This is in
contrast to most other mGlu5 PAMs whose NMDA receptor function is potentiated
by PAMs.

The crystal structures of mGlul and mGlu5 7TMs (Doré€ et al. 2014; Wu et al.
2014) have provided a 3D framework to understand the molecular recognition of
AMs and facilitate structure-based drug design for the mGluRs (Christopher et al.
2015). In these structures, the NAMs bind within a long and narrow pocket in the
7TM domain. This mode of binding is also seen in the orthosteric binding sites of
class A GPCRs, although these evolved independently from the class C GPCRs
(Nordstrom et al. 2011). Within the mGlul and mGlu5 7TM domain, NAMs bind
sufficiently deep in the 7TM to make contact with the Trp®° residue in TM6. This
residue, known as the toggle switch residue, is important for 7TM activation and is
conserved in all mGluRs as well as in many class A GPCRs (Rosenbaum et al.
2009). PAMs are expected to bind to the same binding pocket as mGluR NAMs
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(Lindsley et al. 2016). Indeed, among the AMs that lack selectivity, the same allo-
steric ligand can have a positive or negative cooperative effect on two distinct
mGluRs (Wood et al. 2011). Finally, NAMs and PAMs of a specific mGlu receptor
can easily be interconverted by small chemical modifications (Wood et al. 2011;
Gomez-Santacana et al. 2014).

Future research is required to compare the physiological benefits of the PAMs
with intrinsic agonist activity (called ago-PAMs), versus the compounds that are
devoid of this agonist activity (pure PAMs), and to understand why ago-PAMs are
agonists. Indeed, while the mGIuR PAMs enhance agonist activity (positive coop-
erativity) by increasing the affinity and/or efficacy of orthosteric agonists, many
also display different degrees of intrinsic agonist activity (allosteric agonism). In
recent studies, Rook et al. showed that a pure PAM of mGlu5 provides a strong
therapeutic benefit compared to a mGlu5 ago-PAM in schizophrenia models (Rook
et al. 2012). Such pure mGlu5 PAMs can provide major advantages, avoiding
adverse effect observed with mGlu5 agonists. The molecular basis for the difference
in effect on the mGluRs between ago-PAM and pure PAM was recently analyzed for
the mGlu4 receptor. Rovira et al. proposed that PAMs could bind to two overlapping
binding pockets (Rovira et al. 2015) (Fig. 7.8d). The first one, at the entrance to
7TM cleft and analogous to the orthosteric site of class A GPCRs, would be linked
to allosteric agonism. The second one, deeper in the 7TM, corresponds to the Na*
binding pocket of class A GPCRs (Katritch et al. 2014) and would be responsible
for the strong positive cooperativity (Rovira et al. 2015). Thus, for mGlu4 receptor
the cooperativity is proposed to come from ligand binding in this deep pocket, while
the intrinsic efficacy would be mainly due to the interaction in the shallow pocket.

7.8 Innovative Ligands Control the Activity of mGluRs
with Light

A major challenge in pharmacology is to enhance drug selectivity to have a thera-
peutic effect while avoiding side effects. Controlling drug activity with light pulses
offers the possibility of enhancing pharmacological selectivity with spatial and tem-
poral resolution. Recent studies have reported the development of innovative ligands
that enable the control of mGluRs by light in vivo (Pittolo et al. 2014; Reiner et al.
2015; Rovira et al. 2016). The principle of these studies relies on the use of a ligand
containing a photo-switchable chemical moiety that can adopt a high- or low-
affinity conformation under the control of light (Fig. 7.9a). Therefore, the activity of
such ligands on the mGluRs could be reversibly regulated. Photo-switchable ligands
have been developed both for the VFT orthosteric site and for the 7TM allosteric
pocket. Two kinds of approaches were developed for the orthosteric site. First, teth-
ered photo-switchable glutamate derivatives were used that are covalently attached
to the VFT through an engineered cysteine located on the VFT of the mGIluR
(Carroll et al. 2015; Levitz et al. 2013). Alternatively, to facilitate their covalent
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Fig. 7.9 Optopharmacological control of the endogeneous mGluRs. (a) Example of a photo-
switchable allosteric modulator for the mGlu5 receptor, called Alloswitch-1(Pittolo et al. 2014).
Upon ultraviolet light illumination, the compound adopts a cis conformation that prevents its NAM
effect. The absence of NAM effect of the cis conformation allows the basal activity of the mGlu5
receptor to be revealed. Conversely, excitation with green light favors the trans conformation of the
ligand that behaves as a NAM by blocking this basal activity (b). (¢) Alloswitch-1 is efficient both
in primary neuronal cultures and in living animals, such as transparent Xenopus tropicalis
tadpoles

attachment, the photo-switchable glutamate was modified with a SNAP substrate
moiety at one end that enabled its covalent binding to the SNAP-tag at the extracel-
lular N-terminal end of mGlu2 (Broichhagen et al. 2015). A long flexible linker was
used in this ligand between the photo-switchable glutamate and the SNAP-substrate
moieties to enable the attachment of the ligand to the same subunit in the mGIluR
homodimer.

The second approach relies on the use of an AM that binds to the 7TM of the
mGluRs (Fig. 7.9). Pittolo et al. first have established the proof of concept that a
photo-switchable NAM of mGIluRS5 can be used to control mGlu5 receptor activity
in vitro and in vivo. This ligand blocked mediated mGlu5 receptor signaling in pri-
mary cultures of rat cortical astrocytes, and this blocking can be reversibly con-
trolled by light (Pittolo et al. 2014). Most interestingly, the effect of this
photo-switchable drug was also observed in living animals, where light could con-
trol the mobility of the transparent Xenopus tropicalis tadpoles (Pittolo et al. 2014).
Since this first generation of photo-switchable compounds needed ultraviolet light
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for optical control, which may damage irradiated tissue, the same groups have
recently developed a photo-switchable mGIluR4 NAMs that work with visible blue
light (Rovira et al. 2016). After validating the efficacy of this compound in reversing
the analgesic activity of a mGlu4 receptor agonist in a mouse model of chronic pain,
they have demonstrated it was possible to control the mobility of zebrafish larvae by
blue light illumination (Rovira et al. 2016).

7.9 Conclusion and Future Perspectives

Despite major advances in elucidating the structure of the mGluRs, the structures of
the 7TM in the active state and of the full-length dimeric receptor in the inactive and
active states remain to be determined. These structures will be important for under-
standing the functional coupling between the ECD and 7TM domains and the
molecular bases of the cooperativity in the 7TM dimer. Further smFRET studies
with full-length mGluRs should also help to improve our knowledge of mGluR
dynamics and especially the effect of AMs and G-proteins on the ECD. Finally, as
well as its potential for drug development, mGluR optopharmacology will be a use-
ful research tool and should open new avenues to elucidate the physiological role of
the mGluRs in both normal and pathological conditions.
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Chapter 8
Metabotropic Glutamate Receptor Function
in Thalamocortical Circuitry

Thomas E. Salt and Caroline S. Copeland

Abstract The thalamo-corticothalamic network underpins sensory, motor and cog-
nitive processing. All three of the mGlu receptor groups are represented in these
pathways. Of the Group I receptors, it seems clear that mGlul receptors are located
postsynaptically to corticothalamic terminals on dendrites of thalamic relay cells
and may function to modulate relay cell transmission under various conditions.
Group III mGlu receptors (mGlu4, mGlu7, mGlu8) may also modulate this synapse
via a presynaptic mechanism. GABAergic inhibitory processes can be modulated
via activation of either Group II (mGlu2 and mGlu3) receptors or Group III recep-
tors, acting either on GABAergic terminals or on thalamic cell bodies, including
those in the thalamic reticular nucleus (TRN). There is also evidence that mGlu
receptors can modulate astrocyte function in the thalamus. The heterogeneous
expression of mGlu receptors at specific sites within the thalamus makes them
potential therapeutic targets for a variety of conditions including pain, epilepsy and
cognitive disorders.

Keywords Thalamus ¢ Cortex ¢ Thalamic reticular nucleus * GABA inhibition
Pain ¢ Epilepsy ¢ Cognition ® Schizophrenia ¢ Psychiatry

8.1 Introduction

The thalamus plays a pivotal role in the integration and processing of sensory and
motor information and in cognitive processing. Metabotropic glutamate (mGlu) recep-
tors of all three groups are widespread amongst the different cell types and afferents to

Thomas E. Salt, MA, PhD, FBPhS (P)
UCL Institute of Ophthalmology, 11-43 Bath Street, London EC1V 9EL, UK
e-mail: t.salt@ucl.ac.uk

Caroline S. Copeland, BSc, MRes, PhD
St George’s, University of London, Cranmer Terrace, London SW17 ORE, UK
e-mail: c.copeland @sgul.ac.uk

© Springer International Publishing AG 2017 149
R.T. Ngomba et al. (eds.), nGLU Receptors, The Receptors 31,
DOI 10.1007/978-3-319-56170-7_8


mailto:t.salt@ucl.ac.uk
mailto:c.copeland@sgul.ac.uk

150 T.E. Salt and C.S. Copeland

the thalamus and thus are well placed to control and modulate synaptic processing at
a local microcircuit level as well as at a more global macro-circuit level. This chapter
reviews the location and function of mGlu receptors in the different elements of the
thalamus and attempts to provide an integrated overview of their function in health and
disease. This is followed by an exploration of mGlu receptors as potential targets for
disease treatment and therapy in psychiatric, neurological and other conditions.

8.2 The Thalamus

The thalamus functions as a processing station and filter of information in conjunc-
tion with the neocortex. With over 30 distinct nuclear groups, each relaying a charac-
teristic signal to a functionally distinct area of the cortex, the thalamus can be
considered as concerned with almost, if not all, functional modalities, with the prob-
able exception of olfaction (Guillery and Sherman 2002; Sherman and Guillery
2011). Excitatory inputs to the thalamus can be categorised as either driver inputs or
modulator inputs on the basis of terminal morphology, synaptic location and synaptic
pharmacology (Sherman and Guillery 2011). Driver inputs typically have large round
(RL) terminals that contact relay neurones close to the soma, whereas modulator
inputs have small round (RS) terminals that contact relay neurones more distally in
the dendritic tree (Guillery and Sherman 2002; Sherman and Guillery 2011). Based
on this distinction of inputs, thalamic nuclei can therefore be classed as either first-
order or higher-order nuclei based upon the source of their driver inputs: first-order
nuclei receive driver inputs from the periphery (e.g. auditory, visual, somatosensory),
whilst higher-order nuclei receive driver inputs from cortical layer V (Mitchell et al.
2014; Sherman 2007; Sherman and Guillery 2011) (Fig. 8.1). First-order thalamic
nuclei can thus be considered as processing information from the peripheral sensory
inputs, whereas higher-order thalamic nuclei process information that they receive
from layer V of the cortex.

Common to all thalamic nuclei, thalamocortical afferents project to layer IV of
the cortex and also receive reciprocal modulatory corticothalamic inputs from layer
VI, which modulate how information from driver inputs is transmitted (Sherman
2007). Both thalamocortical and corticothalamic afferents also innervate the asso-
ciated thalamic reticular nucleus (TRN), which serves to provide both feedback and
feedforward inhibition to thalamic nuclei upon thalamocortical and corticothalamic
innervation, respectively (Crabtree 1999; Jones 1985; Pinault and Deschenes
1998a, b; Salt 1989; Shosaku et al. 1989) (Fig. 8.1). Molecular, physiological and
pharmacological studies in thalamic nuclei have provided substantial evidence that
mGlu receptors are present and functional within thalamocortical circuitry, as
described below.
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Fig. 8.1 Basic simplified circuitry formed between (a) first-order and (b) higher-order thalamic
nuclei, cortex and thalamic reticular nucleus (TRN). First-order nuclei receive driver inputs from
peripheral sources (a), with higher-order nuclei receiving driver inputs from pyramidal cells in
cortical layer V (b). All thalamic nuclei project thalamocortical (TC) afferents to layer IV of the
cortex and also receive reciprocal modulatory corticothalamic (CT) inputs from layer VI pyramidal
cells in the same cortical area. Both TC and CT afferents also innervate the associated TRN, which
serves to provide feedback inhibition to thalamic nuclei

8.3 Localisation of mGlu Receptors in Thalamocortical
Circuitry

8.3.1 Group I Receptors

Evidence from mRNA and ultrastructural studies indicates that the Group I mGlu
receptors are located postsynaptically on the distal dendrites of thalamic neurons
beneath terminals of corticothalamic axons in various thalamic nuclei and mam-
malian species (Godwin et al. 1996; Liu et al. 1998; Martin et al. 1992; Vidnyanszky
et al. 1996; Zikopoulos and Barbas 2007) and on the dendrites of local circuit inter-
neurons presynaptic to thalamic neurons (Godwin et al. 1996). mGlu5 receptors
may also be expressed on glial cells within the thalamus, as there is evidence to
suggest that these receptors may contribute to glia activation upon synaptic input to
the somatosensory ventrobasal thalamus (Parri et al. 2010).
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8.3.2 Group II Receptors

mRNA analysis in the rat and protein staining in mGlu2-deficient mice have revealed
that mGlu3 receptors are heavily localised within GABAergic terminals of the TRN
(Neto et al. 2000a; Ohishi et al. 1993a, b; Tamaru et al. 2001). In contrast to this high
mGlu3 localisation, mGlu2 has a diffuse staining pattern (Neki et al. 1996): mRNA
analysis showed no significant mGlu2 signal in thalamic nuclei or the TRN; however,
mGlu2 mRNA was detected in layer VI of S1 cortex (Ohishi et al. 1993b).
Ultrastructural studies also provide evidence that Group II receptors are localised on
glial processes, some of which appear to surrounding GABAergic TRN terminals in
rodent thalamic nuclei (Liu et al. 1998; Mineff and Valtschanoff 1999). Taken together,
these results suggest that mGlu3 receptors are localised primarily on TRN axon ter-
minals, that mGlu2 receptors are primarily on glutamatergic thalamocortical axon
terminals and that both subtypes may be present on glial processes in thalamic nuclei.

8.3.3 Group III Receptors

The Group III mGlu receptors (except for mGlu6) likely participate in the control of
synaptic transmission throughout the thalamocortical network: ultrastructural and
electrophysiological studies indicate mGlu4 expression on corticothalamic termi-
nals in both the TRN and thalamic nuclei (Ngomba et al. 2008; Turner and Salt
1999), with mGlu7 and mGlu8 receptors indicated to be expressed on TRN neurons,
both postsynaptically to thalamocortical and corticothalamic afferents and also pre-
synaptically on TRN terminals in thalamic nuclei (Bradley et al. 1998, 1999; Corti
et al. 1998, 2002; Kinoshita et al. 1998; Kyuyoung and Huguenard 2014; Neto et al.
2000a; Ohishi et al. 1995; Saugstad et al. 1997; Turner and Salt 2003).

8.4 mGlu Function in Thalamocortical Circuitry in Health
and Disease

The circuitry formed between the thalamus, cortex and TRN ensures the generation
of synchronous activity required for sensory perception and the preparation and
execution of distinct motor and/or cognitive tasks. The presence of mGlu receptors
throughout synapses within this circuitry is therefore of great functional significance
as it is important to understand how afferent inputs to the thalamus are controlled in
order to understand how neurophysiological disease states associated with thalamic
malfunction precipitate. Therefore, we shall now consider the functional roles of
mGlu receptors located at distinct sites within the thalamocortical circuitry (Fig. 8.2).

The Driver Input to Thalamocortical Neurons There is little evidence to suggest
that any of the mGlu receptor subtypes are involved in the relay of inputs from
driver afferents to thalamocortical neurons; rather, this fast transmission is mediated
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Fig. 8.2 Simplified synaptic circuitry formed within thalamic nuclei, with major inputs and out-
puts. Locations of ionotropic glutamate receptors and metabotropic glutamate receptor subtypes
are indicated. Glutamate release is indicated by green arrows (Dashed arrows indicate possible
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via the ionotropic glutamate receptors, NMDA and AMPA receptors (Guillery and
Sherman 2002; Salt and Eaton 1996). By contrast, in thalamic nuclei where there
are intrinsic Golgi II interneurons, Group I mGlu receptors appear to be involved in
the mediation of responses of these interneurons to driver afferents (Errington et al.
2011) (see below), and mGlul receptor activation may reduce sensory driver input
to relay neurons via a presynaptic mechanism (Govindaiah et al. 2012a).

The Modulatory Corticothalamic Input to Thalamic Neurons Extensive study
of the corticothalamic projection to the thalamus has revealed that this input is likely
relayed by NMDA receptors and modulated by postsynaptic mGlul/5 receptors and
presynaptic mGlu4 receptors.

Activation of the Group I mGlu receptors in thalamic neurons in vitro causes a
slow depolarising response associated with an increase in membrane resistance
(Govindaiah et al. 2012b; Turner and Salt 2000). Relatively small corticothalamic
synaptic potentials can be attributed to mGlul receptor activation in vitro (Hughes
et al. 2002; Reichova and Sherman 2004; Turner and Salt 2000). However, in vivo
studies have indicated that mGlul receptor activation can exert a larger influence on
the relay of corticothalamic inputs than might be predicted from in vitro studies, as
mGlul receptor activation has been demonstrated to potentiate thalamic neuron
responses mediated via ionotropic glutamate receptors (Salt and Binns 2000; Salt
et al. 2012). This facilitation of ionotropic glutamate receptor function upon Group
I mGlu receptor activation may be of importance during nociceptive processing in
the thalamus (Salt and Binns 2000; Salt et al. 2014). Indeed, thalamic mGlul recep-
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tor mRNA levels are reduced in experimental arthritis in rats (Neto et al. 2000b),
and this may be an adaptation to the increased nociceptive input ascending from the
periphery to the thalamus.

Such a specific role for mGlu5 receptors in the thalamus has yet to be defined,
although there is evidence that these receptors are activated under physiological condi-
tions (Govindaiah et al. 2012b; Salt and Binns 2000), and may contribute to glia activa-
tion upon synaptic input to the somatosensory ventrobasal thalamus (Parri et al. 2010).

There is electrophysiological evidence that Group III mGlu receptors are able to
mediate a reduction of excitatory transmission at the corticothalamic synapse
(Turner and Salt 1999), which can be attributed to the activation of mGlu4 receptors
located presynaptically on corticothalamic terminals (Ngomba et al. 2008). mGlu4
receptor mRNA levels were also found to be reduced in the thalamus in arthritic rats
(Neto et al. 2000b). However, whilst a reduction in mGlul receptor expression
would reduce nociceptive signalling by impeding excitatory glutamatergic transmis-
sion, a reduction in mGlu4 receptor expression would serve to increase excitatory
transmission of corticothalamic nociceptive inputs. Selective targeting to decrease
mGlul and increase mGlu4 receptor function may therefore be the most appropriate
anti-nociceptive therapeutic strategy. Indeed, Group I mGlu receptor antagonists are
of therapeutic potential for the treatment of chronic inflammatory and neuropathic
pain states (Lesage 2004; Nicoletti et al. 2011), and agonists targeting the mGlu4
receptors possess analgesic/anti-hyperalgesic qualities (Goudet et al. 2008).

The GABAergic Input to Thalamocortical Neurons The location of Group II
and III receptors on TRN terminals and surrounding astrocytic processes indicates
they play a pivotal role in modulating inhibition in the thalamus. As TRN terminals
are not directly targeted by synaptically released glutamate, these receptors may be
activated by endogenous ‘glutamate spillover’ (Kullmann 2000) from synapses
formed between excitatory driver afferents and thalamocortical neurons upon nor-
mal sensory processing (Copeland et al. 2012) or under conditions of intense synap-
tic activation (Alexander and Godwin 2006; Ngomba et al. 2008, 2011).

There is substantial evidence from in vitro and in vivo electrophysiological stud-
ies that upon driver afferent stimulation, the Group II mGlu receptors reduce inhibi-
tion in thalamic nuclei, likely via a reduction in GABAergic transmission from the
TRN (Alexander and Godwin 2005; Copeland et al. 2012, 2015; Salt and Eaton
1995; Salt and Turner 1998; Turner and Salt 2003). In first-order sensory nuclei, this
mechanism is likely mediated via both mGlu2 and mGlu3 receptors and could play
an important role in discerning relevant information from background activity to
enhance sensory perception. In a higher-order nucleus, the mediodorsal thalamus,
this mechanism may be mediated solely via the mGlu3 receptor (Copeland et al.
2015), indicating that Group II mGlu receptor distribution across first- and higher-
order thalamic nuclei is not uniform. Functionally, this action of the mGlu3 receptor
may be of therapeutic importance as increased inhibition in the mediodorsal thala-
mus has been associated with cognitive deficit onset (Parnaudeau et al. 2013).
Indeed, the mGlu3 receptor has been implicated in the aetiological, pathophysiolog-
ical and pharmacotherapeutic aspects of schizophrenia (Harrison et al. 2008), with
polymorphisms in the mGlu3 receptor gene and protein, but not the mGlu2 receptor,
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detected in patients with schizophrenia (Cherlyn et al. 2010; Ghose et al. 2009;
Mounce et al. 2014). The design of future novel therapies targeted to treat deficits in
cognitive function may therefore achieve greater success if selectivity and higher
efficacy for mGlu3 receptors were achieved.

Group III receptors on TRN presynaptic terminals have also been demonstrated
to mediate a presynaptic reduction of TRN-mediated inhibition in thalamic nuclei
upon driver afferent stimulation (Turner and Salt 2003) and therefore likely act in
concert with the Group II mGlu receptor mechanism to enable relevant information
to be discerned from background activity. This is likely mediated via mGlu7 recep-
tors on presynaptic TRN terminals (Kyuyoung and Huguenard 2014). However,
unlike the Group II mGlu receptors, their function has not yet been probed in higher-
order thalamic nuclei.

In addition to the TRN input onto thalamocortical cells, most thalamic nuclei (apart
from the well-described rodent ventrobasal thalamic circuit) also contain intrinsic
GABAergic Golgi Il interneurons. Their function may be particularly important in the
lateral geniculate nucleus (LGN) of the thalamus, the thalamic nucleus that processes
visual information. It has been shown that activation of mGlul and mGlu5 receptors
on these interneurons can increase GABA release onto synaptic and extrasynaptic
GABA , receptors on thalamocortical neurons (Errington et al. 2011; Govindaiah et al.
2012a, b). Furthermore, it appears that these Group I mGlu receptors can be activated
by high-frequency activity of the retinal (driver) inputs to the LGN, thus representing
a mechanism for local regulation of inhibition during high-frequency input from the
retina, which may be important in stimulus detection and visual processing.

The Corticothalamic/Thalamocortical Inputs to TRN Neurons The excitatory
inputs from thalamocortical and corticothalamic neurons to the TRN serve to induce
feedback and feedforward inhibition to thalamic nuclei, respectively. A number of
subtypes from both the Group II and Group III receptor families are located at both
pre- and postsynaptic sites, and evidence from a number of studies indicates that they
appear to be functioning collectively to reduce TRN neuron activity (Alexander and
Godwin 2006; Cox and Sherman 1999; Crabtree et al. 2013; Kyuyoung and
Huguenard 2014; Ngomba et al. 2008; Turner and Salt 1999, 2003), which results in
reduced GABAergic transmission from the TRN to thalamic nuclei. An important
observation may be that Group III receptors appear to presynaptically modulate the
cortical input but not the thalamic input to TRN and that this may be via mGlu8
(Kyuyoung and Huguenard 2014). Similarly, mGlu2 receptors appear to tonically
regulate glutamate release from cortical afferents in TRN (Crabtree et al. 2013).
Furthermore, the GABAergic TRN output onto thalamic relay cells appears to be
reduced by presynaptic mGlu7 receptor activation (Kyuyoung and Huguenard 2014).

Within the TRN, postsynaptically localised mGlu3 receptors may act to reduce
excitatory transmission from corticothalamic and thalamocortical afferents, there-
fore reducing activation of TRN neurons and decreasing inhibitory transmission to
thalamic nuclei (Cox and Sherman 1999). This mGlu3 receptor function within the
TRN therefore complements that of the Group II mGlu receptors located on TRN
presynaptic terminals (Copeland et al. 2012; Salt and Turner 1998).
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Maladaptation of the Group III receptors within the TRN has been heavily impli-
cated in the manifestation of absence epilepsy. Absence seizures are generated by an
abnormal oscillatory activity of a thalamocortical loop comprising the ventrobasal
thalamus and its associated cortical area and TRN sector (Blumenfeld 2005).
Evidence from a number of studies indicates that compounds antagonising the
mGlu4 receptor may possess antiepileptic therapeutic profiles: genetic deletion of
the mGlu4 receptor or intra-TRN injection of Group III mGlu receptor antagonists
protects mice against pentylenetetrazole-induced absence seizures (Snead et al.
2000) and WAG/RIj rats, which spontaneously develop absence epilepsy at
2-3 months of age and display increased mGlu4 receptor expression in the TRN,
which, when challenged with mGlu4 receptor agonists, respond with an increase in
the frequency of absence seizures (Ngomba et al. 2008). Interestingly, the mGlu4
receptor gene is localised within a susceptibility focus for juvenile myoclonic epi-
lepsy (Izzi et al. 2003; Wong et al. 2001), which is characterised by absence seizures
combined with myoclonic and tonic-clonic seizures. There is also evidence to sug-
gest that mGlu7 receptor activation is protective against paroxysmal activity of the
thalamocortical network underlying absence seizures: genetically altered mice with
disrupted interactions between mGlu7 receptors and PICK1 develop absence sei-
zures and are more sensitive to pentylenetetrazole (Bertaso et al. 2008). Taken
together, the most appropriate therapeutic strategy for modulating Group III mGlu
receptor activity with regard to absence epilepsy would therefore be to selectively
target to decrease mGlu4 and increase mGlu7 receptor function.

8.5 Summary

Metabotropic glutamate receptor expression is heterogeneic throughout the thala-
mocortical network. This can be exploited to target discrete network components
with pharmacological compounds specific for mGlu receptor subtypes. This could
lead to the development of novel therapeutic strategies to ameliorate pathophysio-
logical thalamocortical function, such as that described in chronic pain, epilepsy
and schizophrenia.
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Chapter 9
Metabotropic Glutamate Receptors in Cancer

Lumeng J. Yu, Brian A. Wall, Janet Wangari-Talbot, and Suzie Chen

Abstract Metabotropic glutamate receptors (mGluRs) are widely known for their
roles in synaptic signaling. However, accumulating evidence suggests roles of
mGluRs in human malignancies in addition to synaptic transmission. Somatic cell
homeostasis presents intriguing possibilities of mGluRs and glutamate signaling as
novel targets for human cancers. More recently, aberrant glutamate signaling has
been shown to participate in the transformation and maintenance of various cancer
types, including glioma, melanoma skin cancer, breast cancer, and prostate cancer,
indicating that genes encoding mGluRs, GRMs, can function as oncogenes. Here,
we provide a review on the interactions of mGluRs and their ligand, glutamate, in
processes that promote the growth of tumors of neuronal and non-neuronal origins.
Further, we discuss the evolution of riluzole, a glutamate release inhibitor approved
for amyotrophic lateral sclerosis (ALS), but now fashioned as an mGluR1 inhibitor
for melanoma therapy and as a radiosensitizer for tumors that have metastasized to
the brain. With the success of riluzole, it is not farfetched to believe that other drugs
that may act directly or indirectly on other mGluRs can be beneficial for multiple
applications.
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9.1 Glutamine and Glutamate

Glutamate plays an innate role in the human central nervous system as an excit-
atory neurotransmitter in processes such as learning and memory formation (Alix
and Domingues 2011; Fairman and Amara 1999). Its role in cellular homeostasis
is related to both its function in nitrogen metabolism and disposal, as well as its
use as a metabolic fuel for energy-producing pathways (Dimski et al. 2008; Kelly
and Stanley 2001; Spanaki and Plaitakis 2012). In addition, it has long been estab-
lished that excess glutamate causes neuronal excitotoxicity; more recent findings
have also implicated functional glutamate signaling in transformation and pro-
gression of various cancers (Prickett and Samuels 2012; Ribeiro et al. 2010;
Willard and Koochekpour 2013). Glutamine is preferred as fuel in tumor cells
over glucose because of its properties enabling it to act to both fulfill energy
requirements as well as serve as an intermediate for macromolecule synthesis
(Deberardinis et al. 2008; Moreadith and Lehninger 1984; Wall et al. 2013). The
dual role of glutamine derives from its structure. Reactions such as nucleotide
synthesis may directly use its y-nitrogen, whereas the a-nitrogen and its carbon
skeleton can be used indirectly in reactions for energy production and biosynthe-
sis (Gaglio et al. 2009). Cell growth requires these metabolic intermediates and is
propagated by the conversion of glutamine to glutamate by phosphate-dependent
glutaminase (GLS) in the inner mitochondrial membrane (Fig. 9.1) (Cairns et al.
2011; Marie and Shinjo 2011). This enzyme is overexpressed in many tumor types
and is a primary driver of glutamine consumption in cancer cells, leading to large
intracellular pools of glutamate and subsequent glutamate release, the implica-
tions of which will be discussed later in this chapter (Cairns et al. 2011; Marie and
Shinjo 2011; Wall et al. 2013).

