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Abstract

Metabotropic glutamate and adenosine receptors in the monkey striatopallidal
complex and their involvement in Parkinsonism: Anatomy, physiology, and
behavior.

By James W. Bogenpohl 11

Long term dopamine replacement therapies for Parkinson’s disease (PD) induce
debilitating side effects. The discovery of non-dopaminergic pharmacotherapeutics for
PD which could replace or potentiate dopaminergic drugs represents a strategy whereby
side effects could be reduced. In this thesis, anatomical, electrophysiological, and
behavioral properties of three potential non-dopaminergic drug targets in the
striatopallidal complex were examined.

First, we demonstrated that the metabotropic glutamate receptor 5 (mGIuR5)
antagonist 3-((2-Methyl-4-thiazolyl)ethynyl)pyridine (MTEP) potentiates the
antiparkinsonian effect of low doses of the D2-like dopamine receptor (D2LR) agonist
pramipexole in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys.
This combination treatment strategy may be able to reduce the development of side
effects commonly associated with high doses of D2LR agonists in PD.

The adenosine Aa receptor (AzaR) is another attractive non-dopaminergic target
for PD pharmacotherapy. In rodents, synergistic antiparkinsonian effects of A,aR and
MGIuR5 antagonists have been shown. A more detailed localization of these two
receptors in the basal ganglia is needed before such therapy can be tested in primates.
Using electron microscopy immunohistochemistry, we found that A,aR is located mainly

in striatopallidal GABAergic axon terminals in the external globus pallidus and in both



pre- and postsynaptic structures in the striatum. We also found that A,aR was
colocalized with mGIuR5 in postsynaptic structures in the striatum. These data highlight
numerous target sites whereby the combined use of A,aR and mGIuR5 antagonists could
mediate synergistic antiparkinsonian effects in primates.

Finally, we studied the localization and electrophysiological effects of mGIluR4,
another non-dopaminergic target with good antiparkinsonian potential, in the monkey
striatopallidal complex. We found that mGIuR4 is located in both putative glutamatergic
and GABAergic terminals and that activation of mGIluR4 has multifarious effects on
striatal and pallidal neurons, which showed increases and decreases in firing rates, as well
as changes in firing patterns, in the striatopallidal complex of normal and MPTP-treated
monkeys.

Together, these studies help to lay the foundation for the development of new

non-dopaminergic antiparkinsonian treatment strategies in PD.
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1.1 Preface

This dissertation “Metabotropic glutamate and adenosine receptors in the monkey
striatopallidal complex and their involvement in Parkinsonism: Anatomy, physiology,
and behavior” is presented in five chapters. The first chapter, “Introduction,” gives a
detailed description of background information deemed necessary to understand the
circuitry and neurotransmitter receptors involved in the research described in chapters 2
through 4. The fifth and final chapter, “Discussion,” summarizes the findings of this