The conversion of glutamine to glutamate and ammonia constitutes the first and
rate-limiting step of glutaminolysis. The resulting glutamate is used as a primary
source of energy for proliferating cells but can then be further metabolized to a—
ketoglutarate in the mitochondrial matrix. Subsequent breakdown generates
NADPH for use as an electron donor, which is also used to maintain glutathione
(GSH), a key antioxidant, in its reduced state, thus keeping oxidative stress in
check in rapidly growing cells (DeBerardinis et al. 2007; Estrela et al. 2006; Wall
et al. 2013). Recently, several groups identified reductively metabolized glutamine
as the major carbon source during hypoxia and limited respiration. Reductive
metabolism is known to be preferred within the hypoxic conditions of most tumor
environments, the result of a tumor’s outpacing the development of an effective
blood supply, among other conditions, and is due to the stabilization of a transcrip-
tion factor, hypoxia-induced factor 1o (HIF-1ar). Notably, HIF-1a induction and
reductive metabolism occur in tumor cells growing in normoxic conditions as well,
pointing to a more general role in sustaining tumor growth (Fendt et al. 2013;
Filipp et al. 2012; Gameiro et al. 2013; Gao et al. 2009; Karakas et al. 2015; Niklas
and Heinzle 2012; Sun and Denko 2014; Wise et al. 2008, 2011; Zamboni 2011)
(see Table 9.1).



Cytoplasm

Gin
|
Mitochondria )
)
(3' NH3
NH4+
- 4——E>==— GIn
OAA o-KG “GpH
TCA
Cycle
Malate
. l J

NADP+

NADPH NADP+

GSR
GSSG 2GSH

Fig. 9.1 Glutamate metabolism in the mitochondria Glutamine (Gln) is converted to glutamate
(Glu) by the enzyme glutaminase (GLS) releasing both Glu and ammonia into the cytosolic com-
partment of the inner mitochondrial membrane. Glu is then metabolized to a-ketoglutarate (a-KG)
either by oxidative deamination by glutamate dehydrogenase (GIDH) or alanine transaminase
(ALT). a-KG is metabolized in the tricarboxylic acid (TCA) cycle to oxaloacetate through the pro-
duction of malate. Malate oxidation to pyruvate in the cytosol generates NADPH which is used to
maintain glutathione in its reduced state

Table 9.1 Metabotropic glutamate receptors in peripheral tissues

Group | Group Il Group Il

mGluR1 mGIuRS mGIuR2 mGIluR3 mGluR4 mGluR6 mGluR7 mGluR8
Cartilage X X X
Bone X X X X
Heart X X X X
Esophagus X X
Stomach X X X X X X X X
Duodenum X X X
lleum X X X X
Colon X X X X
Gall Bladder X X
Pancreas X X X X X
Thymus X X X X X
Larynx X
Liver X X
Lung X X
Mammary X
Gland
Ovary X X
Skin X X X X
Endothelium X X X
Dendritic Cells X
Testis X X X X X X X
Adrenal Gland X X X X X X
Kidney X X X
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Table 9.2 Metabotropic glutamate receptors in cancers

L.J. Yuetal.

mGluR genes
Malignancy detected References
Glioma mGluR1-8 Stepulak et al. (2009) and Takano et al.
(2001)
Neuroblastoma mGluR2-8 Stepulak et al. (2009)
Rhabdomyosarcoma and mGluRR2-4, 6-8 Stepulak et al. (2009)
medulloblastoma
Astrocytoma mGIuR1-8 Stepulak et al. (2009)
Lung carcinoma mGluR1-2, 4-8 Stepulak et al. (2009)
Colon adenocarcinoma mGluR1-8 Stepulak et al. (2009)
T-cell leukemia mGIluR1-7 Stepulak et al. (2009)
Multiple myeloma mGluR2-7 Stepulak et al. (2009)
Breast carcinoma mGluR1-7 Speyer et al. (2012) and Stepulak et al.
(2009)
Thyroid carcinoma mGIuR2, 4, 7 Stepulak et al. (2009)
Prostate carcinoma mGluR1a, Koochekpour (2013) , Miller (1999),
mGluR1-8 Pissimissis et al. (2009) and Stepulak
et al. (2009)
Melanoma mGluR1,5 Namkoong et al. (2007) and Pollock

et al. (2003)

9.2 mGluRs in Cancer

Overexpression or aberrant expression of GPCRs has been detected in many cancer
cell types and contributes to tumor cell growth by paracrine or autocrine signaling,
maintaining an activated state that leads to enhanced cellular proliferation via down-
stream effector proteins (Table 9.2) (Bhowmick et al. 2004; Burger et al. 1999; Cheng
et al. 2008; Takayama et al. 1997). In particular, mGluRs have been shown empirically
to be the predominant mediators of glutamatergic signaling in many cancers (Khan
et al. 2011; Koochekpour 2013; Martino et al. 2013; Speyer et al. 2014; Teh and Chen
2012; Zhang et al. 2015). The mechanisms by which mGIuRs modulate peripheral cell
transformation and tumor growth are postulated to be either ectopic expression of wild-
type mGluRs, increased proliferative signals arising from receptor overexpression,
mutations, or expression of polymorphic variants (Ali et al. 2014; Brocke et al. 2010;
Mehta et al. 2013; Namkoong et al. 2007; Wall et al. 2014; Zhang et al. 2015).

9.3 mGluRs in Primary Brain Tumors

The first observations of mGIuRs in human malignancies were in neuronal tumors
including neuroblastomas, medulloblastomas, and gliomas (Iacovelli et al. 2006;
Naarala et al. 1993; Shin et al. 2008; Takano et al. 2001). In normal brain, astrocytes
primarily express mGluR3, whereas glial cells express mGluR 1 and mGluRS5 (Balazs
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et al. 1997; Petralia et al. 1996; Wroblewska et al. 1998). In a comprehensive study
of pediatric brain tumors, mGluR 1, mGluR2, and mGluR6 display elevated expres-
sion levels in malignant medulloblastomas, ependymomas, and glioblastomas, com-
pared to low-grade astrocytomas (Brocke et al. 2010). Additionally, these
overexpression patterns were similar among different tumor cell types, despite dis-
tinct histological origins, possibly pointing to common glutamatergic signaling as a
key player in these cancers and could be aimed as a therapeutic target in childhood
brain tumors (Brocke et al. 2010). Both group I and II mGluRs have been implicated
in glioma. Inhibition of mGluR1 significantly decreases cell viability in U87 glioma
cells, resulting in apoptosis via mitigated activation of the PI3K/Akt/mTOR pathway
(Zhang et al. 2015). These results also translated to a U87 xenograft glioma model,
indicating possible clinical relevance for the use of mGluR1 inhibitors in glioma
treatment (Zhang et al. 2015). Another group showed that group II mGluRs,
mGluR2/3, are expressed in a majority of human glioblastoma specimens. In vitro
cultured cell studies showed suppression of cell growth in the presence of an
mGluR2/3 antagonist, removal of the antagonist restored cell growth (D’Onofrio
etal. 2003). Additionally in U87 glioma cells, use of mGluR2/3 antagonist abrogated
cyclin D1/D2 expression and activated both MAPK and PI3K pathways (Arcella
et al. 2005). Aronica and colleagues showed that mGIuR3 and mGIuRS agonists
modulate the expression of the glutamate transport proteins, GLAST, GLT-1, and
EAAT. Selective group I agonists downregulated expression of GLAST and GLT-1 in
astrocytes, while group II agonist positively induced the expression of the transport-
ers. Similar observations were noted with the EAAT transporter when glioblastoma
cells were treated with group I or IT agonists. Selective antagonists of group I and II
mGluRs prevented the induction of these receptors, and further, inhibition of MAPK
and PI3K signaling had a negative effect on the expression of the GLAST and GLT-1
induced by the agonists. Taken together, these results point to complex interactions
between various modulators of mGluRs and also suggest the potential use of gluta-
mate receptor agonists to manipulate glutamate levels in brain tumor environments
by targeting glutamate transporter expression (Aronica et al. 2003). In malignant
gliomas, mGIuR3 can regulate chemoresistance to the alkalizing agent, temozolo-
mide, and the level of mGIuR3 from human glioblastoma multiforme samples is
inversely related to survival following surgery and adjuvant chemotherapy (Ciceroni
et al. 2013). On the contrary, activation of the group III mGluR, mGluR4, has been
demonstrated to inhibit growth of medulloblastoma. Sixty samples of human medul-
loblastoma were examined, and approximately 77% expressed mGluR4, which was
inversely correlated with tumor severity, spread, and recurrence (Iacovelli et al.
2006). In addition, in medulloblastoma cell lines, mGluR4 activated with a selective
enhancer led to inhibition of adenylate cyclase and PI3K pathways, reduced DNA
synthesis, and cell proliferation (Iacovelli et al. 2006). Further in vivo studies identi-
fied that stimulated mGIuR4 inhibits medulloblastoma cell xenograft progression in
nude mice, and treatment with an mGluR4 enhancer in the first week of life is able to
prevent the development of medulloblastoma in an irradiated, heterozygous Patched- 1
mouse model (Iacovelli et al. 2006). These data suggest that disrupted glutamate
signaling is involved in primary CNS tumors.
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9.4 mGluRs in Non-neuronal Cancers

Among Group I mGluRs, mGluR1 has been shown to induce the neoplastic
transformation of immortalized baby mouse kidney epithelial cells (iBMK) in vitro
and promote tumor cell progression in vivo (Degenhardt and White 2006; Martino
et al. 2013). It was shown that full-length wild-type mGluR1 is oncogenic when
exogenously introduced in epithelial cells that led to stimulated MAPK and AKT
signaling pathways. In addition, mutations and single-nucleotide polymorphisms
(SNPs) of GRM1 have also been described in prostate cancer (Ali et al. 2014).
These mutations may serve to modulate mGluR1 by altering gene splicing, ligand
binding, and downstream signaling. Eight somatic variations of GRM1 have been
identified in cancers, including lung adenocarcinoma where GRM1 mutations have
been demonstrated to result in functional downstream signaling with variable mod-
ulation of cell proliferation pathways including MAPK/ERK (Esseltine and
Ferguson 2013). mGIluRS5 overexpression has been shown to induce melanoma
development in transgenic mice as well (Choi et al. 2011). Increased expression of
mGluRS5 in the mouse melanocytes was correlated with enhanced levels of MAPK
activation, suggesting that glutamatergic signaling plays a significant role not only
in the initiation and progression, but also in the maintenance, of tumorigenesis.
mGluRS5 has also been implicated in oral squamous cell carcinoma as well as laryn-
geal cancers. Park and colleagues showed that differential levels of mGluR5 are
expressed in human oral squamous cell carcinomas with increased mGluR5 immu-
noreactivity associated with improved overall survival (Park et al. 2007).
Additionally, a mGluR5 agonist promoted tumor cell migration, invasion, and adhe-
sion in human tongue cancer cells, which was reversed by an mGluR5 antagonist
(Park et al. 2007). Subsequent studies showed that inhibition of mGIuRS with spe-
cific antagonist reduces metastasis in CXCR4/stromal-derived factor-1 (SDF-1)-
dependent oral cancers (Kuribayashi et al. 2013). In laryngeal cancer, the mGIluR5
antagonist, MPEP, inhibits cell proliferation, although its expression is much lower
than that in the brain, which may account for the relatively weak response of laryn-
geal cancer cells to mGIuR antagonists (Stepulak et al. 2011). In addition to
mGluRS5, mGIluR4 NMDA- and AMPA-mediated glutamate signaling have also
been observed in laryngeal cancers (Chang et al. 2005; Stepulak et al. 2011).
Group II mGluRs have also been implicated in a variety of cancer types, includ-
ing melanoma. Notably, through exon capture sequencing of GPCRs in malignant
melanoma, the Samuels group identified hot spots in GRM3 that are frequently
mutated in human melanoma and selectively regulate phosphorylation of MEK,
leading to anchorage-independent growth and migratory capabilities in cultured
cells (Prickett et al. 2011). The mutations were found throughout the coding region
and affected the extracellular domains as well as the seven-transmembrane domain,
with two mini-hotspots located proximal to the transmembrane domain. Four
somatic mutations (mGIuR3¥’K mGluR35'% mGluR3%°%'E and mGluR3F870K)
were found to selectively regulate phosphorylation of MEK1/2 kinase in vitro and
induce micrometastasis in vivo. These studies suggest a subset of melanomas in
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which activating mutations in mGluR3 lead to hypersensitivity to agonist stimulation
of the MEK-MAPK pathway without involvement of RAF/RAS genotypes.

Finally, Group III mGluRs have been implicated in colorectal, laryngeal squa-
mous cell, breast cancers, and osteosarcoma, as well as malignant melanoma. Chang
and colleagues have reported that mGluR4 is overexpressed in more than 40% of
colorectal adenocarcinomas, malignant melanomas, laryngeal squamous cell carci-
nomas, and breast carcinomas and that overexpression of the receptor was corre-
lated with increased mortality in colorectal carcinoma (Chang et al. 2005). The
same group had previously demonstrated that human colon cancer cells resistant to
5-FU overexpress mGluR4 and that mGluR4 agonists enhanced 5-FU resistance
while mGluR4 antagonists ablated 5-FU resistance (Yoo et al. 2004). Savage and
colleagues also identified two susceptibility loci for osteosarcoma in the gene
encoding mGluR4 (Savage et al. 2013). More recently, increased expression of
mGluR4 and mGIuR8 in a lung carcinoma cell line and human lung adenocarci-
noma samples was reported. Further studies revealed that an mGIluR8 agonist
(S)-3,4-DCPG reduced cell growth and increased apoptosis, indicating that mGIluRS8
could be a potential target in future lung cancer therapies (Li et al. 2015).

In the next few sections, the role of mGluR1 in melanoma and breast cancer is
discussed in detail. Extensive studies on the involvement of mGluR1 in melanoma
and triple-negative breasts have been performed and resulted in clinically tested
treatments that target the receptor.

9.5 mGluR1 in Melanoma

Our group has previously described an unknown mechanism of melanoma patho-
genesis in which the aberrant expression of mGIuR1 in melanocytes is sufficient to
transform melanocytes in vitro and promote melanoma tumor development in vivo
(Chen et al. 1996; Zhu et al. 1998). Chen and colleagues established a transgenic
mouse line, TG-3, that harbors a 2-kb genomic fragment, clone B, which had previ-
ously been shown to commit fibroblasts to undergo adipocyte differentiation in vitro
(Chen et al. 1996; Zhu et al. 1998). Instead of the expected obese phenotype, one
founder, TG-3, developed pigmented lesions on the ears, around the eyes, and in the
perianal region, identified as melanoma by histological means. Molecular and bio-
chemical analyses revealed that melanoma development in the TG-3 mouse model
was a result of a classic case of insertional mutagenesis that led to ectopic expres-
sion of mGluR1 in melanocytes. Insertion of clone B resulted in concurrent deletion
of approximately 70 kb of host sequence in intron 3 of the gene encoding mGluR1,
GRMI1 (Pollock et al. 2003; Wall et al. 2013). Further analysis of the pigmented
lesions on TG-3 revealed that murine mGluR1 was expressed both on the protein
and mRNA levels, but appeared to be low/absent in the normal skin of the animal
(Pollock et al. 2003; Wall et al. 2013). A new transgenic mouse line, TG(Grm1)EPyv,
or “E,” was created, using wild-type murine GRM1 ¢cDNA under the control of a
melanocyte-specific promoter dopachrome tautomerase (Dct) (Pollock et al. 2003).
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This new mouse line displays a melanoma susceptibility profile similar to that of the
original TG-3 founder. We concluded that ectopic expression of mGluR1 in mela-
nocytes is sufficient to induce melanoma development in mice in vivo with 100%
penetrance in the absence of any additional known exogenous carcinogens (Pollock
et al. 2003; Wall et al. 2013).

Further studies demonstrated that constitutive expression of mGluR1 is required
to maintain the transformed phenotype in vitro and in vivo. Using an inducible
mouse model, Ohtani et al. showed that conditionally induced mGluR1 expression
stimulated melanocyte growth leading to melanoma, while silencing mGluR1
expression resulted in tumor abrogation in vivo (Ohtani et al. 2008). In melanomas,
stimulation of mGluR1 by glutamate results in near-identical formation of second
messengers as previously described for the CNS. Through the second messenger,
DAG, PKC is stimulated resulting in activation of the RAS-RAF-MEK-ERK mod-
ule of the MAPK signaling cascade and the PI3K/AKT pathway, thus upregulating
cell proliferation and inhibiting apoptosis (Busca et al. 2000; Choe and Wang 2002;
Ferraguti et al. 1999; Marin and Chen 2004; Marin et al. 2006; Thandi et al. 2002).

Furthermore, we demonstrated elevated levels of extracellular glutamate only in
mGluR 1-expressing melanoma cells, suggesting the existence of autocrine loops, a
characteristic of oncogenic GPCRs (Gutkind et al. 1991; Julius et al. 1989;
Namkoong et al. 2007). We also demonstrated that MAPK is a downstream target of
mGluR1 signaling. Receptor stimulation with the agonist L-quisqualate resulted in
increased levels of phosphorylated ERK, indicating active MAPK downstream sig-
naling. Pretreatment of melanoma cells with mGluR1 antagonist, LY367385, fol-
lowed by agonist treatment did not activate the MAPK pathway suggesting that
MAPK activation is dependent upon functional mGIuR1 (Namkoong et al. 2007).
Other groups have shown that approximately 80% of melanoma tissue samples
including 33% of common, blue, and Spitz nevi, 75% of human melanoma cell
lines, and 50% of nevus lines are mGluR1 positive, while normal melanocytes are
mGluR1 negative (Funasaka et al. 1996). These findings point to mGIuR1 involve-
ment in the oncogenesis of a subset of human melanomas (Namkoong et al. 2007;
Pollock et al. 2003).

Recent studies from Gelb and colleagues confirm that mGluR1 expression in
melanoma cells confers glutamate dependence for cell viability and DNA synthe-
sis in human melanoma cells SK-MEL-2 and SK-MEL-5. Using both shRNA
against mGluR1 and a noncompetitive mGluR1 antagonist that had previously
never been used in an oncologic setting, INJ16259685, downregulation of mGluR 1
expression decreased cell viability of human melanoma cells in vitro and tumor
growth in vivo in a xenograft model (Gelb et al. 2015b). Other new experiments
demonstrate that other pathways in addition to MAPK likely mediate mGluR1-
mediated cell viability in melanoma cells. They showed that the mGluR1 agonist
quisqualate does not always modulate phosphoinositol hydrolysis and promote cell
viability as does the native ligand glutamate, indicating that future studies of mela-
noma cell viability in mGluR 1-positive cell lines should not use agonists synony-
mously with glutamate for stimulation studies. Inaddition, anovel mGIuR 1-mediated
but G-protein-independent signaling cascade involving dynamin was found to
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upregulate MAPK signaling with sustained phosphorylation of ERK. A dynamin
inhibitor, dynasore, dose-dependently decreased glutamate-dependent cell viabil-
ity of mGluR1-positive human melanoma cells SK-MEL-2 and SK-MEL-5, but
had no effect on viability in mGIuR 1-negative human melanoma cells UACC930.
These results suggest that internalization of mGluR1 receptors via dynamin activ-
ity may play an additional role in the cell viability of a subset of mGluR1-positive
melanomas (Gelb et al. 2015a).

9.6 mGluR1 as a Therapeutic Target in Treating Melanoma

Results from cultured cell studies suggest that ectopic expression of mGluR1 in
cells led to the establishment of autocrine loop with high levels of extracellular
glutamate to ensure constitutive activated receptor and upregulated glutamate sig-
naling to participate in neoplastic transformation in vitro and tumorigenesis in vivo.
Because decreasing the levels of available glutamate would most likely dampen the
glutamatergic signaling and reduce the oncogenic activity of mGluR1. We tested
this notion by using riluzole, an inhibitor of glutamate release, in mGluR1-
expressing melanoma cells.

Riluzole, marketed by Sanofi-Aventis as Rilutek®, is classified as an anti-
excitotoxic, neuroprotective drug that blocks cellular release of glutamate. It is
FDA approved for the treatment of amyotrophic lateral sclerosis (ALS). Riluzole
has an absolute bioavailability of approximately 60%, which is relatively high, and
is also able to cross the blood-brain barrier. Its mechanism of glutamate blockade
is thought to be in part due to inactivation of voltage-gated sodium channels on
glutamatergic nerve terminals and/or activation of a G-protein-dependent signaling
cascade (Doble 1996). Similarly, riluzole has also been shown to block some post-
synaptic glutamatergic effects by noncompetitive inhibition of NMDA receptors
(Doble 1996).

In vitro riluzole treatment of mGluR 1-expressing human melanoma cells reduces
cell proliferation and decreases levels of extracellular glutamate, functionally much
like the mGluR1 antagonists LY367385 and BAY36-7620 (Fig. 9.2). In vivo human
melanoma cell xenograft studies also showed a 50% inhibition of tumor growth
compared to controls. Furthermore, cell cycle analysis on riluzole-treated mGluR 1-
expressing human melanoma cells showed accumulation in the G2-M phase and
subsequent buildup in the sub-G1 phase of the cell cycle, consistent with apoptosis,
which was confirmed in Westerns with elevated cleaved PARP, an apoptosis marker
(Namkoong et al. 2007).

Results from these preclinical studies prompted us to translate into the clinic with a
phase 0, first-in-human trial using riluzole in stage III and IV melanoma patients (Yip
et al. 2009). The drug was well tolerated and yielded an unexpected significant short-
term response rate in 34% of patients. The tumors that shrank in human subjects showed
an inhibition of signaling through both the MAPK and PI3K/AKT pathways, correlating
with results from preclinical studies (Namkoong et al. 2007; Yip et al. 2009). Additionally,
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Fig. 9.2 Overall working hypothesis of the mechanisms involved in melanoma development
through GRM1 activation

Positron Emission Tomography (PET) documented complete resolution of multiple
nodal and cutaneous metastases in several patients. Out of eleven patients that com-
pleted the study, only two had disease progression posttreatment. While all patients were
positive for mGluR1 expression, the tumor samples also harbored a composite of most
common mutations in melanoma, including BRAFV600E as well as NRAS Q61K. From
this observation, a possible corollary is that more advanced tumors, as in those found in
stage IIT and IV metastases, have a higher frequency of ectopic mGluR1 expression. A
phase 2 trial of riluzole as a single agent for melanoma treatment yielded similar results,
with initial stable disease in 30% of patients (Mehnert et al. 2016).

Although radiosensitizers have previously not been shown to provide survival
benefit in human melanoma, Khan and colleagues (Khan et al. 2011) hypothesized
that riluzole may be different, as cells in the G2/M phase rendered by riluzole treat-
ment would be extremely sensitive to radiation (Ballo and Ang 2004; Ballo et al.
2006; Eichler et al. 2007; Habermalz and Fischer 1976). In vitro studies showed that
mGluR 1-positive human melanoma cells were significantly less likely to survive
following ionizing radiation treatment at the 2 and 4 Gy dose levels when pretreated
with riluzole at 25 pM concentration, while there was negligible effect in mGluR1-
negative human melanoma cells even at 100pM of riluzole treatment. Furthermore,
riluzole with irradiation in mGluR 1-positive human melanoma cells induced G2/M
synchronization in a sequence-dependent manner, and rendering the receptor non-
functional with the noncompetitive antagonist of mGluR1, BAY36-7620, prior to
riluzole treatment abrogated these effects. These findings reveal that the mechanism
of riluzole is more complex than merely diminish available glutamate. In vivo,
mGluR 1-positive human melanoma xenografts treated with riluzole plus irradiation
resulted in smaller tumor volume and significant increase in apoptotic tumor cells
that stained positive for cleaved caspase-3, a marker of apoptosis, and y-H2AX foci,
a marker of DNA double-stranded breaks (Khan et al. 2011). These results suggest
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that riluzole may be used as a radiosensitizer in a subset of mGluR1-expressing
human melanomas.

Further research led to the unexpected discovery that riluzole by itself led to
DNA damage and that riluzole in association with irradiation produced additive
DNA double-stranded breaks in mGluR1-postive human melanoma cells in vitro
and in vivo, as evident by the histological detection of y-H2AX foci and
phosphorylation of histone H2AX on Western immunoblots (Wall et al. 2014).
These findings only manifest in mGluR1-positive human melanoma cells but not
mGluR 1-negative cells. Additional experiments showed co-localization of both
y-H2AX and 53BP1. 53BP1, a checkpoint regulator that binds to p53 and translo-
cates to sites of DNA, breaks in response to DNA damage (Wall et al. 2015). Similar
results were observed in isogenic vector control or mGluR1 clones derived from
immortalized, non-tumorigenic human melanocytes (Wall et al. 2014).

Using a genetic inducible siRNA (si-GRM1) approach in C8161 human mela-
noma cells, DNA damage was reduced in riluzole-treated induced si-GRM1 clones,
compared to the same clones not subject to the induction of si-GRM1 (Wall et al.
2014). These results support mGluR 1-dependent riluzole-mediated DNA damage as
the mode of action. In the same report, we proposed that in the presence of riluzole,
synthesis of the antioxidant glutathione (GSH), may be interrupted by increased
intracellular glutamate that could disrupt the bidirectional transport of glutamate and
cysteine required for GSH synthesis (Wall et al. 2014). A decrease in GSH causes
increased oxidative stress and reactive oxygen species (ROS) detectible by the ROS-
specific marker dihydrorhodamine 123 (DHR123). We confirmed an increase in ROS
only in riluzole-treated mGluR 1-positive cells but not mGluR 1-negative cells (Wall
et al. 2014). We also retroactively assessed pre- and posttreatment specimens from
the phase 0 and 2 clinical trials of riluzole for DNA damage. A significant number of
y-H2AX staining cells in posttreatment samples of stable disease patients with bio-
logic responses compared to pretreatment samples from the same patients were
observed. In comparison, samples from nonresponding patients with disease pro-
gression showed low and similar numbers of y-H2AX foci in pre- and posttreatment
specimens (Mehnert et al. 2016; Wall et al. 2014; Yip et al. 2009).

As melanoma is a heterogenous disease and clinical trials utilizing riluzole have
shown positive response in only a subset of mGluR1-positive melanomas, we
suspect involvement and even crosstalk with other pathways. We showed with
mouse melanoma cells that IGF-1R transactivation is involved in mGluR1-medi-
ated melanocyte transformation (Teh et al. 2014). mGluR1 receptor functionality
was assessed with the mGluR 1 agonist, L-quisqualate [Q], in stable mGluR1 clones
derived from a normal mouse melanocytic cell line. AKT activation was observed,
but the addition of an IGF-1R inhibitor, PPP, resulted in lack of alterations in AKT
activity above baseline, even in the presence of mGluR1-agonist Q, suggesting that
functional IGF-1R is necessary for mGluR 1-mediated stimulation of the AKT cas-
cade (Shin et al. 2008; Teh et al. 2014). Treatment of human melanoma cells with
riluzole and OSI-906, a potent inhibitor of IGF-1R, suppressed cell growth more
than either agent alone (Fassnacht et al. 2011; Mulvihill et al. 2009; Teh et al. 2014;
Zhao et al. 2012). This synergistic response was reproducible in an in vivo xenograft
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model, suggesting that IGF signaling is involved in crosstalk with mGIuR1 in
human melanoma. To validate this hypothesis, we again turned to tumor biopsies
from five patients with advanced metastatic melanoma treated with monotherapy
riluzole from the completed phase 0 and 2 trials. Notably, responders showed
decreased phospho-IGF-1R and phospho-AKT levels, and nonresponders showed
increased phospho-IGF-1R and phospho-AKT. While limited by sample size, these
results point to a role of the IGF-1R/AKT pathway in single-agent riluzole response
in melanoma patients (Teh et al. 2014). Additionally, simultaneous targeting of both
MAPK and PI3K signaling pathways in human melanoma brain metastasis-derived
cells in vitro can decrease cell survival and invasion (Daphu et al. 2014). As mGluR 1
affects both MAPK and PI3K, therapies like riluzole may play a role in overcoming
resistance that develops after targeted MAPK and PI3K inhibitor treatment.

Our laboratory has also studied the inhibitors sorafenib or PLX4720/PLX4032 in
combination with riluzole. Sorafenib is a small-molecule, multi-kinase inhibitor,
and PLX4720/PLX4032 is a small-molecule inhibitor specific to mutated BRAF
V600E kinase. We showed that mGluR 1-positive cells containing a BRAF V600E
mutation were less sensitive to riluzole because both mGluR1 and BRAF V600E
stimulate MAPK signaling (Lee et al. 2011a). Furthermore, using a combination of
riluzole and sorafenib synergistically reduces growth of wild-type or BRAF V600E
human melanoma cells in vitro and in vivo, and the combination of riluzole and
PLX4720/PLX4032 also has additive effects on the suppression of melanoma cell
growth (Lee et al. 2011b). These results have been formulated into an ongoing phase
I clinical trial to assess the safety and efficacy of riluzole with sorafenib in stage I11/
IV melanoma patients.

9.7 mGIluR1 in Brain Metastasis

Excessive glutamate induces excitotoxicity in surrounding neuronal tissue, and in
brain tumors this creates space for the expansion of the growing tumor (Van den
Bosch 2006; Yu et al. 2015). Melanoma is one of the most common cancers metas-
tasizing to the brain after lung and breast carcinomas, interesting, as melanocytes
originate from the neural crest. Recently, our group reviewed brain metastasis from
melanoma and current treatments (Yu et al. 2015). In short, these metastases tend to
be small, multiple, and hemorrhagic (Chaichana and Chaichana 2011; Ewend et al.
1996; Graus et al. 1985; Wronski and Arbit 2000). Treatment modalities include
antiepileptic drugs for symptomatic relief versus definitive treatment with surgical
resection, whole brain radiation treatment, stereotactic radiosurgery, targeted thera-
pies, immunotherapies, or a combination of the above (Yu et al. 2015). However,
there remains a dearth of effective treatment options for melanoma brain metastasis.
Radiation is still one of the mainstays of treatment for primary brain tumors and
brain metastases, but efficacy in metastases from melanoma is low compared to that
from other primary tumor types (Habermalz and Fischer 1976; McKay and Kefford
1995; Nicholas et al. 2013). Among cancers that commonly metastasize to the brain,
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lung cancers, especially small-cell lung carcinomas, are most susceptible to
radiation, while breast cancers are less sensitive; melanoma and renal cell carcino-
mas are least sensitive (Barranco et al. 1971).

mGluRs, including those in group I and group II, have been shown to be involved
in brain-specific metastasis and proliferation of melanoma. Nygaard and colleagues
have shown that a brain-adaptive phenotype of melanoma is found prominently in
early metastatic growth phases and occurs via activation of the glutamate receptor-
mediated Ca**-dependent signaling that regulates transcription and neuron-like
plasticity (Nygaard et al. 2014). They also reported that elevated levels of extracel-
lular glutamate was detected in the conditioned medium of the MM1 melanoma
cells after 72 hours in culture; these cells are not as proliferative but more invasive
when compared to the MM5 melanoma cell line, which is rapidly proliferating, but
noninvasive (Nygaard et al. 2014). Further studies showed that blockade of upregu-
lated glutamate receptors GRIA1, GRIA2, mGluR3, and mGluR4 by specific antag-
onists decreased cell viability, establishing a system of functional glutamate
signaling in these cells in vitro (Nygaard et al. 2014).

Incidentally, we also speculate that melanoma is one of the most common pri-
mary tumors that lead to hemorrhagic intracranial metastases (Lieu et al. 1999;
Mandybur et al. 1977). Goydos and colleagues recently showed that melanoma cells
with enhanced mGluR1 expression produced not only large tumors in vivo but also
more vascular tumors than their lower mGluR 1-expressing counterparts. Cultured
mGluR 1-positive human melanoma cells produced more interleukin-8 (IL-8) and
VEGEF likely via mGluR 1-mediated activation of the AKT-mTOR-HIF1 pathway.
Moreover, in clinical posttreatment specimens from patients treated with single-
agent riluzole not only showed inhibition of MAPK and PI3K/AKT activities but
also decreased density of blood vessels, indicating that suppression of glutamate
signaling downstream from mGIluR1 could promote anti-angiogenic effects, sug-
gesting inhibition of mGluR1 as a potential target in treatment of melanoma and
other cancers with high likelihood of hemorrhagic brain metastases, including renal
cell carcinoma (RCC) and hepatocellular carcinoma (HCC) (Lieu et al. 1999; Ti
1977; Wen et al. 2014).

Recently, our laboratory utilized orthotopically implanted mGluR1-expressing
human melanoma xenografts in mice as a model for intracranial melanoma
metastases. Based on preclinical studies and riluzole’s ability to cross the blood-
brain barrier, we predicted that riluzole would elicit antiproliferative effects on
human melanoma cells in the brain and would act cooperatively with ionizing radia-
tion therapy. We used a bioluminescence enzyme firefly luciferase (Fluc) reporter
introduced into the mGluR 1-positive human melanoma cell line C8161 to produce
several stable clones (C8161-luc), creating a monitoring approach using IVIS, a
small animal imaging system for in vivo assessment of tumor burden without having
to sacrifice animals at different time intervals. Intraperitoneal (IP) injection of lucif-
erin substrate into animals allowed for oxidation by luciferase, resulting in photon
emission/bioluminescence signal intensity acquisition and quantification by
IVIS. These signal intensities were first demonstrated to correlate with tumor volume
measured by a Vernier caliper in a xenograft tumor experiment using C8161-luc cells
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injected into the dorsal flanks of athymic nude mice. To model brain metastases, we
injected C8161-luc cells intracranially into a new set of mice and monitored for
tumor establishment using luminescent imaging. Following tumor detection, the
mice were randomized into four treatment groups: vehicle (Veh, DMSO), vehicle
and a weekly dose of 4 Gy irradiation (IR), riluzole daily via oral gavage (Ril), and a
combination of irradiation and riluzole (Ril+IR). We showed that riluzole or irradia-
tion alone was able to reduce melanoma tumor cell growth in the brain over time as
compared to vehicle treatment. However, combination treatment of Ril+IR yielded
even smaller tumor burden as demonstrated by the decreased luminescent signal
after four weeks of treatment compared with vehicle-treated or either treatment
modality alone. From these results, we propose that riluzole could be used as a radio-
sensitizer for the treatment of intracranial metastasis in combination with irradiation
in mGlIuR 1-positive human melanomas (Yu et al. 2015).

9.8 mGIluR1 in Breast Cancer

mGluR1 expression has been widely explored in breast cancer. Speyer et al. reported
the expression of mGluR1 in five triple-negative breast cancer (TNBC) cell lines, as
well as normal mammary epithelial cells with varied expression levels. Silencing of
the receptor with GRM1 shRNA resulted in inhibition of cell proliferation.
Pharmacologically, treatment of mGluR 1-expressing TNBC cell lines with riluzole
decreased the available ligand to sustain the activated receptor, therefore function-
ing as an antagonist. In a series of in vitro and in vivo experiments, inclusion of
riluzole in the growing media or administration via oral gavage to xenograft tumor-
bearing mice resulted in reduced cell proliferation, tumor progression, and induced
apoptosis in vitro and in vivo (Speyer et al. 2012). Additionally, isogenic breast
cancer cell lines constructed to mirror the progression of breast cancer demonstrate
higher expression of mGIuR1 mRNA and protein in premalignant and malignant
cells than in normal mammary epithelial cells (Banda et al. 2014). Interestingly,
lentiviral-mediated overexpression of mGluR1 in premalignant MCF10A cells
showed no significant effects on proliferation, invasion, or soft agar colony forma-
tion in vitro, suggesting that the receptor may be involved in later steps during
progression. To evaluate this hypothesis, mGluR 1 was overexpressed in MCF10AT 1
cells, which represent atypical ductal hyperplasia. In this case, a significant increase
in the proliferation of the cells was observed. Inhibition of receptor activity using
the noncompetitive antagonist, BAY36-7620, or GRM1 shRNA negatively impacted
proliferation. With these data, it was hypothesized that mGluR1 may also influence
other oncogenic functions that support tumor growth. As such, investigation of the
effects of mGluR1 on the migration and invasion of the cell lines was performed.
Overexpression of mGluR1 in the MCF10AT1 atypical ductal hyperplasia cells
resulted in increased migration and invasion through a reconstructed basement
membrane as well as anchorage-independent growth. These alterations were dimin-
ished when mGIluR1 expression was disrupted using shRNA. In vivo, the
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mGluR1-overexpressing cells formed multiple invasive carcinomas compared to
parental or vector control cells, suggesting a role for mGluR1 in malignant breast
cancer phenotypes. Triple-negative breast cancers identified by their lack of expres-
sion of progesterone, estrogen, and Her2/Neu receptors remain an important chal-
lenge in breast cancer management that impacts on thousands of women because
this class of breast cancer does not respond to targeted therapies. For this reason,
identification of mGluR1 as a contributor to proliferation, invasion, and malignant
progression in TNBC offers a potential therapeutic target.

In addition to the reported roles of mGIuR1 in promoting cell proliferation, inva-
sion, anchorage-independent growth, and in vivo carcinoma formation (Banda et al.
2014; Speyer et al. 2012), mGluR1 has also been linked in supporting angiogenesis
in breast cancer (Speyer et al. 2014). In vitro studies using primary endothelial cells
showed that cells expressing elevated levels of mGIuR1 had greater sensitivity to
BAY36-7620 and riluzole. Tube formation on matrigel, an ex vivo model of angio-
genesis, was suppressed in cells treated with BAY36-7620 or riluzole, suggesting
participation of mGluR1 in the angiogenic process. In an in vivo murine mammary
tumor model with a strong vascular component, when treated with riluzole or
Sunitinib (Roskoski 2007), a similar inhibition in tumor growth was observed as
earlier reports (Banda et al. 2014; Speyer et al. 2012), and a reduction in microves-
sel density was also demonstrated for riluzole at 60% and Sunitinib at 80%, sug-
gesting that mGluR1 may mediate its effect on tumor cell growth and invasion
partly by enhancing angiogenesis.

While the contributions of mGluR1 overexpression in breast cancer were
explored, a correlation between the polymorphic variants of GRM1 and breast can-
cer subtypes was demonstrated (Mehta et al. 2013). Earlier, in a genetic association
study examining correlation of three single-nucleotide polymorphisms in GRM1
and melanoma susceptibility showed higher frequency of one of the polymorphisms
in GRM1-positive melanoma patients compared to controls. It was also reported
that the frequency of this polymorphism was greater in subgroup of patients with
low level of sun exposure and tumors located on the trunk and extremities (Ortiz
et al. 2007). Mehta et al. examined GRM1 polymorphisms in breast cancer.
Genotyping of over 1000 breast cancer specimens showed that 2 polymorphisms
were associated with age at diagnosis and either estrogen or progesterone
receptor-positive disease. In vitro validation of these observations using estrogen-
and progesterone-positive (MFC7) or TNBC (MDA-MB-231) cell lines treated with
either 17f-estradiol or with the combination of 17p-estradiol and progesterone
assessed possible modulation in mGluR1 expression. In MCF7 cells, mGIuR1
expression increased 2.7 fold after 17p-estradiol treatment and 2.1-fold after
17B-estradiol plus progesterone treatment. These effects were blocked when the
cells were pretreated with tamoxifen. mGluR1 expression was not affected by
17B-estradiol and progesterone in the receptor-negative MDA-MB-231 cells. This
study also showed that estrogen receptor-positive tumors were more likely to
express mGIuR1 in comparison to estrogen-negative tumors. Additionally, it
revealed that patients with low mGluR1-expressing tumors were associated with
longer periods of distant metastasis-free survival as compared to those with higher



176 L.J. Yuetal.

mGluR1 expression. These results show that mGIluR1 may not only be involved in
the disease progression, but that it might also affect response to hormone-based
therapy in breast cancer. Given that mGluR1 appears to influence triple-negative
breast cancer, estrogen- and progesterone-positive subtypes, riluzole, and other
drugs that target this receptor might prove useful in a clinical setting.

9.9 Conclusions

Our knowledge of the functions of metabotropic glutamate receptors is constantly
evolving. This evolution has changed the perception that these receptors are mainly
involved in neuronal signaling, neurodevelopmental disorders, and neuronal malig-
nancies. A tremendous amount of work has emerged on the role of mGluRs in the
biology of melanoma, breast, prostate cancers, and in tumors that originate in the
brain or those that metastasize to the brain. The evidence for mGIuR1 involvement
in melanoma has led to the application of riluzole, a drug used to inhibit glutamate
release in ALS, as an anti-melanoma drug and as a radiosensitizer that can be used
to treat other tumors that involve mGIuR 1-mediated glutamate signaling that com-
monly metastasize to the brain. Further understanding of how other glutamate
receptors affect human cancers as well as development of other receptor modulators
will result in multiple applications that extend far beyond the traditional roles asso-
ciated with the glutamate receptors.
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Chapter 10

mGluS Receptors in Parkinson’s Disease
and MPTP-Lesioned Monkeys: Behavior
and Brain Molecular Correlates

Nicolas Morin and Thérese Di Paolo

Abstract Glutamate overactivity is well documented in Parkinson’s disease (PD)
and dyskinesias induced by L-3,4-dihydroxyphenylalanine (L-DOPA), the gold-
standard treatment for this disease. The contribution of metabotropic glutamate
receptors type 5 (mGlu5 receptors) in PD and L-DOPA-induced dyskinesias (LID)
was the topic of investigations in human PD patients and in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) monkeys.

Behaviorally, it has been shown that the prototypical mGlu5 antagonist 2-methyl-
6-(phenylethynyl)pyridine (MPEP) as well as the mGlu5 receptor antagonists
3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) and mavoglurant (AFQO056)
acutely attenuated LID in MPTP monkeys. Moreover, a chronic 1-month adminis-
tration of MPEP to previously drug-naive MPTP monkeys (de novo treatment)
attenuated the development of LID. Acute and chronic MPEP treatments of MPTP
monkeys maintained the antiparkinsonian effect of L-DOPA. Mavoglurant was also
shown in some clinical studies to reduce LID in PD patients.

Using the selective mGlu5 receptors ligand [*H]JABP688, mGlu5 receptor-
specific binding was measured by autoradiography in brains slices of normal and
PD patients in relation to motor complications associated with an L-DOPA treat-
ment. PD patients with motor complications (either LID or wearing-off) had higher
[*H]ABP688-specific binding compared to those without motor complications and
controls in putamen, external and internal globus pallidus. In monkeys with a MPTP
lesion and controls, [PH]ABP688- and [P H]MPEP-specific bindings were elevated in
the striatum of dyskinetic L-DOPA-treated MPTP monkeys but not in MPTP mon-
keys without LID compared to controls.

The brain molecular correlates of the long-term effect of a 1-month administra-
tion of MPEP with L-DOPA that attenuated the development of LID were shown to
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extend beyond mGlu5 receptors. In the basal ganglia, it has been showed that the
L-DOPA-induced changes of NMDA and AMPA ionotropic glutamate receptors as
well as mGlu2/mGlu3 receptors were prevented with the addition of MPEP. Moreover,
MPEP normalized the L-DOPA-induced changes of dopamine D2 receptors, their
associated signaling (ERK and Akt) and neuropeptides (preproenkephalin, prepro-
dynorphin), as well as the serotonin receptors 5-HT,, and 5-HT 3.

In conclusion, these results have shown in humans and in a nonhuman primate
model of PD reduction of LID with mGlu5 antagonism. In the basal ganglia, LID
were associated with changes of various glutamatergic, dopaminergic, and sero-
toninergic markers that were normalized with adjunct treatment with an mGlu5
antagonist supporting the mGlu5 receptor as a good target for the treatment of LID.

Keywords Parkinson’s disease ® L-DOPA-induced dyskinesia ® Motor complica-
tions ¢ Glutamate receptor ® Basal ganglia ¢ Direct pathway ¢ Indirect pathway e
Receptor interaction

Abbreviations
5-HT serotonin
6-OHDA 6-hydroxydopamine

Akt protein kinase B

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
cAMP cyclic adenosine monophosphate

DA dopamine

DHA docosahexaenoic acid

dipraglurant ADX-48621

ERK extracellular signal-regulated kinase

GABA y-aminobutyric acid

GAD glutamic acid decarboxylase

GSK3p glycogen synthase kinase-3 8

GP globus pallidus;

iGlu ionotropic glutamate

KA kainate

L-DOPA levodopa (L-3,4-dihydroxyphenylalanine)
LID L-DOPA-induced dyskinesias

MAPK mitogen-activated protein kinase
mavoglurant  AFQO056

mGlu metabotropic glutamate

MPEP 2-methyl-6-(phenylethynyl)pyridine

MPTP I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MTEP 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine
NAM negative allosteric modulator
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NMDA  N-methyl-D-aspartate

PD Parkinson’s disease
PI polyphosphoinositide
SERT serotonin transporter
STN subthalamic nucleus

10.1 Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disor-
der and is likely to increase due to the aging population (Siderowf and Stern 2003).
The cardinal motor manifestations of PD, tremor, bradykinesia, and rigidity are
secondary to a loss of dopamine in the striatum (Olanow et al. 2009; Toulouse and
Sullivan 2008). PD is principally attributed to the death of dopamine (DA) neurons
in the substantia nigra, but other neurotransmitters and neuromodulators, such as
glutamate, serotonin (5-HT), and adenosine, are also affected (Toulouse and Sullivan
2008). Gene mutations in familial PD are reported, but the cause for the majority of
PD cases remains unknown (Olanow et al. 2009). There is currently no cure for
PD. Neuroprotection or disease modification defined as an intervention that would
protect or rescue vulnerable neurons, thereby slowing, stopping, or reversing dis-
ease progression, is not yet available for PD, but laboratory studies are finding
promising agents (Olanow et al. 2009).

Restoring lost DA with its precursor, L-3,4-dihydroxyphenylalanine (L-DOPA),
introduced 50 years ago still remains a very effective and commonly used treatment
for PD (Mercuri and Bernardi 2005). However, up to 80% of PD patients will
develop motor complications after 10 years of treatment with L-DOPA (Olanow and
Koller 1998). These motor complications include motor fluctuations and abnormal
involuntary movements, such as L-DOPA-induced dyskinesias (LID), and contrib-
ute to limit the quality of life in PD patients and can be very difficult to manage
(Fabbrini et al. 2007). Motor fluctuations such as “wearing-off” are also common.
Wearing-off is defined as a reduced duration of benefit from an individual L-DOPA
dose and a recurrence of parkinsonian symptoms before the next normal dose of
L-DOPA (Fahn et al. 2004). Hence, most PD patients initiated with DA agonist
monotherapy will eventually require L-DOPA as disease progresses, and after
10 years their motor complications appear similar as they would have if started
initially on L-DOPA therapy (Katzenschlager et al. 2008; Parkinson Study Group
2009). This suggests that disease progression plays the major role in the onset of
dyskinesia rather than the type of dopaminergic drug treatment used. Involuntary
movements such as LID are paralleled by aberrant forms of plasticity characterized
by changes in various neurotransmitter systems and their intracellular signaling
pathways (Jenner 2008).

Aside from some benefit of amantadine, that has anti-glutamatergic properties,
no drug is yet available for LID (Meissner et al. 2011). Glutamate neurotransmis-
sion is increased in the basal ganglia in PD and LID (Klockgether and Turski 1993;
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Chase and Oh 2000; Calon et al. 2003a). The pathophysiology and the mechanisms
involved in the development of LID are still not fully understood. However, altered
dopaminergic and nondopaminergic neurotransmission in the basal ganglia is
observed in LID (Blandini and Armentero 2012). Treating LID with adjunct drugs
targeting nondopaminergic neurotransmitter systems is proposed such as glutamate
to indirectly modulate basal ganglia DA neurotransmission (Brotchie 1998; Morin
et al. 2014a). Much emphasis has therefore been placed on finding alternative non-
dopaminergic drugs that could circumvent some or all these problems. The design
of novel agents to prevent dyskinesias requires elucidation of the adaptive changes
produced in the parkinsonian brain by repeated administration of L-DOPA. The use
of adjunct drugs to modulate basal ganglia DA neurotransmission is an important
strategy to treat LID ( Brotchie 1998, 2003; Henry et al. 2001; Calon and Di Paolo
2002; Blanchet et al. 1999; Grondin et al. 1999).

LID are typically observed at the peak of the effect of L-DOPA in PD patients.
There is also diphasic dyskinesia at the beginning and at the end of the L-DOPA
dosing cycle appearing with the rise and fall of DA levels in the brain (Luquin et al.
1992) and off-dystonia (Marsden et al. 1982). LID occur in 30-80% of PD patients
treated with L-DOPA (Barbeau 1980; Nutt 1990). Two conditions are necessary for
their appearance: (1) the loss of DA in the nigrostriatal pathway and (2) treatment
with L-DOPA or DA agonists. The development of dyskinesias in man usually
requires daily treatment for 3—-5 years in idiopathic PD (Klawans et al. 1977), and
for parkinsonism induced in man by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), it occurs after only weeks or months of treatment (Ballard et al. 1985). The
same applies to MPTP monkeys where only weeks of L-DOPA therapy are enough
before dyskinesias appear (Falardeau et al. 1988; Bedard et al. 1986). MPTP pri-
mates respond to DA therapies in a similar manner than idiopathic PD patients
(Jenner 2003a, b) and are currently the best model for studying LID.

Glutamate is involved in many physiological functions through its interactions
with ionotropic glutamate (iGlu), ligand-gated channel, and metabotropic G-protein-
coupled glutamate (mGlu) receptors. iGlu receptor drugs suppressing glutamate
excitatory transmission often create undesirable side effects (Johnson et al. 2009),
whereas acting on mGlu receptors could lead to a subtler and/or circuit-selective
modulation of excitatory transmission (Conn et al. 2005). Pharmacologic character-
ization of mGlu5 receptors and its selective negative allosteric modulators (NAMs)
shows therapeutic potential in animal models of PD (Grégoire et al. 2011; Johnston
et al. 2010; Morin et al. 2010) and recently efficacy in human PD (Berg et al. 2011;
Stocchi et al. 2013). mGlu5 receptors have been shown to play a crucial role in regu-
lating L-DOPA-induced motor behavior, but the mechanisms involved remain
unclear (Gasparini et al. 2013).

This review will cover relevant studies investigating mGluS5 receptor subtypes in
the pathophysiology of PD and LID. Brain biochemical correlates of motor
complications in PD patients and MPTP-lesioned monkeys will be reviewed (Morin
et al. 2014a).
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10.2 Nonhuman Primate Models of L-DOPA-Induced
Dyskinesias

Similar etiology and functions of a particular human disease are two important char-
acteristics to model a disease. The neurotoxin MPTP closely mimics both behav-
ioral changes and cellular loss as seen in PD (Albanese et al. 1993). The
administration of MPTP in primates promotes the development of rigidity, bradyki-
nesia, and tremor, which are the primary motor features of PD. MPTP induces neu-
ronal death of dopaminergic cells through a cascade of intracellular reactions by
targeting specifically cells expressing the DA transporter (Smeyne and Jackson-
Lewis 2005). MPTP-treated primates remain after nearly 30 years the gold standard
for the study of PD and LID, as well as to evaluate the efficacy of novel compounds
(Morin et al. 2014a). Acute and de novo experimental approaches are used to test
new antiparkinsonian and antidyskinetic pharmacological agents. In acute
approaches, animals are rendered parkinsonian with the administration of MPTP
and then chronically treated with L-DOPA for several weeks, until they express
well-established, constant, and stable LID. Then, the acute effects of compounds
are tested with the co-administration of L-DOPA, and the motor behavior of the
animals is evaluated (Grégoire et al. 2009, 2011; Bezard et al. 2004). This approach
allows rapid testing of new compounds and its tolerability, and animals may be used
for several studies (Morin et al. 2014a). These animals can also be used in a chronic
treatment paradigm to measure possible development of tolerance to the investi-
gated drug. In the de novo approach, two or more groups of never treated animals
are rendered parkinsonian and then treated with L-DOPA alone or in combination
with the new agent. This approach allows verifying if the compounds tested can
reduce or prevent the development of LID and evaluating if the duration of the
L-DOPA effect decreases over time, a motor complication also called “wearing-off”
(Morin et al. 2012; Samadi et al. 2006; Rylander et al. 2010; Grégoire et al. 2008;
Hadj Tahar et al. 2004). Moreover, measurements of biochemical changes in the
brains are made possible if the animals are euthanized at the end of the protocol
(Morin et al. 2012; Samadi et al. 2008a; Ouattara et al. 2010).

As observed in PD patients, the macaque monkey model will display its own
pattern of parkinsonian symptoms (Rajput et al. 2009). Indeed, LID involves one or
more parts of the body, and each of them should therefore be quantified separately
(Hadj Tahar et al. 2000). Several scales are currently available to measure and quan-
tify dyskinesia and were recently reviewed (Fox et al. 2012). Objective measures of
bradykinesia with specific motor tasks are also important to separate the antidyski-
netic from antiparkinsonian activity of compounds tested (Jourdain et al. 2013).
Finally, monkeys will tend to exhibit a worsening of motor symptoms before and
after an acute L-DOPA challenge (Kuoppamaiki et al. 2002), as seen in some PD
patients (Evans et al. 2012). Thus monkey model can replicate PD conditions and
underlines their usefulness in the study of new treatments (Morin et al. 2014a).

Individual titration of L-DOPA is often needed to elicit the same amount of LID
among the animals (Grégoire et al. 2011; Johnston et al. 2010) even if these animals
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are equally denervated (Guigoni et al. 2005). However, positive correlations between
L-DOPA dose and the duration and the severity of LID were observed (Kuoppaméki
et al. 2007). Moreover, in dyskinetic macaques, the administration of L-DOPA after
drug holiday lasting few weeks will trigger the same LID as measured before. The
same observation was made in PD patients in whom L-DOPA was stopped (Goetz
et al. 1982; Mayeux et al. 1985). This supports the feasibility of acute studies with
the same animals therefore keeping the number needed and consequently reducing
the costs.

The reappearance of LID after a withdrawal indicates that permanent or at least
long-term changes are occurring in the brain basal ganglia and these changes may
be studied in postmortem brain tissues. Wearing-off, described as shortening in the
duration of response to L-DOPA with gradual reappearance of parkinsonian symp-
toms, is another important motor side effect of chronic L-DOPA administration
(Fahn et al. 2004). Parkinsonian patients usually experience such end-of-dose dete-
rioration after several months or years of treatment (Pahwa and Lyons 2009).
Wearing-off can be also replicated in de novo MPTP monkeys with a shortening of
the antiparkinsonian effect of L-DOPA as reported after 2 weeks of treatment
(Morin et al. 2013a). Thus, the MPTP-lesioned monkey model is probably one of
the best models for studying LID and PD in humans, and this model has brought
significant advances for the treatment of LID. For example, docosahexaenoic acid
(DHA) and cabergoline were shown to reduce the severity or delay the development
of LID in MPTP-lesioned monkey in chronic and de novo treatments (Samadi et al.
2006; Belanger et al. 2003).

10.3 Glutamate Neurotransmission in PD and L-DOPA-
Induced Dyskinesias

Glutamate is the brain most abundant excitatory neurotransmitter mediating as
much as 70% of synaptic transmission in the central nervous system, and its over-
activity is well documented in PD and LID (Klockgether and Turski 1993; Morin
and Di Paolo 2014; Samadi et al. 2007). Amantadine, a noncompetitive antagonist
at N-methyl-D-aspartate (NMDA) receptors, is currently the only drug used in the
clinic shown to reduce the severity of LID in some PD patients without worsening
parkinsonian symptoms (Meissner et al. 2011; Verhagen Metman et al. 1998a;
Sawada et al. 2010). Amantadine also improves akinesia, rigidity, and tremor
(Olanow et al. 2009). However, the antidyskinetic effect of amantadine may be tran-
sient and is often lost within the first year of treatment (Stocchi et al. 2008). In addi-
tion, many PD patients cannot tolerate high doses of amantadine because of
cognitive impairment, which significantly limits its use (Stocchi et al. 2008).
Riluzole, a nonselective inhibitor of glutamate neurotransmission, was shown to
reduce the severity of L-DOPA-induced motor complications in 6-hydroxydopamine
(6-OHDA)-lesioned rat model of PD (Papa et al. 1995; Marin et al. 1996;
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Engber et al. 1994; Marin et al. 2000). Moreover, in the same animal model, the
glutamate transporter GLT1 was reported to be increased (Oueslati et al. 2007;
Robelet et al. 2004). However, riluzole was not effective in humans to reduce the
expression of LID (Braz et al. 2004; Bara-Jimenez et al. 2006). Despite intensive
search, no drug other than amantadine has demonstrated in the clinic an antidykine-
sic effect that is not associated with a worsening of parkinsonism (Olanow et al.
2009) underlying the complexity of brain changes associated with dyskinesias.
mGlu receptors are topics of more recent interest in PD (Samadi et al. 2007).

Inhibiting glutamate neurotransmission in PD can also be neuroprotective since
glutamate overactivity is excitotoxic (Planells-Cases et al. 2006; Gardoni and Di
Luca 2006). Motor complications are in part L-DOPA dose related; protecting DA
neurons could delay motor complications by using less L-DOPA. Moreover, non-
motor features of PD such as depression and anxiety are common (Olanow et al.
2009) and could benefit from mGlu receptor drugs such as mGlu5 receptor antago-
nists that show anxiolytic and antidepressant activity (Palucha and Pilc 2007,
Witkin et al. 2007).

10.4 Ionotropic Glutamate Receptors and L-DOPA-Induced
Dyskinesias

iGlu receptors are classified into NMDA, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), and kainate (KA) receptors (Finlay and Duty
2014; Michaelis 1998; Dingledine et al. 1999), and they mediate fast excitatory
neurotransmission, whereas mGlu receptors mediate slower modulatory neuro-
transmission (Samadi et al. 2007). The blockade of NMDA and AMPA receptors
with specific antagonists was shown to reduce the development of L-DOPA-induced
motor complications in 6-OHDA-lesioned rat model (Marin et al. 2000). Moreover,
in both parkinsonian patients with LID (Calon et al. 2003a) and dyskinetic MPTP
monkeys (Calon et al. 2002; Huot et al. 2013), important increases in striatal NMDA
and AMPA receptor-binding levels were observed. The NMDA antagonist, CI-1041,
is reported to prevent the development of LID in parkinsonian monkeys (Hadj Tahar
et al. 2004) and associated brain molecular changes (Morissette et al. 2006).
Interestingly, in these monkeys, CI-1041 also prevented the increase of striatal
mGlu5 receptor levels (Ouattara et al. 2011). Clinical trials also show the antidyski-
netic profile of dextrorphan, dextromethorphan, and amantadine, known to block
NMDA receptors (Meissner et al. 2011; Sawada et al. 2010; Blanchet et al. 1996,
1997; Verhagen Metman et al. 1998b, 1999; Snow et al. 2000; Rajput et al. 1998;
Ruzicka et al. 2000; Luginger et al. 2000).

Kynurenic acid antagonizes glycine B site of AMPA, NMDA, and KA receptors
(Schwarcz and Pellicciari 2002; Hilmas et al. 2001; Stone 1993, 2000; Moroni
1999) and inhibits glutamate release (Carpenedo et al. 2001; Nemeth et al. 2006).
RO 61-8048 an inhibitor of kynurenine hydroxylase activity increases kynurenic
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acid levels (Stone 2001). In MPTP monkeys, an acute treatment with RO 61-8048
reduced the severity of LID (Samadi et al. 2005); chronically in de novo treated
MPTP monkeys, it reduced their development (Grégoire et al. 2008).

Recent studies have explored the role and the implication of NMDA and AMPA
receptor subunits in rodent and nonhuman primate models of PD in LID including
the glycine site, NMDA GIuN2D subunits, AMPA receptor subunit composition,
and NMDA/AMPA receptor ratio (Finlay and Duty 2014; Bagetta et al. 2012;
Kobylecki et al. 2010; Zhang et al. 2014; Errico et al. 2011; Heresco-Levy et al.
2013). Nevertheless, significant adverse effects such as cognitive impairment in
many patients can occur which limit the use of an iGlu receptor antagonist (Stocchi
et al. 2008b; Stayte and Vissel 2014). Recent efforts were devoted to pharmacologi-
cally manipulate glutamate transmission with selective mGlu receptor ligands.

10.5 Metabotropic Glutamate Receptors and L-DOPA-
Induced Dyskinesias

The mGlu receptors constitute a family of G-protein-coupled receptors comprising
eight subtypes that are classified into three groups based on the signal transduction
pathway, homology of the amino acid sequence, and receptor pharmacology (Pisani
et al. 2003; Conn and Pin 1997). Group I (mGlul, 5) couples to Gq and stimulates
polyphosphoinositide (PI) hydrolysis, while groups I (mGlu2, 3) and III (mGluR4,
mGluR6, mGIluR7, mGluR8) couple to Gi/Go and inhibit increase in cyclic adenos-
ine monophosphate (cAMP) (Conn and Pin 1997). All mGlu receptor subtypes are
mainly located in the brain basal ganglia, except mGlu6 receptor found primarily in
the retina (Niswender and Conn 2010) (Fig. 10.1). Presynaptically localized group
IT and group II mGlu receptors are thought to represent the classical inhibitory
autoreceptor mechanism suppressing excess glutamate release from presynaptic ter-
minals (Schoepp 2001). The majority of group I mGlu receptor, including mGlu5,
is located postsynaptically on the perisynaptic annulus of dendritic spines, which
lead to enhanced neuronal excitation (Lujan et al. 1997).

While the term “antagonist” is widely used when applied to ligands that inhibit
the function of specific mGlu receptors, the more appropriate term is “negative allo-
steric modulator” (NAM), since they inhibit the function of the receptor at a site
distal to the actual orthosteric ligand-binding domain of the receptor and only in the
presence of glutamate (Olive 2009). Group I NAM may also function as inverse
agonists; in cell-based assays they can inhibit the basal (constitutive) activity of
group I mGlu receptors in absence of any orthosteric agonist or even when the
glutamate-binding domain is removed or mutated (Olive 2009). Moreover, mGlu
receptors have a higher affinity for glutamate than iGlu receptors (Conn et al. 2005;
Marino et al. 2002). On the basis of these considerations, combined with the rich
distribution and diverse physiological roles of mGlu receptors within the basal gan-
glia, recent attention has been placed on these receptors as alternative targets to
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Fig. 10.1 (a) Schematic representation of the localization of metabotropic glutamate receptor
subtypes (groups I, II, and II) in the basal ganglia motor circuit. mGlu6 receptor subtype (group
III) is absent from the figure since it is present only in the retina (Conn et al. 2005; Rascol et al.
2014; Amalric 2015). In the classical and simplified pathophysiological model (not mentioning the
collateral projections from the direct to indirect pathway) of the basal ganglia in PD, reduced
dopamine input by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc)
has a dual effect on the striatal efferents that project to the GPe (indirect pathway) and the GPi
(direct pathway). Increased or facilitated neuronal activity of the indirect pathway, via decrease of
the D2 receptor inhibition, increased activity of striatal GABA neurons projecting to the GPe.
Over-inhibition of GABA neurons in the GPe disinhibits the STN, which, in turn, overdrives inhib-
itory output neurons in the GPi and SNr projecting to the thalamus, overall resulting in a decrease
in thalamocortical input. (b) Postsynaptic receptors on striatal GABA efferences susceptible to be
antagonized to counteract excessive corticostriatal glutamate transmission (absence of glutamate
release regulation by D2 autoreceptors on corticostriatal neurons) seen in PD state in order to
normalize activities of the direct and indirect pathway. Among these, mGlu5 seems to be a relevant
target since this receptor acts primarily as modulator of synaptic activity. The double arrow indi-
cates that these receptors can form complexes (heteroreceptor) providing a high degree of com-
plexity and plasticity at different levels of basal ganglia circuitry (Fuxe et al. 2015)

modulate glutamate hyperactivity in PD and LID (Conn et al. 2005). Studies in
animal models and PD patients indicate that antagonists of group I mGlu receptor,
especially mGlu5 receptor, could be considered as a suitable therapeutic approach
in PD and LID.

mGlu5 receptor levels were shown to be increased in the putamen of dyskinetic
compared to non-dyskinetic MPTP monkeys (Samadi et al. 2008) and parkinsonian
patients with motor complications (LID or wearing-off) compared to those without
motor complications (Ouattara et al. 2011). Moreover, the prototypal mGlu5
receptor antagonist, 2-methyl-6-(phenylethynyl)pyridine (MPEP), and a more
selective analog 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) (Carroll
2008) improved motor performance (Breysse et al. 2002) and showed antidyski-
netic activity in 6-OHDA rat model (Levandis et al. 2008; Mela et al. 2007).
However, the other group I mGlu receptor drugs were not effective (Dekundy et al.
2006; Rylander et al. 2009). In acute treatment in already dyskinetic MPTP-lesioned
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monkeys, the mGlu5 receptor antagonists MPEP, MTEP, fenobam, and AFQ056
(mavoglurant) were found effective to reduce the severity of LID (Morin et al. 2010;
Rylander et al. 2010; Gregoire et al. 2011; Johnston et al. 2010). In a de novo treat-
ment, MPEP reduced the development of L-DOPA-induced motor complications
(~70%) in a chronic administration of 1 month (Morin et al. 2013a). Similarly,
chronic administration of fenobam to drug-naive monkeys attenuated the develop-
ment of dyskinesia without compromising the antiparkinsonian effect of L-DOPA
(Rylander et al. 2010). Moreover, the mGlu5 receptor antagonists, mavoglurant and
ADX-48621 (dipraglurant), were shown to reduce LID in parkinsonian patients and
were well tolerated without worsening motor symptoms (Addex Therapeutics 2012;
Stocchi et al. 2013; Berg et al. 2011). For more information the reader is referred to
a recent review on the use of mGlu5 antagonists for treatment of L-DOPA-induced
dyskinesias including a comparison the clinical trials with mavoglurant and dipra-
glurant. (Rascol et al. 2014).

Group II mGlu receptor agonists have also proven effective in animal models of
PD (Pisani et al. 2003). Moreover, an important decrease in mGlu2/mGlu3 receptor
density in dyskinetic compared to non-dyskinetic MPTP-lesioned monkeys was
observed (Morin et al. 2013b). Furthermore, changes in mGlu2/mGlu3 receptors
were only observed in relation to wearing-off in postmortem brains of parkinsonian
patients (Samadi et al. 2009).

More recently, agonists of group III receptors were also shown effective in rodent
models of PD (Niswender and Conn 2010). In 6-OHDA-lesioned rat model, the
administration of mGlu4 receptor agonist Lu AF21934 combined with L-DOPA
treatment reduced the effective dose of L-DOPA and reduced the development of
LID (Bennouar et al. 2013). mGlu4 receptor agonists can reduce y-aminobutyric
acid (GABA )ergic neurotransmission at striato-pallidal synapse that is overactive in
PD (Macinnes and Duty 2008; Matsui and Kita 2003).

mGlu8 receptor is expressed at lower levels than mGlu4 and mGlu7 receptors but
widely distributed in the brain; mGlu7 receptor has low affinity for glutamate only
becoming active when glutamate levels are high thus serving as a brake for gluta-
mate overstimulation (Niswender and Conn 2010). AMNO82, an mGlu7 receptor
agonist, was shown to reverse motor dysfunction associated with reduced DA activ-
ity in rodent models (Greco et al. 2010). However, the contribution of mGlu7 and
mGlu8 receptors in LID is not yet reported.

10.6 The Effect of a Chronic Treatment with MPEP
on L-DOPA-Induced Dyskinesias and Brain
Biochemical Borrelates

The mechanisms underlying the development of LID are still unknown, but evi-
dence suggests that LID is the result of maladaptive plasticity at striatal synapses
(Cenci and Lundblad 2006; Jenner 2008; Calabresi et al. 2010; Iravani et al. 2012).
Altered dopaminergic and nondopaminergic neurotransmission in the basal ganglia



10 mGlu5 Receptors in Parkinson’s Disease and MPTP-Lesioned Monkeys. .. 193

is observed in LID (Blandini and Armentero 2012). Glutamate neurotransmission
plays a crucial role in the modulation of corticostriatal inputs and striatal output to
downstream nuclei of the basal ganglia circuit (Blandini and Armentero 2012).
Increased glutamate transmission involves presynaptic changes, such as increased
striatal concentration of extracellular glutamate (Dupre et al. 2011) or changes in
mGlu2/mGlu3 receptors (Samadi et al. 2008; Gregoire et al. 2009). Postsynaptic
changes in AMPA, NMDA, and mGlu5 receptors also seem to play a major role in
the development of LID (Duty 2012). mGlu5 receptors are highly expressed in the
striatum and other basal ganglia nuclei including subthalamic nucleus (STN), sub-
stantia nigra, and globus pallidus (GP) (Ferraguti and Shigemoto 2006). Numerous
interactions between mGlu5 receptor and NMDA, D, DA, D, DA, and A,, adenos-
ine receptors suggest that these receptors may function together as closely associ-
ated signaling partners in the appearance of LID (Samadi et al. 2007). mGlu5
receptor activation of NMDA receptors (Pisani et al. 2001) as well as NMDA and
mGlu5 receptor co-localization is described (Perroy et al. 2008). The blockade of
mGlu5 receptors leads to antidyskinetic actions, which is associated with normal-
ization of firing of striatal signals (Duty 2012). Moreover, chronic mGluR5 NAM
treatments are reported to protect DA neurons from MPTP toxicity in mice (Battaglia
et al. 2004) and monkeys (Masilamoni 2009). Moreover, Norbin, a neuron-specific
protein, can physically interact in vivo with mGlu5 receptors, increases the cell
surface localization of the receptor, and positively regulates mGlu5 signaling while
maintaining the total amount of this receptor unchanged (Wang et al. 2009).
Intracellular mGlu5 receptor was reported to activate signaling cascades distinct
from cell surface counterparts (Jong et al. 2009). Thus there is still much to be
learned on mGuRS5 receptors and their regulation.

We reported that development of LID over a month of treatment was lower by
overall ~70% with addition of MPEP to the L-DOPA treatment in de novo MPTP
monkeys (Morin et al. 2013a), and this was associated with a normalization of glu-
tamate (Morin et al. 2013b), DA (Morin et al. 2014b), and 5-HT neurotransmission
(Morin et al. 2015).

More precisely, in the brain basal ganglia of these monkeys (Morin et al. 2013a),
the addition of MPEP to L-DOPA treatment prevented the increase of postsynaptic
mGlu5, NMDA NR1/NR2B, and AMPA glutamate receptors, while this treatment
prevented the decrease of mGlu2/mGlu3 presynaptic autoreceptors (Morin et al.
2013b). The mGlu5 receptor subtype is highly expressed in striatal medium spiny
neurons (Conn et al. 2005; Testa et al. 1994; Paquet and Smith 2003) and plays a
key role in modulating the responses mediated by NMDA receptors and L-type
calcium channels (Gubellini et al. 2004). In addition, an antagonistic interaction
between the D, DA receptor and mGlu5 receptors is reported (Fuxe et al. 2008). In
rodent models of PD, striatal molecular changes relevant to LID are reported to be
reversed by MPEP or MTEP, including delta FosB protein (Jimenez et al. 2009),
prodynorphin mRNA (Mela et al. 2007), glutamic acid decarboxylase (GAD65 and
GADG67) mRNA (Yamamoto and Soghomonian 2009), and phosphorylated extra-
cellular signal-regulated kinases 1 and 2 (ERK1/ERK2) protein levels (Rylander
et al. 2009). Hence, mGlu5 receptor antagonists reverse hyperactive GABAergic
transmission in the basal ganglia in rodent models of PD and its downstream
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molecular changes associated with LID. Hence, mGlu5 receptor antagonist reversed
hyperactive glutamate transmission in the basal ganglia of a primate model of PD
thus showing the widespread normalization activity of mGlu5 receptor antagonists
in the basal ganglia in PD animal models (Morin et al. 2013a).

Moreover, a chronic treatment with MPEP prevented the decrease of D, DA recep-
tors, but it did not affect the D; DA receptors (Morin et al. 2014b). MPEP also pre-
vented the increase of striatal preproenkephalin/preprodynorphin mRNA levels and
phosphorylated proteins ERK1/ERK?2 as well as protein kinase B (Akt) and glycogen
synthase kinase-3 (GSK3p) (Morin et al. 2014b). Denervation-induced supersensi-
tivity of D; and D, receptors was initially recognized as a plausible mechanism of
LID (Creese et al. 1977; Lee et al. 1978). Numerous studies measured the density of
D, and D, receptors in the brain of human and animal models, but no general consen-
sus emerged. Postmortem studies have shown that striatal DA receptors particularly
the D, subtype were increased in PD patients (Lee et al. 1978; Guttman et al. 1986)
or unchanged (Quik et al. 1979; Rinne et al. 1981), while both D, and D, receptor
subtypes were increased in MPTP monkeys (Falardeau et al. 1988; Bedard et al.
1986; Gagnon et al. 1990). Administration of L-DOPA was shown to reverse these
increases in PD patients (Lee et al. 1978; Guttman et al. 1986) and primates in many
studies (Falardeau et al. 1988; Gagnon et al. 1990; Berretta et al. 1997). No general
consensus also emerged for DA receptor mRNA ( Goulet et al. 1997, 2000; Morissette
et al. 1996; Aubert et al. 2005; Herrero et al. 1996). These reports support that LID
are more complex than hypersensitivity due to a simple increase in the density of
striatal DA receptors and its mRNA. MPEP did not affect D, receptor levels and its
mRNA but was associated with an increased in D, receptors levels, its mRNA, and its
associated signaling proteins (Morin et al. 2014b). Furthermore, mGlu receptors also
have the potential to regulate the mitogen-activated protein kinase (MAPK) pathway.
It has been shown that intracaudate injection of a group I mGlu receptor agonist
upregulates ERK1/ERK?2 phosphorylation (Choe and Wang 2001). mGlu5 receptor
stimulation was also reported to lead to activation of other signaling pathways impor-
tant for cell survival/proliferation, such as ERK and Akt (Mao et al. 2005).

The antidyskinetic effect of MPEP was associated with lower levels of 5-HT,,
(Morin et al. 2015) and 5-HT 5 (Morin et al. 2015) serotonin receptors, while 5-HT ,
receptors and brain serotonin transporter (SERT) remained unaffected (Morin et al.
2015). LID are probably the result of an abnormal adaptation in the striatum due to
faulty interaction between glutamate/5-HT and DA inputs in the nigrostriatal path-
way. 5-HT neuron terminals in the striatum are suggested to participate in the mech-
anisms of action of L-DOPA (Navailles and De Deurwaerdere 2012). 5-HT axon
terminals can release DA, which is considered as a false neurotransmitter and is
probably one of the main presynaptic determinants of LID (Carta et al. 2007).
Multiple changes in the basal ganglia glutamate and serotoninergic systems and their
specific receptors have been observed (Huot et al. 2013). 5-HT receptor drugs are
reported to reduce LID in PD patients (Fox et al. 2009), but changes in 5-HT activity
and 5-HT receptors in the brain caused by PD and its pharmacological treatment are
not completely understood, and further studies are needed.

Stimulation of 5-HT receptors was also shown to reduce dyskinesias induced
by D; DA receptor agonists (Jaunarajs et al. 2009). This observation suggests that in
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order to prevent activation of D;-expressing neurons, an increase of the inhibitory
5-HTp heteroreceptors might represent another compensatory phenomenon to pre-
vent activation of the direct pathway neurons, thought to be involved in the expres-
sion of LID (Greengard 2001). Moreover, an increase of 5-HT,p autoreceptors
might also play a crucial role to regulate or inhibit the release of DA by 5-HT axon
terminals. 5-HT axon terminals have been suggested to release DA in a nonphysio-
logical manner following L-DOPA treatment, leading to the development of LID
(Carta et al. 2007). Hence, 5-HT neurons can take up L-DOPA and convert it into
DA where it is sequestered and stored for subsequent release (Maeda et al. 2005).
However, 5-HT neurons lack a DA transporter and D, DA autoreceptors, thus lead-
ing to excessive nonphysiological DA efflux that promotes LID (Navailles and De
Deurwaerdere 2012). Hence, multiple changes in the basal ganglia dopaminergic,
glutamate and serotoninergic systems, and their specific receptors have been
observed such as modulation in the expression and the activity of subtypes of recep-
tors, G proteins, effectors, transcription factors, and protein kinases (Samadi et al.
2007; Huot et al. 2013).

Moreover, functional interactions between 5-HT,p receptors and GABA should
also be considered in the molecular mechanisms of LID. It was reported that
L-DOPA administration or stimulation of D, receptors in 6-OHDA-lesioned ani-
mals increases GABA levels in the substantia nigra pars reticulata (Aceves et al.
1992; Ochi et al. 2004; Yamamoto et al. 2006). GABA concentrations were reported
to be high in the striatum of PD patients compared to controls (Kish et al. 1986), and
changes in GABA, and GABAj receptor levels were also previously observed in
the same PD patients, as presented in the present study, with motor complications as
compared to those without and controls (Calon et al. 2003b). Hence, 5-HT inhibi-
tory receptors located on GABAergic axons of striatal neurons are probably impli-
cated in the alterations of GABA receptors and GABA concentrations measured in
these brain areas (Castro et al. 1998). Hence, activation of 5-HT receptors could
reduce GABA release (Morikawa et al. 2000; Stanford and Lacey 1996). Thus, this
upregulation of 5-HT receptors in the basal ganglia of dyskinetic monkeys and PD
patients with motor complications could be a compensatory mechanism in order to
normalize GABA concentrations.

Thus, these reported results suggest that the prevention of the development of
motor complications with an mGlu5 receptor antagonist was associated with the
normalization of important markers and receptors of glutamate, DA, and 5-HT neu-
rotransmission, supporting the therapeutic use of an mGlu5 receptor antagonist to
treat LID.

10.7 Conclusion

Overall, these studies suggest that glutamate receptor stimulation is involved in
the pathogenesis of L-DOPA-induced motor complications in PD, and some recep-
tor subtypes, such as mGlu5 receptor subtypes, are potential selective targets for
treatment of these adverse effects (Blanchet et al. 1997; Chase and Oh 2000;



196 N. Morin and T. Di Paolo

Verhagen Metman et al. 2000; Montastruc et al. 1997). mGluS5 receptor antagonists
are very promising drugs for the management of various brain disorders, and one of
its potential applications is LID therapy. Therefore, it is essential to know the long-
term behavioral effects of this class of compounds, and ensuing possible biochemi-
cal adaptations of the brain, it is critical to learn as much as possible from MPTP
primate models, which closely mimic human PD conditions (Morin et al. 2014a).
The mGlu5 antagonist treatment in parkinsonian primates and rats affects not only
glutamate receptors but also DA and 5-HT receptors. This may be indirect by restor-
ing glutamate neurotransmission but could also involve the direct interactions of the
trio mGlu5-D,-A,4 receptor cross talk (Fiorentini et al. 2013; Fuxe et al. 2007).
Moreover, supporting a close mGlu5-A,, receptor interaction, MTEP treatment was
reported to decrease mice brain A,, receptor-specific binding and regulate the con-
ditioned effects of cocaine (Brown et al. 2012). The implication of these receptor
interactions in mental and neurodegenerative diseases and more specifically in the
development and expression of PD symptoms and LID needs further investigation
to find novel targets and, ultimately, novel pharmacological treatments.
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Chapter 11

Is There a Future for mGluS-Positive
Allosteric Modulators in Absence Epilepsy?
A Comparison with Ethosuximide

Gilles van Luijtelaar, Valerio D’Amore, Ines Santolini,
and Richard T. Ngomba

Abstract Ethosuximide is the drug of choice in the treatment of various types of
absence seizures. However, there is plenty of room for other anti-absence drugs,
considering that not all subjects (57-74%) become seizure-free and about 47% of
ethosuximide therapy fails. New anti-absence drugs may target or modulate gluta-
matergic and or GABAergic neurotransmission, the key players in the circuitry
involved in the cortico-thalamo-cortical oscillations responsible for the highly ste-
reotyped spike—wave discharges (SWDs). Cortical highly excitable cells in the focal
region form the trigger for the occurrence of SWDs. In contrast, enhanced tonic
inhibition is dominant in the thalamus. Biochemical studies have shown that symp-
tomatic WAG/Rij rats differ from age-matched controls in metabotropic glutamate
(mGlu) receptor expression and function: mGlu5 receptor expression and function
are increased in the somatosensory cortex, and mGlul receptor expression is
decreased in the thalamus. The two group I mGlu receptor-positive allosteric
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modulators (PAMs) VUO0360172 and RO0711401 have an interesting profile in
acute and (sub)chronic pharmacological studies and produce a dose-dependent
decrease of SWDs. Moreover, both compounds are effective in reducing SWDs in
the cortex and thalamus. Interestingly, the GABA reuptake blocker tiagabine
reduces SWDs in the cortex and not in the thalamus, while the efficacy of ethosuxi-
mide is higher in the cortex than in the thalamus. It is thought that VU0360172
stimulates cortex GABA interneurons, which inhibit highly excitable cortical neu-
rons in the focal area. In the thalamus, VU0360172 most likely reduces tonic inhibi-
tion. Thus, group I mGlu receptor PAMs might be further developed as anti-absence
drugs, with putative disease-modifying effects on epileptogenesis. The preclinical
profile of group I mGlu receptor PAMS deserves to be further explored in models of
generalized epilepsy and focal types of epilepsy.

Keywords VU0360172 « Positive allosteric modulator ¢ Group I mGlu receptors ©
Absence epilepsy ¢ Absence seizures ¢ WAG/Rij ¢ Genetic absence model ¢
Antiepileptic drug development

11.1 Introduction

Childhood absence epilepsy (CAE) is the most common form of pediatric epilepsy,
accounting for 10-17% of all cases. It typically begins between 4 and 8 years of age
and is characterized by brief staring spells, often with the eyes fluttering and the
child being unresponsive to external stimuli. Children may experience dozens to
hundreds of these episodes per day. Ethosuximide (Etx), dating back to the 1950s,
and valproate acid (VPA) have been for many decades and still are the drugs of first
choice for absence seizures (Wallace 1986), while the relatively new antiepileptic
drug lamotrigine was proposed and approved only in the mid-1990s (Frank et al.
1999; Posner et al. 2005). It was only recently that the efficacy, safety, and tolerabil-
ity of the three compounds were compared in a large multicentered study. In 2010 a
double-blind, randomized, comparative controlled study, including 446 patients,
examined the efficacy and tolerability of Etx, VPA, and lamotrigine. At the week
16-20 visit, subjects on Etx (53%) and VPA (58%) had significantly higher freedom
from failure rates than subjects on lamotrigine. Subjects on Etx also had signifi-
cantly less attentional dysfunction compared to subjects on VPA (Glauser et al.
2010; Tenney and Glauser 2013). This combination of findings implied Etx as the
optimal initial monotherapy for CAE. Despite these rather favorable outcomes and
Etx being the “winner” at week 16-20, Etx therapy failed in 47% of subjects: 14%
due to seizures and 24% due to intolerable side effects, while 13% withdrew from
the study. Epidemiologic cohort studies showed only seizure freedom in the range
from 21 to 74%. In five prospective cohort studies, the proportion of seizure-free
subjects was 57-74%. Although labeled as a “benign” syndrome, the clinical course
of CAE is variable, and remission rates are far lower than in other classic benign



11 Is There a Future for mGlu5-Positive Allosteric Modulators in Absence Epilepsy?... 209

idiopathic epilepsies such as benign rolandic epilepsy (Teoh and Chan 1975).
Although a complete discussion of the adverse effects is beyond the scope of
this review — the reader is referred to a recent review by Goren and Onat (2007) —
the usage of Etx has been associated with commonly observed dose-dependent
side effects related to the gastrointestinal tract, central nervous system, and
hematopoiesis.

Most of the recent gained insights in the neurobiology of absence epilepsy were
obtained in the genetic rodent models, in which GAERS and WAG/Rij rats were
most commonly used. Both models mimic each other, and both are well described
and have construct, face, and predictive validity (van Luijtelaar and Coenen 1986;
Coenen and van Luijtelaar 2003; van Luijtelaar and Sitnikova 2006; Depaulis and
van Luijtelaar 2006). In the last 10 years, a new dimension to the pharmacological
treatment of absence epilepsy has been added by the proposal that Etx has, in WAG/
Rij and in GAERS besides anti-absence, also antiepileptogenic effects when treat-
ment started early and lasted 4 months (Blumenfeld et al. 2008; Sarkisova 2010;
Russo et al. 2010; van Luijtelaar et al. 2013; Dezsi et al. 2013) and that the comor-
bidity of absence epilepsy with a mild form of depression-like behavior, typically
for the WAG/R]j strain (Sarkisova and van Luijtelaar 2011), was prevented as a
consequence of antiepileptogenesis by Etx (Sarkisova et al. 2010). Most relevant
from a theoretical but also from a translational point of view is that remission has
been found to be more than likely in high-compliance absence patients that were
treated with Etx (Berg et al. 2014). It can be concluded that Etx is the most precious
tool in the treatment of absence epilepsy and that it is certainly not without prob-
lems, including the relative high failure rate, and its putative adverse effects suggest
that there must be room for new and better anti-absence drugs. Since Etx is the drug
of choice, new and better anti-absence drugs must be compared with Etx.

11.2 The Assumed Working Mechanisms of ETX

It has long been thought that the action of Etx is to block I, currents in thalamic-
cortical (TC) relay cells and, consequently, the burst firing mode of these cells. The
burst firing of TC cells was assumed to be the neurophysiological substrate of SWD
activity in cortico-thalamo-cortical pathways. These ideas were developed in the
beginning of 1990s based on in vitro neurophysiologic studies using voltage-clamp
techniques in acutely isolated neurons of the ventrobasal complex of the thalamus
from rats and guinea pigs. Therapeutically relevant concentrations of Etx induced a
reduction of the low-threshold Ca?* current, which was most pronounced at more
hyperpolarized potentials first in the thalamic relay nuclei with no change in its
kinetics or steady-state properties (Coulter et al. 1989; Macdonald and Kelly 1993;
White 1999); the later was also found for neurons in the reticular thalamic nucleus
(RTN) (Huguenard and Prince 1994). It was generally felt that virtually all thalamic
neurons are endowed with a prominent low-threshold Ca** conductance that is of
sufficient magnitude to generate a low-threshold Ca* spike (LTS) with its
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accompanying burst firing mode of thalamic cells (Jahnsen and Llinds 1984a, b;
Deschénes et al. 1984). Later, it was established that this conductance is crucial for
the generation of normal thalamo-cortical oscillations such as sleep spindles
(Steriade and Llinds 1988) and for the occurrence of delta waves, typical of deep
slow sleep (Domich et al. 1986; Crunelli et al. 2014). The possibility was raised that
this conductance may also play a key role in the development of pathological SWDs,
and this idea was thought to be a sufficient explanation for the working mechanism
of Etx in reducing SWDs in absence epilepsy patients.

However, Etx also decreases persistent Na*- and Ca’**-activated K* currents in
thalamic and layer V cortical pyramidal neurons (Leresche et al. 1998; Crunelli and
Leresche 2002a), which may also explain the decrease in burst and increase in tonic
firing. This newly discovered mechanism of Etx casts doubts on the hypothesis that
only a reduction of I; in thalamic neurons underlies the therapeutic action of this
anti-absence medicine (Crunelli and Leresche 2002b). In addition, there is evidence
in a genetic absence epilepsy rat model that Etx reduces cortical y-aminobutyric
acid (GABA) levels (Greenhill et al. 2012). Also, elevated glutamate levels in the
primary motor cortex of rats with absence epilepsy (but not in normal animals) are
reduced by Etx. In addition, whole-cell patch-clamp studies revealed an increase in
spontaneous GABA release by Etx concurrent with no change in glutamate release
at synapses in the rat’s entorhinal cortex in vitro (Greenhill et al. 2012). This was
reflected in a substantial rise in the ratio of network inhibition to excitation and a
concurrent decrease in excitability of neurons embedded in this network. These
authors concluded that Etx directly elevates synaptic inhibition in the cortex next to
its well-established effects on ion channels and that both factors contribute to the
well-known anti-absence effects. Interestingly, an increase in synaptic inhibition of
cortical cells was also found after tiagabine administration by the same authors.

The notion that Etx facilitates cortical inhibition is relevant considering that
there is now good evidence that generalized absence seizures in the genetic models,
but also in a model in which systemic administration of low-dose PTZ induces
absence-like seizures, are initiated at a cortical focus in the deep layers of the peri-
oral region of the somatosensory cortex (Meeren et al. 2002; Polack et al. 2007).
Subsequent studies revealed that Etx exerted an immediate and strong anti-absence
action when injected in the somatosensory cortex but not the cortex in general
(Manning et al. 2004; Polack and Charpier 2009). Moreover, in vivo studies showed
that the majority (60%) of cat TC neurons are completely silent during SWDs
(Steriade and Contreras 1995), and in GAERS, no LTSs were recorded in TC neu-
rons during the majority (90%) of SWDs (Pinault et al. 1998; Slaght et al. 2002).
However, hyperpolarized mediated LTSs and the burst firing mode were seen in
RTN during SWDs in GAERS (Slaght et al. 2002), and indeed microinfusion of Etx
into the ventral basal complex of the thalamus produced only a weak and delayed
anti-absence effect, while the effects in the RTN were of a larger magnitude. In all,
the outcomes of these studies question the notion that Etx exerts its therapeutic
effect to a large extent on the relay nuclei of the thalamus (Manning et al. 2004) and
only by blocking I channels.
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Hypotheses on the working mechanisms of Etx can also be inferred from drug
interaction studies. Moreover, drug interaction studies are clinically relevant con-
sidering that monotherapy often fails, and seizure control can be only achieved with
polytherapy. In order to evaluate the combination of Etx with other anti-absence
drugs, the single and combined effects of VPA acid and Etx have been studied. The
incidence of SWDs was the readout variable. The median effective doses (EDs,
values) in this model were 121 and 21.5 mg/kg for VPA and Etx, respectively (van
Rijn et al. 2004). When the agents were administered together, the interaction was
shown to be infra-additive: the combination was less effective in diminishing the
incidence of SWDs in WAG/Rjj rats than could be anticipated and based on the net
effect of the drugs administered alone. This is considered as indirect evidence that
the two anti-absence drugs share some common cellular or molecular mechanism,
perhaps blocking Na* channels or increasing GABA levels in the cortex.

11.3 New Anti-absence Drugs

The search for new anti-absence drugs has been concentrated on drugs that target
the circuitry in which the absence epilepsy characteristic SWDs are elicited, main-
tained, and aborted. For typical absence epilepsy, it is undoubtedly the reciprocally
interconnected cortico-thalamo-cortical network including the RTN (van Luijtelaar
and Sitnikova 2006; Blumenfeld 2005; Liittjohann and van Luijtelaar 2015; Stefan
and Lopes da Silva 2013); for atypical absence epilepsy, it is more likely a hippo-
campal, thalamo-cortical circuit (Onat et al. 2013). GABA and glutamate are the
major neurotransmitter systems within the interconnected cortex and thalamus.
Therefore, it seems logical to investigate the role of these neurotransmitter systems
on the incidence of SWDs. In the mid-1990s, drugs affecting ionotropic glutamate
receptors were in the focus of interest, and as was expected, all subclasses of
antagonists reduced SWDs, while agonists enhanced SWDs in the WAG/Rij
absence model (Peeters et al. 1990; Ramakers et al. 1991; Jakus et al. 2004; van
Luijtelaar and Zobeiri 2014). However, many of the ionotropic receptor antagonist
compounds had toxic effects, and despite their anti-absence and anticonvulsant
action, most of the ionotropic glutamate antagonists were not further developed as
antiepileptic drugs.

Since targeting mGluRs might be less toxic than targeting ionotropic glutamate
receptors, we decided to focus on the role of mGluRs, also considering that drugs
targeting mGluR have been shown to exert pro- or antiepileptic effects in various
seizure and epilepsy models (Alexander and Godwin 2006). More specifically,
orthosteric antagonists of group I mGluRs reduced motor seizures induced by sound
stimulation in DBA mice as well as nonconvulsive (absence) seizures in the lethar-
gic mice (Chapman et al. 1999, 2000) — the latter is a genetic absence model with
ataxia and hypoactivity — while the nonselective orthosteric agonist DHPG targeting
both type 1 and 5 receptors enhanced convulsions elicited by audiogenic stimulation
inDBA mice (Moldrich etal. 2003). The role of orthosteric agonists on nonconvulsive
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epilepsy has not been investigated. Interestingly, besides orthosteric agonists and
antagonists, also selective positive and negative allosteric modulators (PAMs and
NAMs) are currently developed and available. These PAMS and NAMS might be
even more subtle in inducing changes. A second reason was that mGlIuRs are widely
distributed in the cortico-thalamo-cortical networks (Ngomba et al. 2011a), the
brain circuitry in which SWDs originate, are maintained, and end (Cheong et al.
2009; Liittjohann and van Luijtelaar 2015). These networks consist of a large num-
ber of subtypes of mGluRs, and they are selectively present in different parts of the
circuitry, offering possibilities for selective targeting of disease-modified (sub)sys-
tems. Here we focus specifically on the role of group I mGluRs, with their two
subtypes (1 and 5), in the pathogenesis of absence epilepsy and whether drugs
affecting this system might be used for anti-absence therapy. It is known that group
I mGluRs are involved in absence epilepsy because knockdown as well as whole-
animal knockout of PLCp4, a protein involved in the group I signaling pathway,
induced spontaneous SWDs in mice with simultaneous behavioral arrest. In addi-
tion, the susceptibility to drug-induced SWDs was increased in these knockout
mice, indicating that the deletion of thalamic PLC[4 leads to the genesis of absence
seizures (Cheong et al. 2009). Interestingly, PLCB4 colocalizes with mGlul recep-
tors and mediates mGlul receptor signaling in thalamic nuclei (Miyata et al. 2003;
Watanabe et al. 1998). Also, the pharmacological studies of Chapman et al. (1999,
2000; Moldrich et al. 2003) on the lethargic mice absence model suggest a role of
group I receptors in nonconvulsive seizures mediated in thalamo-cortical
networks.

11.4 Neurochemical Studies

As mentioned above, mGluRs are widely distributed in the cortico-thalamo-cortical
networks (Ngomba et al. 2011a). In the thalamus, group I mGluRs are located on
relay neurons in the ventrobasal thalamus postsynaptic to the cortical inputs
(Ferraguti et al. 2008; Romano et al. 1995; Liu et al. 1998). Moderate-to-low mGlu5
receptor mRNA and protein levels are expressed in RTN neurons (Romano et al.
1995; Lourenco Neto et al. 2000), whereas these neurons do not express mGlulR
mRNA (Shigemoto et al. 1992). MGlulRs in the cortex are located postsynaptically
on GABAergic interneurons (Stinehelfer et al. 2000), and mGlu5Rs are expressed
by pyramidal neurons postsynaptic to thalamo-cortical projections (Wijetunge et al.
2008), as well as by interneurons (Romano et al. 1995; Sun et al. 2009). Group I
mGluRs are coupled to G/G,, proteins, and their activation stimulates polyphos-
phoinositide hydrolysis with formation of inositol-1,4,5-trisphosphate and diacylg-
lycerol and also regulates the activity of different types of Ca* and K* channels
(Nicoletti et al. 2011).

Several studies on expression and function were performed in the WAG/Rij
model in order to assess the role of mGluRs in the pathophysiology of nonconvul-
sive epilepsy. In the WAG/Rjj rat absence model, the SWDs start to become present
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in the cortical EEG from 2 to 3 months of age and onward. The analysis of expres-
sion of mGIuRs was carried out by using symptomatic WAG/Rij rats (minimally 6
months of age) and presymptomatic WAG/Rij rats (not more than 2 months of age)
which were compared with age-matched control non-epileptic ACI rats. Various
parts of the cortico-thalamo-cortical network, such as RTN, ventrobasal thalamic
nuclei, somatosensory cortex, and motor cortex, were inspected (Ngomba et al.
2011b; D’ Amore et al. 2013). The functional activity of group I mGluRs was exam-
ined by using an in vivo method that allowed measurements of agonist-stimulated
PI hydrolysis after incorporation of [3H]inositol into the phospholipids of living
rats (Molinaro et al. 2009). mGlul or mGlu5 receptor function was evaluated in the
thalamus and in the somatosensory cortex and compared to age-matched controls.

Both the expression and function of mGlul and mGlu5 receptors were reduced
in the thalamus of symptomatic WAG/Rij rats compared to age-matched non-
epileptic ACI rats. Lower levels of group I subtype protein receptors in the thalamus
of the symptomatic WAG/Rij rats were confirmed by immunohistochemical analy-
sis (Ngomba et al. 2011b). Moreover, these data showed that the reduced expression
of mGlula receptors found in symptomatic WAG/Rij rats was observed in the
dorsal and medial nuclei, but not in the ventroposterolateral thalamus. Furthermore,
no mGlula receptor mRNA was observed in the RTN, and no change in mGlula
receptor signaling was detected in the somatosensory cortex of symptomatic WAG/
Rij rats compared to age-matched control ACI rats. The level of mGlula receptors
in the thalamus and the developmental changes in expression in different thalamic
nuclei were also investigated by Karimzadeh et al. (2016) in presymptomatic and
symptomatic WAG/Rij rats and compared with age-matched non-epileptic wistar
controls. These authors found that the protein level of mGlula receptors in the
thalamus of the symptomatic WAG/Rij rats was lower than in non-epileptic animals.
In addition, the number of mGlula receptors in different thalamic nuclei was lower
in the 6-month-old WAG/Rij compared to age-matched wistar control rats. The gene
expression of mGlula receptor was also significantly lower in 6-month-old WAG/
Rij rats in the lateral dorsal part of the thalamus compared to all other groups. In
contrast, the expression of mGIu5Rs was increased either in the somatosensory or
motor cortex of symptomatic WAG/Rij rats, as assessed by immunohistochemical
and Western blot analysis (D’ Amore et al. 2013). In all, these neurochemical data
demonstrate that absence epilepsy in this genetic model is accompanied by signifi-
cant changes in expression and function of group I mGluR in relevant parts of the
SWD-generating circuit.

11.5 Acute and Subchronic Pharmacological Studies

Considering our aim to evaluate putative new treatments for absence epilepsy, the
effects of selected group I and subgroup 1 PAMs on the occurrence of spontaneous
absence seizures were first investigated (Ngomba et al. 2011b). Adult symptomatic
rats of the WAG/Rjj strain were treated systemically with RO0711401 (3, 10, or 30
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mg/kg, s.c.), a selective PAM at mGlulRs (Vieira et al. 2009). The outcomes
indicated that 3 mg/kg of RO0711401 could only abolish the early stress-related
increase in the incidence of SWDs; 10 mg/kg was required for a substantial reduc-
tion in the incidence of SWDs; and 30 mg/kg could reduce the incidence as well as
the mean duration of trains of SWDs. To further demonstrate a protective role for
mGlulRs against SWDs, the same rats were systemically injected with JNJ 16259685
(2.5 or 5 mg/kg, i.p.), a selective NAM of mGlul receptors. Treatment with
JNJ16259685 increased the incidence of SWDs in a dose-dependent manner
(Ngomba et al. 2011b). In fentanyl-anesthetized WAG/R]j rats, a microinjection of
the selective mGlula receptor agonist DHPG in the lateral dorsal thalamus reduced
the mean duration of SWDs, and the selective antagonist LY367385 increased the
amplitude of the spikes of the SWDs and the mean duration of SWDs in symptom-
atic WAG/Rijj rats. These results were in line with the results obtained in the free-
moving WAG/Rjj rats (Karimzadeh et al. 2016).

Group I (mGluR1 and mGlIuRS5) receptors show a different pattern of distribution
in the C-T-C network, which suggests distinct rather than complementary functions
of these two receptor subtypes. Therefore, our pharmacological investigation was
extended to mGlu5 receptors. The pharmacological enhancement of mGluRS activ-
ity with the PAM VU0360172 at doses of 3 and 10 mg/kg, s.c., known to be cen-
trally active (Rodriguez et al. 2010), caused a robust and dose-dependent reduction
in the incidence and mean duration of SWDs. The acute treatment with MTEP (10
or 30 mg/kg, i.p.), a selective NAM of mGlu5 receptors (Anderson et al. 2002;
Cosford et al. 2003), did not change the incidence and mean duration of the SWDs
(D’ Amore et al. 2013).

From a therapeutic standpoint, it is important to establish whether tolerance is
developed to the action of these putative anti-absence drugs. Effective doses of
VU0360172 (3 mg/kg, s.c.) and RO0711401 (10 mg/kg, s.c.) were administered to
rats twice daily for 10 days, and incidence of SWDs was determined across this
period (D’Amore et al. 2014, 2013). As expected (Ngomba et al. 2011b), both
mGlul and mGlu5 receptor PAMs suppressed the incidence of SWDs in the first 2
days of treatment. The anti-absence effect of the mGluS5 receptor PAM (VU0360172)
persisted largely over the 10-day administration period with only a small sign of
tolerance. In contrast, rats quickly developed complete tolerance to RO0711401
from the third day of treatment. Next, it was wondered whether chronic treatment
with RO0711401 or VUO0360172 would cause desensitization of mGlul and
mGlu5SRs in symptomatic WAG/Rij rats and in non-epileptic age-matched wistar
control rats (D’ Amore et al. 2014). Chronic administration of VU0360172 increased
the expression of mGluS5 receptors in the thalamus and in the cortex of WAG/Rjj rats
without changing the expression of mGlula receptors. Treatment with RO0711401
enhanced the expression of both mGlula and mGlu5 receptors in the thalamus and
cortex of WAG/Rjj rats. Opposite data were obtained in non-epileptic wistar rats,
in which repeated injections of the two PAMs downregulated the expression of
mGlula and mGlu5Rs. RO0711401 changed the expression of both the mGlula
and the mGlu5Rs in WAG/Rij and wistar rats, whereas VU0360172 selectively
changed the expression of mGlu5Rs only (D’ Amore et al. 2014). These pharmacody-
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namic and accompanying pharmacokinetic studies could not explain the large
differences between VU0360172 and RO0711401 in terms of tolerance to the
SWD-suppressing effects.

All these outcomes contribute to highlight the key role of group I mGluRs in the
pathophysiology of absence seizures, at least in the spontaneous absence seizure
model rats of the WAG/Rij strain. Moreover, they suggest that chronic administra-
tion of group I PAMS may change the expression of mGlula and mGlu5Rs in the
cortex and thalamus, that these changes might be different for the two different
PAMS, and that the genetic context (WAG/Rjj vs lethargic mice) may also be cru-
cial for the changes in receptor function after repeated administration.

11.6 Local Injection Studies

The next step was a C-T-C circuit demarcation strategy adopted by independent
intracortex or intra-thalamus (ventral basal complex) microinfusions to investigate
site-specific effects on the regulation of SWDs. WAG/RIj rats received bilateral
microinfusion of RO0711401 or VU030172. The two drugs were equally effective
in reducing the incidence of SWDs when injected into the cortex. Both drugs were
also effective in reducing SWD incidence when they were infused in the thalamus,
although the mGlu5 PAM VU036012 displayed somewhat greater thalamic efficacy
than the mGlul PAM RO0711401 (D’ Amore et al. 2015).

Dysfunction of glutamatergic or GABAergic neurotransmission is supposed to
be a cause of the initiation and spread of seizures. Moreover, glutamate and GABA
interact at many locations within the C-T-C network. Therefore, the effects of
tiagabine — a GABA reuptake inhibitor at the neuronal or glial GAT-1 transporter —
locally administered to the cortex and thalamus was investigated. Cortical adminis-
tration of tiagabine resulted in a dose-dependent decrease in the incidence of SWDs,
an effect similar to the effects of the group I PAMs. In contrast, intra-thalamic injec-
tions of tiagabine showed a dose-dependent increase in the incidence of SWDs, an
effect opposite to that obtained with the PAMs.

Next, the interaction between GABA and glutamate was investigated. More pre-
cisely, it was established whether and in which direction an increased availability of
(extra)synaptic GABA influences responses to VU0360172 in the thalamus and cor-
tex. Combined microinjections of VU0360172 and tiagabine were carried out.
Co-administration of VU0360172 and tiagabine reduced the incidence of SWDs
when injected in the cortex, an effect similar to the effects of both compounds alone.
Moreover, an indication was obtained for subadditive effects of the two drugs. In
contrast, completely opposite effects were observed after co-administration to the
thalamus: a decrease followed by an increase in the incidence of SWDs was seen,
suggesting that the effects of VU0360172 were completely blocked in the presence
of increased GABA (D’ Amore et al. 2015).

In all the above mentioned pharmacological experiments with PAMs and NAMs,
the behavior of the rats was quantified with the aid of a calibrated infrared movement
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detector; it allowed the quantification of the amount of activity during the EEG
recording session. In none of the experiments described above did VU0360172
affect the behavior of the rats.

It can be concluded that these pharmacological studies demonstrate dose-
dependent SWD decreasing effects of both PAMs, minimal tolerance in a twice
daily 10-day administration protocol of VU0360172, and the quick development of
tolerance to RO0711401. Local injections of both PAMs demonstrated that the com-
pounds are effective in reducing SWDs in the cortex and thalamus. Effects on
behavior were not noticed. In all, VU0360172 has a good preclinical profile as an
anti-absence drug in the WAG/Rij absence model.

11.7 Comparison Between Ethosuximide and VU0360172

The preclinical profile of VU0360172 as an anti-absence drug, as described here,
seems promising, but this specific PAM has not been tested yet in other assays and
models. Etx has a 60-year-long tradition, and much is known regarding its clinical
efficacy and adverse effects. Etx has the best clinical profile among available anti-
absence drugs, and new anti-absence drugs have to be compared with it. Recent
reviews also point toward the limitations of Etx. These limitations clearly demon-
strate the need for other treatment options. Many earlier in vivo and in vitro neuro-
physiologic studies on healthy animals, such as rats, cats, and ferrets, with
pharmacologically induced seizures (e.g. Coulter et al. 1989, Huguenard and
Prince 1994; Deschénes et al. 1984; von Krosigk et al 1993; Porcello et al. 2003)
have found that Etx acts in the thalamus and by blocking Ca** channels, both in the
relay nuclei and in the RTN. The comparative cortex-thalamus local injection stud-
ies of Manning et al. (2004) in the GAERS model and the outcomes of the neuro-
physiologic studies of the Pinault and Crunelli groups (Leresche et al. 1998;
Crunelli and Leresche 2002b; Pinault et al. 1998) have yielded a somewhat differ-
ent focus, regarding the location where Etx exerts its anti-absence effect, the
assumed role of thalamic bursting neurons during SWDs, and the mechanisms of
action. Relevant in this context is that these authors did most of their experiments
in vivo in the well-characterized GAERS model and not on slices from healthy
animals. Etx exerts its action predominantly in the cortical focal area in the somato-
sensory cortex, not in other cortical regions in the GAERS model. The action of
Etx was also demonstrated in the thalamic ventral basal complex and RTN
(Manning et al. 2004; Richards et al. 2003), although its efficacy in the thalamus
was clearly less (Fig. 11.1).

The comparison of the local (cortical and thalamic) effects of both drugs is pre-
sented in Fig. 11.1. Both Etx and VU0360172 show a good SWD-suppressing effect
in the cortex; however, the SWD-suppressing effects of VU0360172 in the thalamus
seem to be more pronounced than those of Etx, although it is risky to compare
results of different studies.



11 Is There a Future for mGlu5-Positive Allosteric Modulators in Absence Epilepsy?... 217

154

—
o
[
|
1

[4,]
1

Incidence of SWDs

Fig. 11.1 Representative figure: Incidence of SWDs 30 min after bilateral microinfusion of artifi-
cial cerebrospinal fluid (ACSF), Ethosuximide (ETX), or VU3601726 in the thalamus and cortex
(After Manning et al. 2004; D’ Amore et al. 2015)

Our results show that VU0360172 acts well in two target areas, while this seems
less to be the case for Etx. VU0360172 and RO0711401 were equally effective in
the somatosensory cortex and ventral basal part of the thalamus. This strongly sug-
gests that both PAMs may target both locations equally and effectively and that this
may contribute to successful seizure suppression of both group I PAMs.

11.8 Discussion

There is plenty of evidence that group I mGluR PAMs aggravate glutamatergic neu-
rotransmission: binding of these PAMs increases the affinity of glutamate-site ago-
nists at its extracellular N-terminal binding site, group I PAMs potentiate synaptically
evoked mGlul receptor responses in rat brain slices (Knoflach et al. 2001), and
mGlulR stimulation enhances excitability in layer V cortical neurons without any
effect on GABAergic neurotransmission (Bandrowski et al. 2003). Therefore, at
first glance, the SWD-reducing effects of the PAMs VU0360172 and RO0711401
seem puzzling considering that the glutamatergic ionotropic receptor agonists
aggravate SWDs in the genetic rodent models (Peeters et al. 1990; Ramakers et al.
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1991; Jakus et al. 2004; van Luijtelaar and Zobeiri 2014). However, the outcomes of
our local injection study might give two clues why this PAM reduces SWDs. The
first regard the outcomes of cortical injections of the PAM alone, tiagabine alone,
and the combination of both drugs. The PAM VU0360172 had, when injected in the
focal area, the same action as tiagabine, a drug known to block GABAergic reup-
take. The combined administration showed subadditive effects, suggesting that both
drugs targeted the same mechanism. We proposed that VU0360172 and RO0711401,
its receptors being present postsynaptically on GABAergic interneurons, stimulate
the activity of GABAergic interneurons, facilitating the release of GABA and
diminishing SWDs. This would fit nicely with the view that SWDs in the rodent
models are due to enhanced local cortical excitation and reduced local inhibition
(van Luijtelaar and Sitnikova 2006; Liittjohann et al. 2011). Whether this mecha-
nism of VU0360172 is only valid for the cortex of genetic epileptic rats, with their
epilepsy-related changes in cortical mGlu5 receptor expression and function, as
mentioned in the section on biochemistry, needs to be established. The second clue
comes from the thalamic injection studies. Group I PAMs infused in the thalamus
suppress SWDs. Here it is thought that they reduce the assumed increased tonic
inhibition (Cope et al. 2009), a second reason for SWDs to occur in the genetic rat
models. Also, our data on local infusion of tiagabine, showing a dose-dependent
increase in SWDs, are in full agreement with the tonic inhibition hypothesis of
Cope and colaborators.

From a drug development perspective, it is important to mention that none of the
local injection studies were effects on the motor system of the rats observed,
suggesting that the motor system does not seem to be largely affected by group I
PAMs. This is in clear contrast to the large effects of some of the ionotropic gluta-
matergic agonists, such as MK801. The lack of behavioral effects in our EEG study
suggests that the anti-absence effects of the PAMs are not secondary to changes in
behavior or sleep—wake behavior, as far as this could be inferred from our quantita-
tive behavioral measurements. Interestingly, VU0360172 did not affect spontane-
ous locomotor activity in an open field, but it did dose-dependently reduce
hyperlocomotion induced by amphetamine (Rodriguez et al. 2010). Tolerance
toward the anti-absence action of a twice daily 10-day drug administration regimen
was minimal with VU0360172 in contrast to RO0711401. With the latter drug, tol-
erance was absent in the first 2 days, but on the third day (after five injections), it
was complete. Neurotoxic studies with higher doses of VU0360172, such as the
measurement of a motor coordination in a rotor-rod task, measures on sedation, and
analgesia of higher doses of the drug, are indicated. To establish whether the com-
pound affects cognition is challenging. Fortunately, group I PAMs have already
been proposed for the treatment of psychosis and cognitive disturbances in schizo-
phrenic patients, since they enhance certain forms of neural plasticity via LTD and
LTD, learning, and memory processes (Rush et al. 2002). The latter properties were
ascribed to the ability of PAMs to indirectly potentiate the function of NMDA
receptors; our cortical injection studies suggest that the action of group I PAMs
might, in addition to this well-known effect, facilitate cortical GABAergic trans-
mission. The drug deserves and needs to be investigated for its putative antiepileptic
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action in other models of seizure and epilepsy. This is also indicated considering the
interaction between VU0360172 and tiagabine, as found in the thalamus. The bal-
ance between glutamate and GABA is disturbed in many types of epilepsy, includ-
ing mesial temporal lobe epilepsy. Also in these models, group I PAMs may increase
the diminished GABAergic inhibition. In vivo imaging of mGluRS5 via microPET/
CT revealed regional changes of mGluR5-binding potential of the rat brain in a
pilocarpine-induced epilepsy model. The temporal and spatial changes in mGIuR5
availability suggest an abnormal glutamatergic network during epileptogenesis
(Choi et al. 2014).

Antiepileptic drugs are often given in combination, considering that monother-
apy might often be insufficient for full seizure control. However, many antiepileptic
drugs are enzyme inducing and lower the efficacy of other medications. Etx showed
an infra-additive effect with VPA (van Rijn et al. 2004); drug combination studies
with group I PAMs are necessary. A first drug interaction study on VU0360172 with
chronically administered Etx showed that it kept its anti-absence action but without
time and dose dependency (D’ Amore et al. 2016). The data also suggested that the
PAM can be used as an adjunct therapy in patients with absence epilepsy, as well as
being used in monotherapy. Whether our group I PAM has disease-modifying prop-
erties that stop epileptogenesis is also important. Beneficial effects on cell prolifera-
tion by a mGluR1la agonist after episodes of early-life status epilepticus were
recently described (Friedman et al. 2016). It might be relevant to investigate the
disease-modifying properties of group I PAMs in other models as well.

It needs to be added that the results obtained on the direction of the effects of
group I PAMs and NAMs on absence epilepsy as described here (PAMs reduce,
NAMs enhance, or have no effect) are opposite to what has been described in
another genetic model: the lethargic mice. A discussion on the validity of the
GAERS and WAG/Rij models vs the lethargic mouse model is out of the scope of
this paper; it is well known that the latter has a complex phenotype (besides
absences seizures, it presents with chronic ataxia, hypoactivity, and transient
attacks of severe dyskinetic motor behavior) next to a large GAD(67) expression in
thalamic cells and disturbances in the GABAg receptor system accompanied by an
involvement of T-type voltage-gated Ca** channels. It is obvious, though, that dif-
ferences in the direction of the effects of the mGlu modulators in the two genetic
absence models could be due to the genotype and to different causes of the absence
seizures. Another possibility is that the PAMs and NAMs act differently in the two
species because of changes in group I receptor expression and function in absence
epilepsy-relevant parts of the brain. In order to solve the issue regarding the oppo-
site direction of the effects in the two models, the same compounds should be
investigated in the two models.

Although the used PAM is considered selective for mGluSR, VU0360172 does
not interact in a fully competitive manner with the prototypic allosteric binding site,
in contrast to some other recently synthetized mGlu5 PAMs (Rook et al. 2015).
Whether this property contributes to its anti-absence action in vivo remains to be
established. If so, this would offer unique chances for discovering new mechanisms
of absence seizures.
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Chapter 12

Regulation of Hippocampal mGluR-Dependent
Long-Term Depression by GluA2-Dependent
Cofilin-Mediated Actin Remodeling

Zhengping Jia and Graham Collingridge

Abstract The AMPA glutamate receptors (AMPARs) are the principal mediators
of the fast excitatory synaptic transmission, and they are important for various forms
of synaptic plasticity. The GluA2 subunit of AMPARSs is particularly interesting
because it controls a number of key properties of AMPARSs, including Ca** perme-
ability and receptor trafficking. In this chapter, we will discuss the critical involve-
ment of GluA2 in mGluR-dependent long-term depression (mGluR-LTD) at the
hippocampal CAl synapse. We will summarize the data showing that GluA2 is
essential for the expression of mGIluR-LTD, but interestingly, the contribution of
GluA2 in this form of LTD requires GluA2 N-terminal domain and its interaction
with N-cadherin. In addition, we will evaluate the role of cofilin and its upstream
regulator LIMK1 in mGluR-LTD and associated spine plasticity. Finally we will
discuss interactions between GluA2 and LIMK1/cofilin and propose a molecular
model to coordinate structural and functional plasticity through GluA2-dependent,
cofilin-mediated actin remodeling.
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12.1 Introduction

Synaptic transmission and plasticity at glutamatergic synapses are fundamentally
important for both brain development and function, and deficits at these synapses
are responsible for a wide range of neurodevelopmental and neuropsychiatric disor-
ders such as autism, schizophrenia, intellectual disability, and Alzheimer’s diseases.
Long-lasting synaptic plasticity, a key mechanism for neural network remodeling
and memory formation, involves changes in both synaptic morphology and electri-
cal transmission (often referred to as morphological and functional plasticity,
respectively). Although enormous progress has been made in understanding the
molecular mechanisms underlying these two forms of plasticity individually,
whether and how these forms of plastic changes are coupled to achieve persistent
and input-specific modifications of the synapse, which are thought to be essential
for precise information processing and various aspects of brain function, remains a
major unresolved question. In this respect, we have been identifying and character-
izing synaptic proteins that are required for both morphological and functional
regulation at the synapse. These include AMPA glutamate receptors (AMPARSs) and
signaling molecules involving the Rho family GTPases. AMPARs are the primary
mediators of fast excitatory synaptic transmission, whereas the Rho GTPases are
the central mediators of the actin cytoskeleton, the predominant morphological
determinant of the excitatory synapse. Specifically, we have studied a number of
protein-protein interactions mediated by the GluA2 subunit of the AMPARs and
shown that they potently regulate cofilin and the Arp2/Arp3 complex, both of which
are common targets of the Rho GTPases and key players in actin regulation. It is our
hypothesis that these interactions, by virtue of their ability to directly mediate both
actin-based remodeling and synaptic transmission, may serve as a mechanism by
which the morphological and functional plasticity is coupled during synaptic plas-
ticity. In this chapter, we will discuss the role of GluA2-dependent cofilin in metabo-
tropic glutamate receptor (mGluR)-dependent long-term depression (LTD) in the
hippocampus.

12.2 AMPA Glutamate Receptors Mediate Synaptic
Plasticity

In the mammalian CNS, glutamate is the major excitatory neurotransmitter. It is
released from the presynaptic terminal and triggers transmission by activating vari-
ous glutamate receptors at the postsynaptic neurons. Two types of glutamate recep-
tors have been identified: ionotropic receptors that include NMDA receptors
(NMDARs) and AMPARSs and metabotropic glutamate receptors (mGluRs) that are
directly coupled to G-protein signaling (Hollmann and Heinemann 1994;
Collingridge et al. 2009). Under most physiological conditions, the vast majority of
fast excitatory synaptic transmission is mediated by AMPARs. NMDARs are also
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important for synaptic transmission, but their involvement is subject to regulation
by a strong, voltage-dependent extracellular Mg?* blockade. mGluRs may also con-
tribute to synaptic transmission, by either mediating a slow excitatory response or
modulating the release of neurotransmitters. However, appropriate patterns of neu-
ronal activities, such as those occurring during learning experience, can readily acti-
vate both mGluRs and NMDARs, which can lead to various forms of synaptic
plasticity, including long-term potentiation (LTP) and depression (LTD), the most
extensively studied forms of long-lasting synaptic plasticity widely regarded as cel-
lular models for learning and memory (Malenka and Bear 2004). The mGluR-LTD,
the main plasticity model to be discussed in this chapter, is of particular importance
not only because of its critical role in the normal physiological and cognitive pro-
cesses but also because of its causative association with a number of neurodevelop-
mental and mental disorders, including intellectual disability, autism, and
schizophrenia (Liischer and Huber 2010; Collingridge et al. 2010). For example, in
mouse models of the Fragile X syndrome, mGIuR-LTD is selectively altered, and
importantly, manipulations of mGIuR signaling rescue the cognitive deficits associ-
ated with the disorder (D6len and Bear 2008; Waung and Huber 2009). The mecha-
nisms underlying synaptic plasticity are complex, but it has been accepted that both
mGluRs and NMDARs induce plasticity by elevating intracellular Ca** and/or inter-
acting with other proteins to trigger various signal transduction pathways, including
protein phosphorylation and dephosphorylation, which ultimately modify the num-
ber and/or biophysical properties of AMPARs, resulting in changes in synaptic
strength (i.e., AMPAR-mediated synaptic transmission referred to as functional
plasticity here) (Malinow and Malenka 2003; Bredt and Nicoll 2003; Collingridge
et al. 2004, 2010; Malenka and Bear 2004; Shepherd and Huganir 2007; Liischer
and Huber 2010). Therefore, it becomes clear that AMPARs are a major locus of
modifications underlying functional plasticity.

12.3 Rho Signaling Pathways Mediate Spine Plasticity

On the morphological side, most research has been focused on small neuronal pro-
trusions called dendritic spines, highly specialized postsynaptic structures where
most excitatory synapses are formed (Bourne and Harris 2008). Spine properties
(e.g., spine size, morphology, and their plastic changes) are closely associated with
synaptic properties and cognition (Lamprecht and LeDoux 2004; Carlisle and
Kennedy 2005; Alvarez and Sabatini 2007). For instance, spine head size is posi-
tively correlated with the abundance of AMPARs, synaptic strength, and learning
and memory, and spine deficits are associated with numerous neurological and men-
tal disorders (Engert and Bonhoeffer 1999; Zhou et al. 2004; Lamprecht and
LeDoux 2004; Alvarez and Sabatini 2007; Bourne and Harris 2008). Therefore,
regulated changes in spine properties such as spine morphology and density are
considered to be an integral component of overall synaptic and behavioral plasticity
and thought to be molecularly coupled with the functional plasticity in order to
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achieve persistent and synapse-/spine-specific modifications. The mechanisms
underlying this coupling remain largely unexplored. However, it is known that spine
properties and their plasticity are mainly controlled by the actin cytoskeleton, the
predominant structural component of the spine, and indeed, perturbations of this
cytoskeleton profoundly affect not only spine properties (including spine formation,
morphogenesis, and plasticity) but also overall synaptic transmission and plasticity
(Luo 2002; Cingolani and Goda 2008). Therefore, understanding the molecular pro-
cesses that regulate spine actin is of critical importance, not only for spine regula-
tion but also for exploring the molecular mechanisms coordinating spine and
functional plasticity. Although many molecules (e.g., various actin-binding pro-
teins) are involved in the regulation of spine actin, the Rho family small GTPases
are considered to be the master regulators. The Rho GTPases (including RhoA,
Racl, and Cdc42) are small GTP-binding proteins that act as molecular switches
that are activated, either directly or indirectly, via GTP exchange factors (GEF) and
GTP-activating proteins (GAP), by various synaptic proteins including glutamate
receptors, to relay synaptic signals to actin. Indeed, perturbations of these GTPases
have been shown to affect both spines and synaptic function (Govek et al. 2005).
The importance of Rho proteins in human cognition is clearly demonstrated by
genetic studies showing that mutations in many genes of Rho signaling proteins are
linked to mental disorders, including intellectual disability and autism (Van. Galen
and Ramakers 2005; Gilman et al. 2011). Exactly how the Rho GTPases achieve
their spine regulation is not completely clear, but recent studies, including our own,
indicate that at least a number of downstream interacting pathways are involved.
These include protein kinases such as p21-activated kinase 1 and 3 (PAKI and 3)
and Rho-kinase 2 (ROCK?2) that are directly activated by the Rho GTPases (Meng
et al. 2005; Zhou et al. 2009; Asrar et al. 2009a; Huang et al. 2011). Here, we will
focus our discussion on the role of LIMK1/cofilin, a downstream, converging point
of several Rho-dependent signaling processes (Bamburg 1999; Bernard 2007,
DesMarais et al. 2005; Jia et al. 2009). Although both cofilin and its upstream regu-
lators are also present in the presynaptic terminal and accumulating evidence sup-
ports their role in regulating neurotransmitter release (Bamburg 1999; Meng et al.
2002; Huang et al. 2011; Wolf et al. 2014; Zimmermann et al. 2014; Rust 2015), we
will specifically discuss their postsynaptic roles.

12.4 Cofilin Regulates Spine Actin and Basal Spine
Morphology

Cofilin is a family of actin-binding proteins whose function is well conserved in vari-
ous cell types and species (Bamburg 1999). An important aspect of cofilin function is
its ability to regulate both actin polymerization and depolymerization; therefore it
alone may be sufficient to induce actin remodeling (Bamburg 1999; DesMarais et al.
2005; Andrianantoandro and Pollard 2006; Van Troys et al. 2008). At low
concentrations, cofilin binds to and causes disassembly of actin filaments (F-actin)
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by promoting (1) the dissociation of monomeric actin (G-actin) from the pointed end
of the filament and (2) the severing of the filaments. At high concentrations however,
cofilin is able to initiate nucleation and promote actin assembly. In addition to being
differentially regulated by the protein level, the activity of cofilin is subject to regula-
tion by various post-translational mechanisms, among which protein phosphoryla-
tion is the most extensively studied (Bamburg 1999). The key phosphorylation site on
cofilin is serine 3, and importantly its phosphorylation renders cofilin completely
inactive to bind to, thus unable to regulate actin. Thus, phosphorylation/dephosphor-
ylation at serine 3 is a key determinant and reliable indicator of cofilin activity when
the amount of the protein is constant or limiting. This confers cofilin with the ability
of being rapidly deactivated and reactivated within specific subcellular compartments
(e.g., synapse) without protein synthesis. In vitro studies indicate that the main
kinases and phosphatases that directly phosphorylate and dephosphorylate cofilin at
serine 3 are, respectively, LIM-domain kinases (LIMK, Yang et al. 1998; Arber et al.
1998) and slingshot (SSH, Niwa et al. 2002), although other kinases (e.g., TEST1/2)
and phosphatases (e.g., PP1 and PP2) are also effective (Van Troys et al. 2008).

One of the earliest indications that cofilin is involved in the regulation of spine
actin, spine morphology, synaptic function, and behavioral responses came from stud-
ies using knockout (KO) mice lacking LIMK1 (Meng et al. 2002, 2004). It was shown
that in these mice, the level of phosphorylated forms, but not total protein level of
cofilin, is significantly reduced, confirming that LIMK1 is indeed a key player respon-
sible for cofilin phosphorylation in vivo. In accordance with enhanced cofilin activity,
the amount of F-actin in the spine head is significantly reduced in LIMK1 KO mice
indicating a critical role of cofilin phosphorylation in the assembly and/or stabiliza-
tion of spine F-actin. Interestingly LIMK1 KO neurons also exhibit abnormal accu-
mulation of both cofilin and F-actin in the dendrites and growth cones, as observed in
certain physiological and pathological conditions (Bernstein and Bamburg 2010),
suggesting that cofilin may play differential roles in different subcellular compart-
ments within the neurons. Consistent with the changes in F-actin, LIMK1 KO neu-
rons have altered spine morphology with a smaller spine head and thicker neck,
characteristics of immature or pathological spines (Bourne and Harris 2008). The size
of the postsynaptic density is also reduced in the KO neurons. The spine density how-
ever remains unaltered. Taken together, these results suggest that, under basal condi-
tions, regulation of cofilin phosphorylation by LIMK1, although not important for
initial spine formation, is critical for the maturation and/maintenance of the spines.

12.5 Cofilin Regulates Both Spine Plasticity
and mGluR-LTD

Our early work on LIMK1 KO mice also suggests that cofilin is involved in spine
plasticity and this process is regulated by LIMKI1-mediated phosphorylation. In
wild-type neurons, treatment of hippocampal slices by glutamate or NMDA induces
rapid and robust changes (within min) in the level of phosphorylated cofilin, but not
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total amount of cofilin (Meng et al. 2002). Interestingly, these changes are
bidirectional; glutamate induces a decrease, whereas NMDA induces an increase in
the amount of phosphorylated cofilin, and importantly both changes are abolished
in LIMK1 KO mice (Meng et al. 2002). These results suggest that LIMK-mediated
cofilin activation/deactivation is involved in spine plasticity. Subsequent studies by
our and other groups demonstrate that cofilin phosphorylation/dephosphorylation is
regulated by synaptic activity and is indeed required for spine plasticity (Zhou et al.
2004; Chen et al. 2007; Fedulov et al. 2007; Asrar et al. 2009a; b; Zhou et al. 2009,
2011; Gu et al. 2010; Huang et al. 2011; Bosch et al. 2014).

The direct evidence that supports the role of cofilin in spine plasticity during
mGIuR-LTD comes from our recent studies on hippocampal slices and cultured
neurons (Zhou et al. 2011). In these preparations, treatment by DHPG, a group I
mGIuR agonist commonly used to induce mGluR-LTD (Palmer et al. 1997), causes
a rapid redistribution of cofilin to the dendritic spine that is accompanied by a
decrease in phosphorylated cofilin (i.e., activation). Again total cofilin is not altered
by this treatment. Parallel to the activation and spine accumulation of cofilin, DHPG
treatment induces elongation followed by elimination of the spines as observed in
previous studies (Vanderklish and Edelman 2002), and these spine changes require
cofilin because a cofilin peptide, called pS3, which prevents cofilin from being
dephosphorylated by SSH (Aizawa et al. 2001; Eibert et al. 2004; Huang et al.
2011), abolishes these changes. It is interesting to note that DHPG-induced cofilin
activation and redistribution to the spine is transient and returns to the base level
within 5—10 min after the treatment (Zhou et al. 2011). Importantly, these dynamic
changes of cofilin are also observed during spine enlargement and LTP (Gu et al.
2010; Bosch et al. 2014), suggesting that cofilin may play a general role in spine
changes during synaptic remodeling. It is possible that during the initial period
(within seconds to minutes) of synaptic remodeling, following both LTP and LTD
inductions, increased cofilin activity is necessary to depolymerize and/or severe
F-actin to generate a sufficient pool of monomeric actin before any subsequent actin
reorganization is possible (given that most actin in the spine is in its filamentous
form) (Okamoto et al. 2004; Matsuzaki et al. 2004). It would be interesting to inves-
tigate the precise temporal and spatial properties of cofilin activation/deactivation in
association with actin remodeling in the spine by using coffin and actin FRET.

Early studies suggest that actin reorganization is involved in mGluR-LTD. Thus,
application of F-actin perturbation agents has been shown to block mGluRLTD, but
not NMDAR-LTD (Xiao et al. 2001; Zhou et al. 2004; Morishita et al. 2005; Moult
et al. 2006). Our recent studies indicate that cofilin-mediated actin reorganization is
particularly important for this process (Zhou et al. 2011; Huang et al. 2011). In both
hippocampal slices and cultured neurons, while neither actin depolymerization nor
polymerization inhibitor (i.e., phalloidin or latrunculin A) affects basal synaptic
responses or NMDAR-LTD, they each individually blocks mGluR-LTD, indicating
that both actin polymerization and depolymerization are necessary for mGluR-
LTD. These results are consistent with those obtained by using two separate cofilin
inhibitory peptides that respectively prevent cofilin from binding to F-actin
(Q peptide) and block its activation through dephosphorylation (pS3 peptide).
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Both peptides block mGIluR-LTD without affecting basal responses (Zhou et al.
2011). Given the role of cofilin in both actin polymerization and depolymerization,
it is reasonable to conclude that cofilin is actually mediating the actin reorganization
required for mGluR-LTD.

In summary, cofilin is required for both mGluR-LTD and associated spine plas-
ticity (Fig. 12.1a, b).

12.6 GluA2 Is Necessary for mGluR-LTD and Associated
Spine Plasticity

AMPARSs are hetero-tetrameric complexes assembled from GluAl-4 (formerly
called GIluR1-4) subunits (Hollmann and Heinemann 1994; Collingridge et al.
2009; Lu et al. 2009). The GluA2 subunit is particularly important because it dic-
tates some of the key properties of AMPARs, including Ca** permeability, channel
conductance, and receptor trafficking (Jia et al. 1996; Meng et al. 2003; Isaac et al.
2007; Asrar et al. 2009b). Although GluA2 has been extensively investigated and
shown to be critical for NMDAR-LTD (Isaac et al. 2007; Collingridge et al. 2010),
its role in mGluR-LTD remains unresolved until recently where we show that it is
also important for this form of LTD (Zhou et al. 2011). In these studies we show that
in wild-type mice, either bath application of DHPG or paired-pulse low-frequency
stimulation (PP-LFS, in the presence of an NMDA receptor antagonist) induces
persistent synaptic depression. This form of LTD is blocked by the group I mGluR
antagonist MPEP and protein synthesis inhibitors, consistent with previous studies
(Palmer et al. 1997; Kemp and Bashir 1999; Huber et al. 2000, 2001; Fitzjohn et al.
2001). In GluA2 KO slices however, this form of plasticity, induced by either DHPG
or PP-LFS, is completely absent. The lack of mGIuR-LTD in GluA2 KO mice is not
likely due to a developmental or chronic effect of the genetic deletion because re-
expression of the full-length GluA2, by local viral injections specifically into the
adult hippocampus, fully rescues the LTD. In cultured hippocampal neurons, simi-
lar results are obtained; DHPG treatment causes a persistent decrease in the fre-
quency, but not amplitude, of spontaneous and miniature excitatory currents
(sEPSCs and mEPSCs), but these changes are absent in GluA2 KO-cultured neu-
rons. Importantly, our data show that the DHPG-induced LTD in cultured neurons
share the same mechanisms as in hippocampal slices (Kemp and Bashir 1999;
Huber et al. 2000, 2001; Gallagher et al. 2004; Mao et al. 2005) being dependent on
protein synthesis, ERK signaling, actin dynamics, and cofilin. These results demon-
strate that both in vitro and in vivo, GluA2 is indispensable for mGIluR-LTD.

Aside from being required for mGIuR-LTD, GluA2 is also involved in spine
changes associated with this form of plasticity. In GluA2 KO neurons, DHPG-
induced spine elongation and elimination that occur in wild-type neurons are not
observed. Therefore GluA?2 is required for both morphological and functional plas-
ticity induced by activation of mGluRs (Fig. 12.1c, d).
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Fig. 12.1 GluA2 regulates mGIluR-LTD through cofilin-dependent actin reorganization. (a) DHPG-
induced LTD is blocked by cofilin inhibitory peptide M, but not by control peptide Q. (b) DHPG-
induced spine plasticity is blocked by the peptide M. (¢) DHPG-induced LTD is absent in GluA2
KO mice, but normal in GluA3 KO and wild-type mice. (d) DHPG-induced spine plasticity is absent
in GluA2 KO mice. (e) A hypothetic model. Under basal conditions, GluA2-containing AMPARs
form a stable complex with N-cadherin/B-catenin and GRIP/PICK1 linked to less dynamic actin
cytoskeleton to maintain spine morphology and synaptic transmission. During mGluR-LTD, stimu-
lation of mGluRs leads to at least two parallel pathways: protein tyrosine phosphatase STEP and
p38MAPK. Dephosphorylation of p-catenin and GluA2 by STEP results in disruption of the
GluA2/N-cadherin/p-catenin/GRIP/PICK1 complex and release of both AMPARs and p-catenin.
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12.7 GluA2 Regulation of mGluR-LTD and Spines
Is Mediated by Cofilin

Although above discussion indicates that both GluA2 and cofilin-mediated actin
reorganization are critical for mGIluR-LTD and associated spine morphological
changes, an important question remains as to whether these two processes are
related or independent. The following results however suggest that the role of
GluA2 in both mGIluR-LTD and spine plasticity is mediated by cofilin. First,
mGluR-induced activation of cofilin and its upstream regulator Racl requires
GluA2. Thus, while DHPG treatment induces rapid activation of both cofilin and
Racl (i.e., decrease in phosphorylated cofilin and increase in GTP-bound Racl),
these changes are not observed in GluA2KO slices or cultured neurons. In fact,
DHPG treatment results in significant inhibition of both cofilin and Racl (i.e.,
increase in phosphorylated cofilin and decrease in GTP-bound Racl) in the KO
samples (Zhou et al. 2011). It is important to note that certain other signaling pro-
cesses activated by mGluR including ERK and RhoA are not affected by GluA2
deletion, suggesting that Rac1 signaling targeting cofilin is specifically regulated by
GluA2. Second, mGluR-induced spine accumulation of cofilin and actin requires
GluA2. Thus, the increase in the amount of cofilin and decrease in F-actin in the
spine induced by DHPG treatment in wild-type cultured neurons are absent in
GluA2 KO samples (Zhou et al. 2011). Third, spine plasticity associated with
mGIuR-LTD is also dependent on the presence of GluA2; as mentioned earlier,
DHPG-induced spine elongation and elimination that are found in wild-type neu-
rons are not observed in GluA2 KO neurons (Zhou et al. 2011). Finally, the func-
tional rescue experiments confirm that the requirement of GluA2 in mGIuR-LTD is
mediated by cofilin (Zhou et al. 2011). This conclusion is based on: (1) inclusion of
LIMK antibodies or cofilin peptide S3 in the recording electrode aimed to promote
cofilin activation, while having no effect on basal synaptic responses, fully restores
DHPG-induced LTD in GluA2 KO mice; (2) double KO mice lacking both LIMK1
and GluA2, which have elevated cofilin activity, show normal DHPG-induced
LTD. Taken together, it can be concluded that the role of GluA2 in mGIuR-LTD and
associated spine plasticity is mediated by cofilin.

<
<

Fig. 12.1 (continued) The released AMPARSs are free for lateral diffusion and/or internalization,
resulting in synaptic depression. The released p-catenin causes activation of Racl that ultimately
targets LIMK1/cofilin to promote actin reorganization, leading to spine structural changes. In addi-
tion to promoting spine structural changes, cofilin-mediated actin can also regulate AMPAR diffu-
sion and internalization. The STEP pathway may be subject to regulation by ERK-dependent protein
synthesis. The p38MAKP pathway stimulates MK2/MK3, which in turn activates Racl and LIMK1
to target cofilin. Therefore, the GluA2/N-cadherin/p-catenin/GRIP/PICK1 interaction may act as a
brake mechanism to keep both spine structure and synaptic physiology stable, and disruption of this
interaction would allow both types of plasticity to occur
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12.8 GluA2 Regulates Cofilin Through Its N-terminal
Interaction with N-cadherin and Subsequent Activation
of Racl

The next question is then how GIluA2 regulates cofilin. Although GluA2 can interact
with a number of proteins via its C-terminal domain, including PICK1, which is
shown to be involved in spine morphology, actin regulation, and NMDAR-LTD
(Isaac et al. 2007; Rocca et al. 2008, 2013; Nakamura et al. 2011), our data suggest
that GluA2 N-terminal interaction with N-cadherin is particularly important in acti-
vating cofilin during mGluR-LTD. First, the N-terminal domain, specifically the
binding motif for N-cadherin (Passafaro et al. 2003; Saglietti et al. 2007) of GIuA2,
is required for mGluR-LTD; thus viral expression of GluA?2 lacking this motif fails
to rescue the mGIuR-LTD deficit in GluA2 KO mice (Zhou et al. 2011). Second,
activation of mGluR induces functional changes of N-cadherin, as judged by
N-cadherin interaction with its intracellular partner B-catenin and the level of tyro-
sine phosphorylation of fB-catenin, and this process requires GluA2 (Zhou et al.
2011). Third, the disruption of the N-cadherin function by a short peptide
(INPISGQ), which is mimetic of the extracellular ectodomain 1 of N-cadherin
shown to have a highly specific and potent disruptive effect on N-cadherin function
(Williams et al. 2000), impairs mGluR-LTD, and this inhibitory effect of the peptide
is rescued by enhancing cofilin activity with S3 peptides or LIMKI1 antibodies
(Zhou et al. 2011). These results together suggest that GluA2 regulates mGluR-LTD
through interacting with the N-cadherin/p-catenin complex. This conclusion is con-
sistent with other studies demonstrating that the N-cadherin/p-catenin complex is a
potent regulator of Racl signaling, actin reorganization, and synaptic plasticity
(Fukata and Kaibuchi 2001; Togashi et al. 2002; Bamji 2005; Elia et al. 2006;
Takeichi 2007: Tai et al. 2008).

12.9 Concluding Remarks and Future Studies

In summary, we have summarized evidence to support that GluA2 regulates mGIuR-
LTD and associated spine plasticity via N-cadherin-dependent, cofilin-mediated
actin reorganization. A hypothetical model is shown in Fig. 12.1e. Given the trans-
synaptic nature of N-cadherin molecules, the GluA2/N-cadherin interaction may
also have important implications in coordinating pre- and postsynaptic communica-
tions and remodeling. By placing N-cadherin and subsequent cofilin-mediated actin
reorganization under the direct control of GluA2, postsynaptic AMPARSs are cou-
pled not only to spine morphological changes but also to the presynaptic element,
which ensure coordinated structural and functional changes during long-lasting
synaptic plasticity. Perhaps, relevant to this is the evidence that mGluR-LTD is also
expressed in part via presynaptic mechanisms (Fitzjohn et al. 2001). Some of the
future investigations would include the following key questions. (1) How is the
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N-cadherin/p-catenin complex regulated by mGIluR activation? In this respect,
activation of ERK and p38 MAPK signaling pathways as well as tyrosine phos-
phorylation/dephosphorylation may play an important role as both mGIluR-LTD and
the N-cadherin/f-catenin complex are regulated by these processes (Pulido et al.
1998; Mao et al. 2005; Gallagher et al. 2004; Lilien and Balsamo 2005; Moult et al.
2006; Huang and Hsu 2006; Zhang et al. 2008; Gladding et al. 2009; Collingridge
et al. 2010; Corre™a and Eales 2012). Consistent with this possibility, a recent study
demonstrates that p38 MAPK-activated kinases 2 and 3 are required for DHPG-
induced cofilin dephosphorylation, spine plasticity, and LTD (Eales et al. 2014). (2)
How is cofilin activated and accumulated in the spine? Although LIMKI1 is impor-
tant, other kinases and phosphatases including SSH may also be involved not only
in activation/deactivation but also trafficking and stabilization of cofilin in the spine.
(3) How does cofilin regulate spine actin and AMPAR trafficking? In this respect, it
is important to resolve the precise temporal and spatial properties of cofilin in rela-
tion to actin rearrangement and AMPAR trafficking (Gu et al. 2010; Rust et al.
2010). These analyses may provide a valuable venue for understanding molecular
mechanisms underlying long-lasting synaptic plasticity at the central synapse.
Because cofilin is involved in many physiological and pathological processes,
including neuronal development and brain diseases (Gurniak et al. 2005; Bellenchi
et al. 2007; Bernstein and Bamburg 2010; Flynn et al. 2012; Rust 2015), investiga-
tions of cofilin regulation during synaptic plasticity may also provide insight into
the understanding and treatment of these processes.
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Chapter 13
Metabotropic Glutamate Receptors
in Amygdala Functions

Francesco Ferraguti

Abstract Exactly three decades ago, metabotropic glutamate receptors (mGIuRs)
were discovered as glutamate receptors coupled to heterotrimeric G-proteins and able
to induce polyphosphoinositide hydrolysis. Since then, eight different mGIuRs have
been identified, which activate a variety of second messenger systems and trigger
complex physiological responses in nearly all brain areas. A participation of mGluRs
in amygdala networks was shown to regulate emotional-affective behaviours. In this
chapter, I will examine the localization of mGluRs in the amygdaloid complex and
how genetic and/or pharmacological manipulation of these receptors affects different
amygdala-dependent emotional behaviours including fear learning and extinction.
Furthermore, I will discuss the growing literature addressing the influence of mGluRs
on affective aspects of pain processing within the nociceptive amygdala. Finally, the
potential of drugs acting at mGlIuRs as novel targets for neuropsychiatric disorders
characterized by impaired amygdala functions will be examined.
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CeC Capsular subdivision of the central nucleus
CeL Lateral subdivision of the central nucleus
CeM Medial subdivision of the central nucleus
CS Conditioned stimulus

CxA Periamygdaloid cortex

DCPG (S)-3.4-Dicarboxyphenylglycine
DHPG 3,5-Dihydroxy-phenylglycine
FMRP Fragile X mental retardation protein

FXS Fragile X syndrome

GAD Generalized anxiety disorders

ITC Intercalated cell masses

LA Lateral nucleus

L-AP4 L-2-Amino-4-phosphonobutyric acid
LTD Long-term depression

LTP Long-term potentiation

MeA Medial nucleus

Met-1 N-Benzhydrylethane-1,2-diamine
MGIuRs Metabotropic glutamate receptors
MPEP 2-Methyl-6-(phenylethynyl)-pyridine
NLG3 Neuroligin 3

PCo Posterior cortical nuclei

PSD-95  Postsynaptic density-95

PTSD Post-traumatic stress disorder

t-ACPD  trans-1-Aminocyclopentane-1,3-dicarboxylic acid
US Unconditioned stimulus

13.1 Introduction

The amygdaloid complex, located in the medial temporal lobe, encompasses a hetero-
geneous group of distinct nuclear and cortical structures, which are involved in a
bewildering variety of behavioural functions. These include regulation of the auto-
nomic and neuroendocrine systems, reproduction and aggression, social behaviours,
decision-making, attention and, perhaps most important, the formation and storage of
memories associated with emotional events (Phelps and LeDoux 2005). Fear learning
has been the function most associated with the amygdala. Malfunctioning of the
amygdala can bring to a variety of neuropsychiatric disorders such as anxiety disor-
ders, post-traumatic stress disorder (PTSD), autism and depression (Anand and
Shekhar 2003; Mahan and Ressler 2012; Schumann et al. 2011).

Metabotropic glutamate receptors (mGluRs) are widely expressed in the amyg-
dala and have been reported to affect many of the physiological functions of this
area. In this chapter, the current knowledge on how mGluRs participate in amygdala
networks to regulate emotional-affective behaviours will be reviewed. In particular,
I will examine mGluRs in fear pathways and their possible roles in fear learning and
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extinction. Furthermore, I will discuss the growing literature addressing the influence
of mGluRs on affective aspects of pain processing within the nociceptive amygdala
and addiction. At first, however, I will provide a brief overview on the basic aspects
of the anatomical organization of the amygdala. Particular emphasis will be given to
the specialized synaptic localization of different mGluR subtypes in distinct amyg-
dala circuits and their contribution to neural plasticity. Finally, I will discuss the
potential of drugs acting at mGluRs as novel targets for neuropsychiatric disorders
characterized by impaired amygdala functions, including anxiety, sleep disorders
and autism.

13.2 Basic Anatomical Organization of the Amygdala

The distinct nuclei and cortical areas of which the amygdala is constituted have been
grouped based on ontogenetic, cytoarchitectonic and connectivity criteria into three
main divisions: (1) the basolateral complex (BLA), evolutionarily related to the neo-
cortex; (2) the centromedial nuclear group, which shares many features with the
basal ganglia; and (3) the superficial corticomedial areas, which have many cortical
characteristics, such as a layered organization. Several structures, however, remain
somehow refractory to be grouped with any of these main divisions. The major
nuclei and divisions of the amygdala are shown in schematic sections from the
mouse brain in Fig. 13.1. It should be kept in mind, however, that in recent years
several other alternative organizational schemes of the amygdala have been proposed
(Heimer 2003; Swanson and Petrovich 1998).

Fig. 13.1 Nuclear divisions and subdivisions of the mouse amygdaloid complex. Most of the dif-
ferent amygdaloid nuclei are classified into three groups as described in the text. The basolateral
complex is shown in different shades of orange; the centromedial nuclear group is shown in differ-
ent shades of green or brown; the superficial corticomedial areas are shown in different shades of
blue. Abbreviations: ACo, anterior cortical amygdaloid area, AHA amygdalohippocampal area, BA
basal nucleus, BMA basomedial nucleus anterior part, BMP basomedial nucleus posterior part,
BMYV basomedial nucleus ventral part, BSTIA intra-amygdala part of the bed nucleus of the stria
terminalis, CeC capsular subdivision of the central nucleus, CeL lateral subdivision of the central
nucleus, CeM medial subdivision of the central nucleus, cp cerebral peduncle, CxA periamygda-
loid cortex, 7 intercalated cell clusters, ic internal capsule, LA lateral nucleus, LV lateral ventricle,
MePD medial nucleus posterodorsal subdivision, MePV medial amygdala posteroventral subdivi-
sion, opt optic tract, PLCo posterolateral cortical area, PMCo posteromedial cortical area, st stria
terminalis
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Most of the distinct amygdaloid nuclei are further divided into subdivisions that
have extensive inter- and intranuclear connections (Pitkdnen et al. 1997). An exten-
sive discussion of the structure and connectivity of amygdala nuclei is beyond the
scope of this chapter. The reader, therefore, is referred to other specialized reviews
(Pitk@nen 2000; Sah et al. 2003). Briefly, the basolateral complex, which includes
the lateral (LA), the basal (BA) and the basomedial or accessory basal (BM) nuclei,
receives a large part of the incoming inputs from auditory, visual and somatosensory
(including pain) systems. The centromedial nuclear group is located in the dorsome-
dial portion of the amygdaloid complex and is the main output structure of the amyg-
dala. It comprises the central (CeA) and medial (MeA) nuclei as well as the
amygdaloid part of the bed nucleus of the stria terminalis (BNST). The CeA can be
further divided into three subdivisions: capsular (CeC), lateral (CeL) and medial
(CeM). The CeM, in particular, connects with several hypothalamic and brainstem
nuclei to control the expression of emotional responses. The MeA is found medially
to the optic tract and is strongly connected with the olfactory system. The superficial
corticomedial areas comprise the anterior and posterior cortical areas (ACo and PCo,
respectively) and the periamygdaloid cortex (CxA). Finally, the set of nuclei that do
not easily fall into any of these three divisions include the anterior amygdala area
(AAA), the amygdalohippocampal area (AHA) and the intercalated cell masses
(ITC). The ITC are formed by different clusters of GABAergic medium spiny
neurons surrounding the basolateral complex (Busti et al. 2011).

13.3 Historical Overview

Despite the first report about a metabotropic effect of glutamate analogues in the
amygdala dates back to nearly 30 years ago, when ibotenic acid was shown to incre-
ment inositol phospholipid hydrolysis in slices of the rat amygdala (Akiyama et al.
1987), for years the presence and effects of mGluRs in this brain area have been
largely neglected. In 1992, Shigemoto and coworkers reported on the mRNA
expression of the first cloned mGIuR in various nuclei of the amygdaloid complex
(Shigemoto et al. 1992). In the same year, Rainnie and Shinnick-Gallagher (1992)
also provided the first physiological evidence of the effects of mGIuR activation in
the BLA. By applying the conformationally restricted analogue of glutamate trans-
I-aminocyclopentane-1,3-dicarboxylic acid (t-ACPD) to acute slices, they observed
in BLA neurons a dose-dependent reduction in the EPSP amplitude evoked by stim-
ulation of the stria terminalis (Rainnie and Shinnick-Gallagher 1992). They also
reported a similar effect with L-2-amino-4-phosphonobutyric acid (L-AP4), an
effect that was additive to that of t-ACPD, hence suggesting the presence of distinct
mGluRs in presynaptic terminals. Later, these authors showed, using the same prep-
aration, that t-ACPD also activates postsynaptic mGluRs resulting in a unique
hyperpolarizing response mediated through calcium-dependent large conductance
potassium channels (Rainnie et al. 1994).
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The last decade of the twentieth century saw the molecular cloning of eight
distinct mGluRs and of several alternatively spliced variants of these receptors in
several species, including humans (Nicoletti et al. 2011). Transcripts and proteins
for all mGluRs, with the exception of mGluR6, were detected in the amygdala.
However, a systematic analysis of their distribution, particularly at the cellular level,
is still missing. Only recently, we have reported the identification and detailed char-
acterization of GABAergic projection neurons in the rodent amygdala characterized
by the expression of mGluR 1o (Bienvenu et al. 2015).

Functionally, the first observation that mGluRs are implicated in amygdala-
dependent emotional behaviours was made by Nakanishi, van der Putten and col-
leagues, who showed that mice with gene-targeted deletion of mGIuR7 have an
impaired fear response (Masugi et al. 1999). Later, also group I mGluRs were
shown to be required for fear memory formation and long-term potentiation (LTP)
in the LA (Rodrigues and LeDoux 2002). Besides the participation of mGluRs in
fear learning, accumulating evidence indicates that mGluRs in amygdala microcir-
cuits are significantly involved in anxiety (Palucha and Pilc 2007). In recent years,
amygdala mGluRs were also described as having important modulatory roles on
nociception and pain behaviour (Palazzo et al. 2014; Ren et al. 2011) as well as on
addiction, including alcohol reinforcement and relapse-like behaviour (Béickstrom
and Hyytida 2005; Cannady et al. 2011).

13.4 Distribution of mGluRs in the Amygdala

Despite many studies have addressed the cellular and subcellular localization of
mGluRs in a large number of areas in the central nervous system, only very few
have focused on the amygdaloid complex. Notwithstanding, each cloned mGIuR,
with the only exception of mGIluR6 that is restricted to the retina, was found
expressed at some degrees in the amygdala. Tables 13.1, 13.2 and 13.3 summarize
the distribution patterns of mRNA and immunoreactivity for the distinct mGluRs in
the different nuclei and cortical areas of the adult rodent (mouse or rat) amygdala.
Only a few studies explored the expression of mGluRs in the human amygdala
(Emile et al. 1996; Makoff et al. 1996; Malherbe et al. 1999), providing only a scant
description of their distribution. Therefore, these data will not be reviewed.

The subcellular localization of mGluRs in the amygdala appears to follow the
general pattern observed elsewhere. Group I mGluRs are located postsynaptically
and are enriched in the perisynaptic area of type I asymmetric synapses (Baude
et al. 1993), whereas they are probably intrasynaptic at type II symmetric synapses
as observed in the cerebellar cortex (Mansouri et al. 2015) and basal ganglia (Hanson
and Smith 1999). Group II mGluRs are present both pre- and postsynaptically
(Petralia et al. 1996), and group III mGluRs are exclusively placed at the active zone
of axon terminals of both asymmetric and symmetric synapses (Ferraguti and
Shigemoto 2006). In the case of mGluR3, clear evidence has been provided for its
expression on the plasma membrane of astrocytes in most amygdala nuclei
(Fig. 13.2) (Hetzenauer et al. 2008; Muly et al. 2007).
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Table 13.1 Distribution of group I mGluR mRNA and immunoreactivity in the adult rodent brain

mGluR1 mGIuR5

mRNA IHC mRNA IHC
Basolateral complex
Lateral nucleus (LA) + + ++ ++
Basal nucleus (BA) + +/++ ++ ++
Basomedial nucleus (BM) —/+ —/+ + ++
Centromedial nuclear group
Central nucleus (CeA) + + +/++ ++
Capsular division (Cec) —/+ —/+ ++
Lateral division (CeL) —/+ —/+ ++
Medial division (CeM) + + +
Bed nucleus of the stria terminalis ++ +++ +
intra-amygdaloid division (BSTIA)
Medial nucleus (MeA) + —/+ + —/+
Superficial corticomedial areas
Anterior cortical nucleus (ACo) + —/+ ++ +
Posterior cortical nucleus (PCo) + —/+ +
Periamygdaloid cortex (CxA) + + ++
Other areas
Anterior amygdaloid area (AAA) + ++ +
Amygdalohippocampal area (AHA) ++ + +
Intercalated clusters (ITC) ++ +++ +++
Amygdalo-striatal transition area (AStr) | — - +++

Intensities: +++ intense, ++ moderate, + weak, —/+ very weak or contains only scattered labelled
cells, — absent

Data were taken from the following references and from personal unpublished observations:
Baude et al. (1993), Dobi et al. (2013), Romano et al. (1995) and Shigemoto et al. (1992)

13.5 Expression of Group I mGluRs in Amygdala

High expression of the main splice variant mGluR1a (Ferraguti et al. 2008) was
recently shown to characterize a class of large neurons in the amygdala surrounding
ITC clusters (Bienvenu et al. 2015; Busti et al. 2011; Dobi et al. 2013). Moreover,
an unknown population of BLA GABAergic interneurons, as well as a few neurons
within the CeA, also display moderate to weak immunoreactivity for this mGluR
(personal communication). Neurons in the BNST possess considerable levels of
mGluR1a as well as of the shorter variant mGluR 1 (Ferraguti et al. 1998).

BLA pyramidal neurons, which appear devoid of mGluR 1, express high levels of
mGIuRS5 at their dendritic spines (Rodrigues et al. 2002; Romano et al. 1995),
including those targeted by afferents from the medial geniculate nucleus (Rodrigues
et al. 2002). This indicates that this receptor mediates auditory information process-
ing in the amygdala. Medium spiny neurons of the ITC and capsular subdivision of
the CEA are also highly enriched in mGluRS5 (personal communication).
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Table 13.2 Distribution of group Il mGluR mRNA and immunoreactivity in the adult rodent brain

mGluR2 mGluR3

mRNA IHC mRNA IHC
Basolateral complex
Lateral nucleus (LA) +++ ++ ++ +++
Basal nucleus (BA) +++ +++ +/++ +++
Basomedial nucleus (BM) ++ + + —/+
Centromedial nuclear group
Central nucleus (CeA) - ++ + ++
Capsular division (Cec) ++ ++
Lateral division (CeL) ++ ++
Medial division (CeM) - ++
Bed nucleus of the stria terminalis ++ + + —
intra-amygdaloid division (BSTIA)
Medial nucleus (MeA) + + + +
Superficial corticomedial areas
Anterior cortical nucleus (ACo) ++ ++ + +
Posterior cortical nucleus (PCo) ++ ++ + +
Periamygdaloid cortex (CxA) +++ +
Other areas
Anterior amygdaloid area (AAA) —/+ + + +
Amygdalohippocampal area (AHA) + +
Intercalated clusters (ITC) —/+ + + +
Amygdalo-striatal transition area (AStr) - ++ + ++

Intensities: +++ intense, ++ moderate, + weak, —/+ very weak or contains only scattered labelled
cells, — absent

Data were taken from the following references and from personal unpublished observations: Gu
et al. (2008), Hetzenauer et al. (2008), Muly et al. (2007), Ohishi (1993a, b), Petralia et al. (1996)
and Tamaru et al. (2001)

13.6 Expression of Group II mGluRs in Amygdala

Previous in situ hybridization studies have reported a widespread expression of
mGluR2 and mGIuR3 in BLA neurons and a lack in neuronal profiles of the CeA
(Gu et al. 2008; Ohishi et al. 1993a, b). The BLA showed a remarkable high density
of mGluR2 mRNA expression whereas moderate levels were observed in the super-
ficial corticomedial areas. On the other hand, transcripts for mGluR3 were more
broadly distributed and showed lower intensity levels. Immunohistochemical
(Hetzenauer et al. 2008; Petralia et al. 1996) and radioligand binding studies (Wright
et al. 2001), besides robust expression in the neuropil of the BLA, revealed low to
moderate expression of both subtypes in the CeA, with a prevailing presence of
mGluR3 in the CeM (Fig. 13.2). In the BLA and BNST, ultrastructural analysis
showed a predominant presynaptic localization of mGluR2 in asymmetric synaptic
contacts on dendritic spines (Muly et al. 2007). Conversely, immunoreactivity for
mGIluR3 was detected both pre- and postsynaptically as well as in astroglial cells
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Table 13.3 Distribution of group III mGluR mRNA and immunoreactivity in the adult rodent brain

mGluR4 mGIuR7 mGIuR8
mRNA | IHC |mRNA |IHC 'mRNA |IHC

Basolateral complex

Lateral nucleus (LA) + + +++ + +++

Basal nucleus (BA) + + +++ ++ |+ +
Basomedial nucleus (BM) - —/+ | +++ +

Centromedial nuclear group

Central nucleus (CeA) + —/+ | +++ +

Capsular division (Cec) ++

Lateral division (CeL) +

Medial division (CeM) +

Bed nucleus of the stria terminalis + + ++ + ++
intra-amygdaloid division (BSTIA)

Medial nucleus (MeA) - —/+ |+ + +
Superficial corticomedial areas

Anterior cortical nucleus (ACo) - —/+ |4+ +

Posterior cortical nucleus (PCo) - —/+ | ++ +

Periamygdaloid cortex (CxA) -+ |+ +++

Other areas

Anterior amygdaloid area (AAA)

Amygdalohippocampal area (AHA) - +++ +++
Intercalated clusters (ITC) ++ ++ +++ +++ +++
Amygdalo-striatal transition area (AStr) | ++ + ++ ++ ++

Intensities: +++ intense, ++ moderate, + weak, —/+ very weak or contains only scattered labelled
cells, — absent

Data were taken from the following references and from personal unpublished observations: Corti
et al. (1998, 2002), Dobi et al. (2013), Kinoshita et al. (1998), Masugi et al. (1999), Messenger
et al. (2002), Ohishi et al. (1995) and Saugstad et al. (1997)

(Hetzenauer et al. 2008; Muly et al. 2007). Although the source of axons containing
group II mGluRs has not been clarified so far, it is likely that the majority arise
intrinsically to the amygdala and in particular from the BLA.

13.7 Expression of Group III mGluRs in Amygdala

Several studies have shown that for all group III mGluRs medium to high mRNA
levels were detectable in the BLA (Corti et al. 1998; Messenger et al. 2002; Ohishi
et al. 1995). High resolution studies revealed that in the amygdala group III mGluRs
are located presynaptically (Dobi et al. 2013; Kinoshita et al. 1998). Axon terminals
containing these receptors were found particularly enriched along the intermediate
and external capsules in association with dendrites of neurons surrounding the ITCs
(Fig. 13.3) (Dobi et al. 2013; Masugi et al. 1999). In the BLA, mGluR7 has the
highest density of all group III mGluRs (Corti et al. 1998; Kinoshita et al. 1998;
Masugi et al. 1999; Shigemoto et al. 1997).
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mGWR2
Fig. 13.2 Immunohistochemical localization of mGluR2 and mGluR3 receptors in the CeA. A-B)
Low magnification microphotographs of mouse hemisections from (a) mGluR2-KO and
(b) mGIuR3-KO immunolabelled for mGluR2/3. Immunoreactivity for mGluR2 and mGIuR3 is
observed as punctate staining in the neuropil of the CeA and BLA. Moderate staining in the CeM
is observed only in mGluR2-KO, thus corresponding to mGluR3. (¢) Ultrastructural localization of
mGluR3 immunoreactivity in the CeM of mGIluR2-KO mice. Immunoreactivity for mGluR3 can be
observed in small glial processes (indicated by small arrows) surrounding pre- and postsynaptic
elements forming an asymmetric synapse (arrowhead). Abbreviations: at axon terminal, BLA baso-
lateral complex of the amygdala, CeM central nucleus of the amygdala, medial subdivision, CPu
caudate-putamen, LA lateral nucleus of the amygdala, MeA medial nucleus of the amygdala, opt
optic tract. Scale bars: (a—b) 1 mm; (¢) 500 nm (From Hetzenauer et al. 2008 with permission)

At the cellular and subcellular level, little is known about the localization of
mGluR4. On the other hand, ultrastructural studies have shown that despite the
similar pattern of immunoreactivity between mGIluR7 and mGIuRS8 within the BLA
and around the ITCs (Dobi et al. Dobi et al. 2013; Kinoshita et al. 1998; Masugi
et al. 1999), these two receptors are largely segregated in different glutamatergic
and GABAergic inputs (Dobi et al. 2013). Among glutamatergic afferents, mGIluR7
was found on axon terminals of BLA pyramidal neurons and on extrinsic inputs
arising from the intralaminar nuclei of the thalamus (Dobi et al. 2013). Although
the origin of mGluR7-containing inputs forming symmetric synapses has not been
identified so far, it is plausible that they arise in large part from BLA interneurons.
However, noradrenergic axons in the BLA are known to form both asymmetric and
symmetric synapses primarily with dendrites of pyramidal cells (Li et al. 2001).
The noradrenergic innervation of the BLA arises mainly from the locus coeruleus
in the brain stem (Fallon et al. 1978; Pickel et al. 1974; Roder and Ciriello 1993), a
brain structure expressing high levels of mGluR7 transcripts (Corti et al. 1998;
Ohishi et al. 1995). Therefore, besides glutamatergic and GABAergic inputs,
mGIluR7 may be located also presynaptically on noradrenergic afferents to the BLA
and ITCs. So far, mGluRS8 have not been detected on a definite pathway, thus leav-
ing open the source of inputs enriched in these receptors. However, mGluR8-con-
taining inputs forming asymmetric synapses most likely arise from areas extrinsic
to the amygdala. These may include the somatosensory, perirhinal and/or piriform
cortex, as they express significant amounts of mGluR8 mRNA (Corti et al. 1998;
Saugstad et al. 1997) and are a significant source of axons to the BLA (Pitkdnen
2000). The mGluR8-containing inputs forming symmetric synapses may originate
from local interneurons, consistent with the moderate expression of mGIuRS
mRNA in the BLA (Corti et al. 1998). However, further tracing studies combined
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Fig.13.3 Distribution of mGluR7ain the amygdala and preferential targeting of large mGluR 1o+ ITC
neurons. (a) Micrograph showing intense punctate mGluR7a receptor immunoreactivity in the
BLA and in particular around the Imp and IN clusters. (b) This micrograph shows an enlarged view
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with immunoelectron microscopy are needed to finally reveal the exact source of
inputs containing group III mGluRs.

13.8 Physiology

Group I mGluRs have been shown to be particularly important for synaptic plasticity
in various experimental paradigms (Bashir et al. 1993; Conquet et al. 1994; Huber
et al. 1998; Ireland and Abraham 2009), including long-term potentiation (LTP) at
thalamic input synapses onto LA principal neurons (Fendt and Schmid 2002;
Rodrigues et al. 2002). Thalamic-LA synapses have been extensively studied as a site
of learning-induced plasticity and tightly correlated with fear memory (McKernan
and Shinnick-Gallagher 1997; Rogan et al. 1997). Conversely, long-term depression
(LTD) at these synapses has been proposed as a cellular mechanism underlying fear
memory extinction (Lin et al. 2003; Kim et al. 2007a). In accordance, the group
I mGluR agonist 3,5-dihydroxy-phenylglycine (DHPG) was reported to induce syn-
aptic depotentiation of thalamic-LA synapses and to induce fear extinction (Kim
et al. 2007b). DHPG-induced depotentiation was shown to occur only at synapses
whose synaptic strength was consolidated after fear conditioning (Heinbockel and
Pape 2000; Kim et al. 2010). This might depend on changes in AMPA receptor com-
position at postsynaptic sites, similar to what was previously reported for dopaminer-
gic neurons of the ventral tegmental area in which insertion of GluR1 homomeric
subunits is a prerequisite for group I mGluR-dependent LTD (Bellone and Liischer
2006). While the exact contribution of individual group I mGluRs to synaptic plastic-
ity and associative learning in the BLA remains to be established, the influence of
mGIuRS might be related to a mutual modulatory activity with NMDA receptors at
postsynaptic sites (Alagarsamy et al. 1999; Rodrigues et al. 2002).

Activation of presynaptic group II mGluRs in the BLA inhibited glutamatergic
neurotransmission (Rainnie and Shinnick-Gallagher 1992) and induced LTD
(Lin et al. 2000, 2005), whereas activation of these receptors postsynaptically
hyperpolarised pyramidal cells (Rainnie et al. 1994). However, Womble and Moises
(1994) reported that in the BLA, t-ACPD, which preferentially activates group
II mGluRs, inhibited two potassium conductances, namely, I,y and M-currents, in
pyramidal neurons producing a sustained cellular depolarization. The reason for this
discrepancy remains unclear.

Fig. 13.3 (continued) of the IN where the intense labelling around the cluster, but not inside, can
be better appreciated. (¢) Immunofluorescence micrograph taken at the same focal plane as in (b)
and showing mGluR 1o« immunoreactivity. (d-f) Low and (g-i) high magnification images depicting
mGluR 1o + dendrites and spines of large ITC neurons decorated by dense mGluR7a positive termi-
nals. (j) Preembedding immunogold/silver labelling for mGluR7a in the BA. Immunometal particles
identifying mGluR7a are selectively concentrated in the presynaptic active zone of axon terminals,
which establish primarily excitatory synapses with postsynaptic dendrites (solid arrowhead) and
spines. Abbreviations: BA basal nucleus, d dendrite, /mp medial paracapsular ITC cluster, /N main
ITC nucleus, LA lateral nucleus, s spine. Scale bars: (a) 500 pm; (b—¢) 125 pm. (d-i) 20 pm, (j)
500 nm (From Dobi et al. 2013 with permission)
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Two independent forms of LTD have been observed in BLA pyramidal neurons,
one at thalamic-LA synapses dependent on both group I mGIuRs and NMDA recep-
tors (Wang and Gean 1999) and the other dependent on presynaptic group Il mGluRs
and occurring at cortical-LA synapses (Hong et al. 2009; Kaschel et al. 2004; Li and
Rainnie 2014; Lucas et al. 2013).

Unselective agonists at group III mGluRs, such as L-AP4, were shown to regulate
baseline synaptic transmission in the amygdala (Neugebauer et al. 1997) and in par-
ticular in the laterocapsular part of the CeA (Han et al. 2004), which is the main target
of the spinoparabrachial-amygdaloid pain pathway. So far, nothing is known about
the physiological effects of mGluR4 at amygdala synapses. The mGIuR7 positive
allosteric modulator (PAM) AMNOS2 (Mitsukawa et al. 2005) was shown to elicit no
effects on thalamo-LA field potentials or cortico-LA EPSCs, but to reduce thalamo-
LA LTP in acute slices (Fendt et al. 2013). Conversely, activation of mGIuRS8 by the
orthosteric agonist (S)-3,4-dicarboxyphenylglycine (DCPG) strongly attenuated
synaptic transmission from both thalamic and cortical afferents to BLA pyramidal
neurons and inhibited LTP induced by tetanic stimulation. However, DCPG showed
no effects on thalamo-LA LTP (Schmid and Fendt 2006; Fendt et al. 2013). Therefore,
group IIT mGluRs appear to play different roles in modulating sensory inputs in the
amygdala consistent with their distinct, although in part overlapping, anatomical
localization (Dobi et al. 2013).

Interestingly, we have recently shown that the extensive dendritic arbours of
large GABAergic neurons surrounding ITC clusters, located between the BLA and
CeA and expressing high levels of mGluR1a, are decorated by terminals enriched
in mGluR7 and/or mGluR8 (Bienvenu et al. 2015). A prominent functional feature
of these large neurons was their robust, prompt but transient response to noxious
stimuli (Bienvenu et al. 2015). Although several factors can explain the transient
nature of this response, including short activation of excitatory synaptic inputs or
the recruitment of inhibitory ones, the enrichment in mGluR7 and/or mGIuR8 at
axon terminals innervating these large neurons strongly suggests an autoreceptor-
mediated short-term inhibition of glutamate release. Therefore, presynaptic group
III mGlIuRs may control in time the activation of these large neurons upon noxious
stimulation.

13.9 Relevance of mGluRs for Amygdala-Dependent
Emotional Behaviours

Several amygdala-dependent emotional behaviours appear to be significantly influ-
enced by modulation of mGluR activity. In particular, mGluRs have been strongly
implicated in fear learning (Table 13.4).
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13.10 Role of mGluRs in Fear Learning

The amygdala is central for the formation of fear memories. The acquisition and
consolidation of a fear memory is often studied using classical Pavlovian auditory
fear conditioning (Maren 2001; Pape and Pare 2010). During fear conditioning, a
neutral conditioned stimulus (CS, e.g. a tone) is paired with an aversive uncondi-
tioned stimulus (US, e.g. a mild footshock). Training leads to a CS-US association
and a conditioned fear response that is elicited by the presentation of the CS alone.
Conditioned fear responses can be modified by a parallel and independent form of
learning known as extinction (Herry et al. 2010). During extinction training, the CS
is repetitively presented in the absence of the US. This leads to the disconfirmation
of the CS-associated aversive expectation and to the inhibition of the conditioned
fear response. The BLA appears as a key region for the acquisition and storage of
fear memories although other nuclei, such as the CeA and ITC, also play important
roles (Pape and Pare 2010).

13.11 Influence of Group I mGluRs on Fear Learning

Activation of group I mGluRs with the non-selective orthosteric agonist DHPG,
directly injected into the BLA prior to a conditioning experience, was found to
facilitate the formation of a conditioned response (Rudy and Matus-Amat 2009).

Injection into the BLA of a mGluR1 antagonist impaired both short- and long-
term extinction, but not fear acquisition (Kim et al. 2007b). Moreover, systemic
pharmacologic blockade of mGluR1 before extinction retrieval facilitated relapse
phenomena, such as renewal and reinstatement (Clem and Huganir 2010). Taken
together these data suggest that the activity of mGIuR1 is linked specifically to
mechanisms underlying fear extinction. However, the exact cellular and molecular
mechanisms underlying the role of mGluR1 on extinction of fear remain to be
established.

Gene-targeted deletion (Xu et al. 2009) and administration of mGIuRS5 antago-
nists, both systemically (Schulz et al. 2001) and intra-amygdala (Rodrigues et al.
2002), impaired fear conditioning. These data indicate that mGIuRS5 is important for
the acquisition of fear memories. However, given that post-training infusions of
mGluRS5 antagonists did not influence either short or long term memories, it can be
surmised that mGIuRS is not involved in the consolidation nor in the retrieval of fear
memory (Rodrigues et al. 2002). Conditional allele ablation of mGIluRS5 showed
also impaired fear extinction (Xu et al. 2009). Activation of mGIluRS induced a
depolarization-induced suppression of inhibition in the BLA (Zhu and Lovinger
2005) through the release of endocannabinoids and activation of presynaptic can-
nabinoid 1 receptors (CB1). Interestingly, CB1 null mice showed significant fear
extinction deficits (Marsicano et al. 2002), suggesting that a potential cellular basis
for extinction learning might depend on the depression of inhibitory synapses medi-
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ated through the activation of mGIluR5 and the release of endocannabinoids.
Moreover, prolonged extinction training resulted in a mGluR5-dependent, but not
mGluR 1-dependent, long-term inhibition of fear recovery, also known as spontane-
ous recovery (Mao et al. 2013).

Associative learning appears to regulate mGIluRS5 expression, as fear condition-
ing was shown to increase it at least in the hippocampus (Riedel et al. 2000).
Whether this also occurs in amygdala remains to be verified.

13.12 Influence of Group II mGluRs on Fear Learning

Activation of group II mGluRs in the amygdala was shown to impair fear memory
formation (Lin et al. 2005; Walker et al. 2002). On the other hand, activation of
mGluR2/3 in the LA is required for the consolidation, but not the acquisition, of
extinction by selectively weakening synaptic transmission at cortical-LA synapses
(Kim et al. 2015). Conversely, group II mGluRs in the CeA appears to have no
effects on extinction (Kim et al. 2015). Therefore, agonists at mGluR2/3 may be
good candidates for developing novel drugs for treating aberrant fear-related disor-
ders such as PTSD or phobias.

13.13 Influence of Group III mGluRs on Fear Learning

Activation or blockade (including gene-targeted deletion) of group III mGluRs was
consistently shown to alter fear responses. Although only a limited number of stud-
ies have addressed the role of mGluR4 in fear learning, mice carrying a gene-
targeted deletion of mGluR4 showed an enhanced amygdala-dependent acquisition
of cued fear conditioning (Davis et al. 2012). Mice deficient in mGluR4 were also
reported to have enhanced extinction of cued fear (Davis et al. 2013). In accordance
with these genetic ablation studies, acute pharmacological stimulation with the
orthosteric mGluR4 agonist LSP1-2111 inhibited the acquisition of cued fear con-
ditioning in wild-type male mice. However, LSP1-2111 showed no effects on
extinction (Davis et al. 2013).

Mice deficient in mGluR7 exhibited a marked reduction in the acquisition of
appetitive and aversive conditioning (Callaerts-Vegh et al. 2006; Masugi et al.
1999), as well as delayed extinction learning in both aversive and appetitive experi-
mental paradigms (Callaerts-Vegh et al. 2006; Goddyn et al. 2008) and a facilitated
extinction of cue-induced fear-potentiated startle (Fendt et al. 2008). Systemic as
well as intra-amygdala administration of AMNOS2 in rats impaired the acquisition
of conditioned fear (Fendt et al. 2008; Siegl et al. 2008). It is puzzling that both
genetic ablation and pharmacological activation of mGluR7 showed similar effects
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on conditioned fear. Extinction of fear was also affected by systemic administration
of AMNOS82, which facilitated between-session but attenuated within-session
extinction, contrary to what was observed in mGluR7 null mice (Fendt et al. 2008,
2013; Toth et al. 2012). We observed a facilitatory effect of AMNOS2 on the extinc-
tion of contextual fear when microinjected into the BLA (Dobi et al. 2013).
Interestingly, oral administration of AMNOS82 to 129/SvImJ mice, an animal model
of impaired extinction (Hefner et al. 2008), produced a significant improvement of
both acquisition and consolidation of fear extinction (Whittle et al. 2013).
The altered acquisition of conditioned fear mediated by AMNOS?2 could be ascribed
to a functional blockade of mGIluR7 due to their internalization (Pelkey et al. 2007),
although this appears unlikely given that AMNOS82 elicited opposite effects on
extinction compared to genetic ablation or selective downregulation of mGIuR7
mRNA expression by means of short interfering RNAs (Fendt et al. 2008). On the
other hand, the extinction promoting effect of mGIuR7 activation is difficult to
explain. Activation of this receptor induces an activity-dependent depression of
both glutamatergic and GABAergic synaptic transmission (Perroy et al. 2002;
Ugolini et al. 2008). Given the widespread distribution of mGIuR7 within amygdala
microcircuits, its cumulative excitatory and inhibitory effects are hard to predict.
The limited knowledge on the neural pathway underlying fear extinction further
prevents to formulate a mechanistic hypothesis on how mGIuR7 activation facili-
tates extinction retention.

Earlier studies on mGluR8 deficient mice gave rise to highly inconsistent results
regarding their influence on fear learning and measures of anxiety, possibly due to the
different genetic background of the different mutant mouse lines investigated
(Duvoisin et al. 2005; Gerlai et al. 2002; Linden et al. 2002; Robbins et al. 2007).
Using mGluR8 null mice backcrossed into the C57BL/6 J line, Fendt and colleagues
could reveal a robust deficit in the expression of contextual conditioned fear and in
chlordiazepoxide-induced facilitation of extinction (Fendt et al. 2010). Acquisition
and expression of conditioned fear were dose-dependently inhibited by DCPG micro-
injections into the amygdala measured by fear-potentiated startle in rats (Schmid and
Fendt 2006). However, immediately after its intra-amygdala application, this drug
was shown to induce in mice a reduced spontaneous locomotor activity and a short-
lasting immobility (Dobi et al. 2013; Fendt et al. 2013). These effects may be inter-
preted as an anxiogenic-like activity of this drug independent from motor impairment
or sedation or an activity related to unconditioned fear (Duvoisin et al. 2010). When
injected before extinction training, DCPG precluded the attenuation of the freezing
response during the extinction training, but did not prevent the formation and consoli-
dation of an extinction memory (Dobi et al. 2013; Fendt et al. 2013), suggesting that
activation of mGluR8 does not significantly influence extinction of fear learning.

In conclusion, agonists at mGIuR7 may be seen as potentially effective add-on
drugs to exposure therapy to facilitate extinction learning in individuals with patho-
logical fear, whereas antagonizing mGIluR8 may find therapeutic application in
forms of context-dependent anxiety.
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13.14 Role of mGluRs in Social Behaviours

The amygdala has long been involved in social behaviours (Brothers 1990; Bunnell
et al. 1970; Kling and Steklis 1976), and increased neuronal activity in the BLA has
been recorded during social interaction (Katayama et al. 2009). However, little is
known about the neural circuits that within the amygdala contribute to social behav-
iours and whether mGluRs influence synaptic function at these circuits.

Increased social and nonsocial exploration were observed following inhibition of
mGluRS5 with the non-competitive antagonist 2-methyl-6-(phenylethynyl)-pyridine
(MPEP) administered systemically (Navarro et al. 2006). MPEP also reduced offen-
sive behaviour without affecting motor activity (Navarro et al. 2006). Similarly,
systemic administration of the mGluR7 PAM AMNO082 was shown to produce a
marked reduction of offensive behaviours, such as attacks and threats in mice
(Navarro et al. 2009).

While the involvement of other mGluRs in social behaviours using pharmaco-
logical tools has not been investigated, mGluR8 null mice were shown to have an
enhanced social interaction (Duvoisin et al. 2011).

Increased social behaviours and reduced aggression elicited by mGIuRS antago-
nists and mGluR7 agonists are consistent with their anxiolytic activity (Fendt et al.
2013; Spooren and Gasparini 2004; see below) and could, therefore, impinge on
receptors located in amygdala circuits. The suggested contribution of amygdala
mGluRs in social behaviours indicates these receptors as potential targets for the
treatment of antisocial personality disorders and/or autism spectrum disorders
(ASDs; see below for further details).

13.15 Relevance of Amygdala mGluRs for Human
Neuropsychiatric Disorders

A variety of psychiatric disorders are characterized by abnormal amygdala activa-
tion (Etkin and Wager 2007), in particular in response to sensory stimuli, and
impaired glutamatergic transmission. These include anxiety disorders, PTSD, ASDs
and schizophrenia (Rauch et al. 2010; Schneider et al. 1998; Stein et al. 2007).

13.16 Anxiety Disorders

Anxiety disorders, which include generalized anxiety disorders (GAD), panic disor-
der and specific and social phobias, are a major public health problem worldwide
(Lepine Lépine 2002; Whiteford et al. 2013). Anxiety disorders appear to originate
from a disrupted inhibitory/excitatory balance within a distributed network of brain
areas that includes the amygdala (Linden et al. 2006; Wieronska and Pilc 2009).
Given the limited efficacy and significant side effects of the anxiolytic drugs
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currently in clinical use, such as monoamine reuptake inhibitors and benzodiaze-
pines, there is a strong medical need for new therapeutic agents acting through differ-
ent mechanisms of action.

13.17 Modulation of Anxiety-Like Behaviours by Group
I mGluRs

Mice lacking group I mGluRs show altered measures of anxiety such as a reduced
stress-induced hyperthermia (Brodkin et al. 2002). Pharmacologically, drugs that
block group I mGluRs were also invariably reported to exert anxiolytic-like activity
in a variety of animal models including the elevated plus maze, conflict tests and
stress-induced hyperthermia (Spooren et al. 2010; Steckler et al. 2005). The anxiolytic
activity obtained with mGIuR1 antagonists appears task-specific affecting more the
conflict component than the exploratory activity (Klodzinska et al. 2004; Steckler
et al. 2005; Tatarczynska et al. 2001). How mGluR1 antagonists exert anxiolytic
effects remains currently unknown, but it can be postulated that they influence the
activity of GABAergic neurons in the amygdala and possibly in the hippocampus and
the bed nucleus of the stria terminalis. Possible limitations to the development of
mGlIuR1 antagonists as anxiolytic drugs are the reported amnesic effects of such
compounds (Spooren et al. 2010) and a weaker anxiolytic activity in comparison
with benzodiazepines (Varty et al. 2005).

Blockade of mGluRS might be considered a better option for the clinical develop-
ment of novel anxiolytic drugs. Competitive and non-competitive mGIluR5 antagonists
as well as negative allosteric modulators (NAMs) consistently showed anxiolytic-like
effects in animal models of anxiety (Busse et al. 2004; Pietraszek et al. 2005; Spanka
et al. 2010; Spooren et al. 2000; Stachowicz et al. 2007; Tatarczynska et al. 2001).
Moreover, Fenobam, a clinically validated anxiolytic in humans, was found to be a
potent and selective mGIluR5 NAM (Porter et al. 2005). A potential advantage in the
repeated use of mGIluR5 NAMs is the apparent lack of tolerance with respect to ben-
zodiazepines, at least in preclinical models (Nordquist et al. 2007). Fenobam, how-
ever, was shown to produce anxiolytic activity at doses that also impaired spatial
learning (Jacob et al. 2009) and produced psychostimulant side effects. It remains to
be established whether these unwanted effects of Fenobam depend on its activity on
mGIuRS5 or are due to its binding to other receptors (off-target effects).

13.18 Modulation of Anxiety-Like Behaviours by Group II
mGluRs

Neuronal hyperexcitability in limbic areas including the amygdala has been impli-
cated in the pathophysiology of anxiety disorders (Swanson et al. 2005). Activation
of presynaptic group II and group III mGluRs limits the release of glutamate, hence
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can prevent excessive neural activation (Ferraguti and Shigemoto 2006). These
receptors are also present at heterosynapses, where they regulate the release of other
neurotransmitters, including GABA, monoamines and neuropeptides (Cartmell and
Schepp 2000).

Agonists at group IT mGluRs have consistently shown anxiolytic activity both in
rodents and humans (Grillon et al. 2003; Helton et al. 1998; Monn et al. 1997,
Shekhar and Keim 2000; Walker and Davis 2002), whereas antagonists at these
receptors, such as LY341495, elicited anxiogenic-like responses (Linden et al.
2005). The antagonist LY341495 also induced neuronal activation in the lateral and
medial subdivisions of the CeA (Hetzenauer et al. 2008; Linden et al. 2005) that
appears predominantly mediated via mGIuR3 (Hetzenauer et al. 2008). However,
studies involving mGluR2 or mGluR3 deficient mice indicated that LY354740
should activate both subtypes in order to exert anxiolytic effects (Linden et al. 2005).
The efficacy of group II mGluR agonists as anxiolytics has been evaluated in a series
of clinical studies. In particular, LY354740 (as prodrug) was reported to be efficacious
in the treatment of GAD (Dunayevich et al. 2008), but not in reducing panic symp-
toms (Bergink and Westernberger 2005). On the other hand, a derivative of LY354740
with higher bioavailability (LY544344) was found effective both in the treatment of
GAD and in decreasing cholecystokinin tetrapeptide-induced panic symptoms in
healthy volunteers (Dunayevich et al. 2008; Kellner et al. 2005). However, clinical
development of these compounds has been stopped due to the occurrence of seizures
observed in toxicological studies after repeated treatments with high doses of these
drugs (Wierowska and Pilc 2013).

13.19 Modulation of Anxiety-Like Behaviours by Group II1
mGluRs

Drugs acting at group III mGluRs have received in recent years increasing attention
as potential novel targets for anxiety disorders (Spooren et al. 2010). Specifically,
positive allosteric modulation of mGluR4, both after systemic administration and fol-
lowing microinjection in the BLA, showed modest but significant anxiolytic effects in
a wide range of preclinical animal models of anxiety (Duvoisin et al. 2011; Stawinska
et al. 2013; Stachowitz et al. 2004; Wieronska et al. 2010). However, mice lacking
mGluR4 showed a complex and sex-dependent phenotype concerning measures of
anxiety. While male mice presented higher levels of anxiety in the open field and
elevated zero maze, in comparison with wild-type mice, female mice showed reduced
measures of anxiety in these tests (Davis et al. 2012). These data indicate a complex
role of mGluR4 in anxiety-like behaviour that warrant further investigations.

Mice deficient in mGluR7 revealed a dysregulated hypothalamic—pituitary—adre-
nal axis and increased hippocampal BDNF levels, which were also observed follow-
ing chronic treatment with anxiolytics (Mitsukawa et al. 2006). Likewise,
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knockdown of mGluR7 in the amygdala (and hippocampus), using short interfering
RNAs, resulted in a robust anxiolytic phenotype (O’Connor et al. 2013). Anxiolytic
effects were also elicited by the mGluR7 agonist AMNOS2 in the four-plate test and
stress-induced hyperthermia (Stachowicz et al. 2008). As already discussed above
for fear learning, there are several potential explanations, which may explain this
paradox. First, AMNOS2-induced activation of the mGluR7 may lead to rapid recep-
tor internalization, thus resulting in a functional antagonistic effect (Pelkey et al.
2007). Second, a metabolite of AMNO82, namely, N-benzhydrylethane-1,2-diamine
(Met-1), inhibits the serotonin, noradrenaline and dopamine transporters (Sukoff-
Rizzo et al. 2011). Thus data obtained in animals with systemic administration of
AMNOS82 have to be interpreted with caution. Third, genetic manipulations may
trigger compensatory changes in circuits relevant to anxiety, which could produce
paradoxical effects. However, recent data using the novel mGluR7 NAM ADX71743
showed that blockade of mGluR7 produces an anxiolytic effect in the elevated plus
maze and marble burying tests (Kalinichev et al. 2013). Taken together these
findings indicate that blockade of mGIluR7 might be a suitable strategy for the
development of novel therapeutics designed to treat anxiety disorders.

Acute pharmacological activation of mGluR8 with the orthosteric agonist DCPG
or the PAM AZ12216052 was found to reduce measures of anxiety in wild-type
mice (Duvoisin et al. 2010, 2011). On the other hand, data obtained from mGlu8-
deficient mice on anxiety-like behaviour gave rise to largely conflicting results.
In fact, some of the studies reported no effects of the genotype on measures of anxi-
ety (Fendt et al. 2010; Gerlai et al. 2002), whereas others found an anxiogenic-like
phenotype (Duvoisin et al. 2005; Linden et al. 2002; Robbins et al. 2007), in line
with the pharmacological findings. However, neither the transgenic models nor the
systemic administration of mGluR8 agonists can provide insights on the role played
by this receptor in amygdala microcircuits related to anxiety-like behaviour (Gosnell
et al. 2011). Microinjection of DCPG in the rat BLA showed no effect in the ele-
vated plus maze and Vogel test (Palazzo et al. 2008; Stachowicz et al. 2005).
Although these data might question a participation of amygdala mGluR8 on anxiety-
like behaviour, further studies are warranted before an influence of this receptor on
anxiety can be ruled out.

Compared with group I and group II mGluRs, fewer studies have evaluated the
efficacy of group III mGluRs in anxiety disorders. The problem remains the limited
availability of potent and selective ligands at each of these receptors. However, the
preliminary evidence for an anxiolytic-like activity besides their highly discrete dis-
tribution and limited overlap, which may limit the risk for side effects, suggests that
these receptors, either modulated individually or in combination, are attractive ther-
apeutic targets for anxiety disorders.

So far, clinical research has evaluated the efficacy of mGluR ligands only in a
relatively narrow group of anxiety disorders. For instance, no studies have assessed
the efficacy of drugs acting at mGluRs in PTSD, obsessive-compulsive disorder or
phobias. Therefore, further studies are needed to address the potential of mGluR
modulation in different anxiety disorders.
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13.20 Influence of Amygdala mGluRs on Addiction

The amygdaloid complex has been implicated by a large number of studies in the pro-
cess of associative learning for appetitive reinforcers (Everitt et al. 2000). Recently,
interest has grown on the contribution of different amygdala nuclei in the learned asso-
ciation that occur during the process of drug addiction and relapse (See et al. 2003).
A growing body of evidence further points toward an important contribution of mGluRs
in modulating drug taking and seeking behaviour. In particular, several behavioural
analyses have indicated that group I mGluRs are engaged in the rewarding and seeking
effects of drugs of abuse. However, the contribution of mGluR 1 to the additive potential
of abused drugs remains controversial because of the difficulties in separating specific
effects of mGluR1 antagonists on rewarding effects from impairments of locomotion
and anxiety-like behaviour (Pomierny-Chamioto et al. 2014). A larger body of evidence
implicates mGluRS in drug addiction. Mice lacking mGluR5 did not develop cocaine
self-administration (Bird et al. 2014; Chiamulera et al. 2001), and administration of
mGIuRS5 antagonists decreased cocaine self-administration, cue-induced relapse and
conditioned place preference (Béckstrom and Hyytid 2006; Kumaresan et al. 2009).
Tonic stimulation of mGIuRS also appears to attenuate the behavioural effects of
cocaine and alcohol (Besheer et al. 2006; Lee et al. 2005). The activity of mGIuRS5 in
the BLA appears primarily important for cue-induced reinstatement of drug-seeking
behaviour (Sinclair et al. 2012). Using high-resolution positron emission tomogra-
phy with the PET tracer [''C]ABP688, which selectively binds to an mGIuR5 allo-
steric site (Hintermann et al. 2007), a significant downregulation of mGluRS5 binding
sites in the left amygdala was shown in subjects with cocaine dependence, tested
during a period of brief abstinence (Milella et al. 2014). The functional interpreta-
tion of this downregulation following cocaine withdrawal might be of a compensa-
tory response to an increase in glutamate release (Miyake et al. 2011), which may
underlie the incubation of craving.

Studies on the contribution of group II mGluRs to the behavioural responses of
drugs of abuse have consistently shown that mGIuR2/3 stimulation reduces the rein-
forcing properties of most additive drugs not only after systemic administration
(Adewale et al. 2006; Pomierny-Chamioto et al. 2014) but also after site-specific
microinjection into the amygdala (Cannady et al. 2011). Activation of group II
mGluRs in the amygdala with the selective agonist LY379268 was also shown to
reduce the discriminative stimulus effects of alcohol, one of the determinants of
abuse liability (Cannady et al. 2011).

The CeA has been proposed to play an important role in cue-induced cocaine
seeking (Lu et al. 2004). Injection of LY379268 in the CeA attenuated the cue-
induced operant behaviour characterizing prolonged cocaine withdrawal (Lu et al.
2007). Interestingly, microinjection of LY379268 in the CeA also prevented cue-
induced sucrose seeking in extinction tests after a prolonged withdrawal from oral
self-administration of sucrose (Uejima et al. 2007). This suggests that group II
mGluRs are important players in the regulation of CeA transmission underlying
craving for both drug and natural rewards.
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The recent development of more selective compounds for mGIluR2 and mGluR3
may provide further insights into the contribution that each of these receptors has in
modulating the discriminative stimulus and reinforcing effects of alcohol and other
drugs of abuse (Jin et al. 2010).

13.21 Role of Amygdala mGluRs on Emotional-Affective
Dimensions of Pain

In recent years, the amygdala has emerged as a key brain area for the emotional—
affective dimension of pain (Neugebauer et al. 2004). Hyperactivity in the laterocap-
sular division of the CeA (CeC, also termed the “nociceptive amygdala’) was found
to account for pain-related emotional responses and to contribute to anxiety-like
behaviour. However, the BLA, which is central for the acquisition and storage of
aversive associations, can strongly influence the Ce A/CeC both directly via glutama-
tergic projections and indirectly involving GABAergic ITC neurons, which in turn
project to the CeA (Busti et al. 2011).

Activation of group I mGluRs within the amygdala has been shown to be of
critical importance for pain-related synaptic plasticity and behaviour (Kolber et al.
2010; Li and Neugebauer 2004; Neugebauer et al. 2003). Activation of mGluRS5, but
not of mGluR1, enhanced excitatory responses on CeC neurons to both innocuous
and noxious stimuli in naive animals (Ji and Neugebauer 2010; Li and Neugebauer
2004), whereas in the arthritis pain model antagonists at both group I mGluRs
decreased the enhanced activity of CeC neurons (Neugebauer et al. 2003). Similarly,
blockade of group I mGluRs in the CeA in this model inhibited ultrasonic vocaliza-
tions after noxious stimulation (Han and Neugebauer 2005), which appears to
depend on the amygdala and to reflect the unpleasant emotional-affective state of the
animal (Borszcz and Leaton 2003). Conversely, only mGluR 1 antagonists were able
to inhibit ultrasonic vocalizations during a noxious stimulation (Han and Neugebauer
2005). Therefore, amygdala mGluR1 appears to be involved in the processing of
both nociceptive and affective information. Although the cellular mechanisms by
which mGluR1 contributes to the facilitation of excitatory transmission at CeC neu-
rons during sensitization remain to be identified, it has been proposed that mGluR 1
may reduce feed-forward inhibition by modulating the activity of ITC neurons (Ren
and Neugebauer 2010).

Activation of mGluR5 within the CeA was found to be necessary for the devel-
opment of mechanical hypersensitivity in response to inflammation and for visceral
pain through an intracellular signalling cascade involving mitogen-activated protein
kinases (Crock et al. 2012; Kolber et al. 2010).

Group II and III mGluRs have both been shown to modulate synaptic plasticity
and to inhibit nociceptive processing at CeC neurons in a model of arthritic pain
(Han et al. 2004, 2006). The potency of agonists for both group II and IIT mGluRs
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increased in the arthritis pain model (Li and Neugebauer 2006). Whereas the
increased sensitivity of group II mGluRs was found to be input and activity
dependent, group III mGluRs showed a general change (Li and Neugebauer
2006). The contribution of individual mGluRs at amygdala circuits on pain
behaviour remains to be determined. Activation of mGIuR7 in the CeC with
AMNO82 was shown to elicit pro-nociceptive effects in naive animals (Palazzo
et al. 2008), but not in a model of arthritis, by indirectly facilitating excitatory
transmission (Ren et al. 2011). Conversely, activation of mGluR8 in the CeC with
DCPG showed anti-nociceptive effects in arthritic animals (Palazzo et al. 2008),
but not under normal conditions, most likely through presynaptic inhibition of the
enhanced glutamate release at BLA-CeC synapses observed in this pain model
(Ren et al. 2011). Unlike the non-selective group III mGluR agonist L-AP4,
DCPG and AMNO082 did not inhibit baseline transmission from BLA to CeC neu-
rons but only pain-related plasticity, which suggests another group III mGIluR,
most likely mGluR4, is responsible for this effect. The role of mGIuR4 in the
amygdala on pain behaviour has not been investigated so far, but with the recent
introduction of new selective pharmacological agents for this receptor subtype, it
is expected that soon its contribution to the regulation of amygdala output and
pain behaviour will be elucidated.

13.22 Role of Amygdala mGluRs on Sleep Disorders

The amygdala has been increasingly implicated in the regulation of arousal and
sleep (Deboer et al. 1999; Jha et al. 2005; Morrison et al. 2000; Sanford et al. 2002;
Tang et al. 2005). A number of brain stem nuclei directly involved in the generation
and regulation of REM sleep indeed receive strong inputs from the CeA (Krettek
and Price 1978; Takeuchi et al. 1982), and stimulation of the BA increased low-
voltage, high-frequency activity in the cortical EEG and decreased NREM and total
sleep time (Dringenberg and Vanderwolf 1996).

Glutamatergic neurotransmission has also been postulated to play an essential
role in regulating arousal (Jones 2005), by means of its activity on ionotropic recep-
tors as well as mGluRs. Systemic administration of group II mGluR agonists was
found to induce a dose-dependent reduction of REM sleep, but also an increase in
the REM onset latency (Ahnaou et al. 2009; Feinberg et al. 2002). These effects
were reproduced by direct microinjection of the group II mGluR agonist LY379268
into the BA, whereas microinjection of the antagonist LY341495 suppressed NREM
and total sleep, thereby increasing wakefulness (Dong et al. 2012). On the other
hand, injection of the same agonist or antagonist into the CeA produced no signifi-
cant alterations in sleep (Dong et al. 2012). Therefore, activation of group Il mGluRs
in the BA suppresses REM without altering NREM and total sleep time, a pattern
common to many hypnotic drugs. On the other hand, antagonists significantly sup-
press NREM sleep enhancing wakefulness.
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It remains to be evaluated whether in patients with sleep disorders, group
II mGluR agonists would be able to significantly reduce the time to fall asleep and
to increase the duration of sleep, without producing daytime sedation, essential
requirements for an effective hypnotic. However, the effective anxiolytic activity and
the apparent low abuse potential of group II mGluR agonists represent desired addi-
tional features if they were to be developed as novel agents for sleep disorders.

A recent imaging study in humans has revealed in the amygdala, among other brain
areas, an increased uptake of "C-ABP688 after prolonged wakefulness (Hefti et al.
2013). This observation suggests that also mGIluR5 may be involved in sleep-wake
regulation. Sleep-wake disturbances show high comorbidity with mood disorders, and
sleep deprivation has mood-enhancing effects in depressed patients (Bunney and
Bunney 2012). Interestingly, reduced levels of mGIuRS in corticolimbic areas were
reported in patients with major depression (Deschwanden et al. 2011). Moroeover, it
has been suggested that agonists at mGluRS have antidepressant properties (Sanacora
et al. 2008). Therefore, the increased functional availability of mGIuRS after pro-
longed wakefulness within the amygdala, as well as in other brain areas, may underlie
the mood-enhancing effects of sleep deprivation (Hefti et al. 2013).

13.23 Autism Spectrum Disorders

The amygdala is an important component of the neural networks underlying social
behaviours (Brothers 1990). Impaired social interaction is a hallmark of ASDs, and
neuropathological studies in postmortem autistic brains reported a volume reduction
and structural abnormalities of the amygdala (Kemper and Bauman 1993). These
findings, along with recent preclinical studies (Amaral et al. 2003; Suvrathan and
Chattarji 2011) and functional neuroimaging data (Baron-Cohen et al. 1999), have
led to propose that dysfunction of the amygdala may be responsible, at least in part,
for the impairment of social behaviour in autism (Baron-Cohen et al. 2000).
Altered signalling downstream of group I mGluRs, and in particular of mGluRS5,
has been proposed by Bear and Huber (Bear et al. 2004) as playing a pivotal role in
the pathogenesis of fragile X syndrome (FXS) and ASDs. FXS is one of the main
inherited causes of mental retardation and an identified cause of autism. FXS is
caused by a mutation that leads to transcriptional silencing of the FMR1 gene,
which encodes the fragile X mental retardation protein (FMRP) (Pieretti et al. 1991)
and functions as a negative regulator of protein synthesis (Dolen et al. 2007).
Genetic and pharmacological modulation of mGluRS5 was indeed shown to amelio-
rate numerous impairments in animal models of FXS (Dolen and Bear 2008). Fmr1
null mice show a selective amplification of mGluR5-mediated LTD at Schaffer
collateral-CA1 pyramidal cell synapses in the hippocampus (Waung and Huber
2009). This mGluR5-mediated LTD appears dependent on protein synthesis occur-
ring in the dendrites of CA1 pyramidal neurons as a result of local mRNA transla-
tion. In Fmrl null mice, mGluR5-dependent aberrant synaptic plasticity was also
revealed at thalamic inputs to principal neurons in the lateral amygdala (Suvrathan
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et al. 2010). FMRP is one of the dendritic proteins synthesized in response to
mGluRS5 activation and has the specific function of acting as a translational repres-
sor of other LTD-associated proteins, such as postsynaptic density-95 (PSD-95), the
elongation factor la and the cytoskeleton-associated protein, Arc. In the absence of
FMREP, these proteins are constitutively and highly expressed, and this would make
the mGluR5-mediated LTD insensitive to protein synthesis inhibitors (Waung and
Huber 2009). A series of recent elegant studies have characterized at least in part the
signalling pathways that in response to mGIuRS5 activation lead to dendritic protein
synthesis. This includes the association of mGluRS with Homer proteins and the
activation of upstream regulators of dendritic mRNA translation, such as the MAPK-
interacting kinase/eukaryotic initiation factor 4E pathway, as well as the mTOR/
p70S6K pathway. Many steps along these pathways were found abnormal in
Fmr1-KO (Giuffrida et al. 2005; Ronesi and Huber 2008; Sharma et al. 2010).
However, the exact participation of group I mGluR-related signalling into the
molecular pathology of ASDs remains to be fully elucidated. Therefore, increased
group I mGIuR signalling may provide a link that connects diverse manifestations
of ASDs. However, it remains to be established whether the core of the phenotype
of ASDs arises directly from a synaptic dysfunction primarily involving group
I mGluRs, in which altered protein synthesis might be a primary cause or a second-
ary consequence of a broader neuronal dysfunction. Some evidence for synaptic
dysregulation dependent from group I mGluRs has come also from the study of the
synaptic protein neuroligin 3 (NLG3) and its associated knockout mouse model,
which relates to a form of autism not associated with any other symptoms, thus a
non-syndromic form. In this model, increased levels of mGluR1 at parallel fibre to
Purkinje cell synapses in the cerebellum have been identified (Baudouin et al. 2012).
In correlation with this, an occlusion of the mGIuR-LTD at these synapses was also
found, confirming a convergence of the phenotype with syndromic forms of ASDs
(Baudouin et al. 2012). These results further support the hypothesis that synaptic
dysregulation of type I mGIuR function is an important pathophysiological mecha-
nism in ASDs.

The consequences of the dysregulation of group I mGluR signalling might thus
be complex affecting a cluster of associated molecular signalling proteins and could
influence several forms of synaptic plasticity and neural pathways, in the amygdala
and elsewhere, implicated in ASDs.

13.24 Conclusions

Evidence for the participation of mGluRs in a number of amygdala-dependent
emotional behaviours has increased dramatically in the last few years. Hence allo-
steric modulators of these receptors may hold the promise to develop into novel
drugs for the treatment of neuropsychiatric disorders characterized by impaired
amygdala functions.
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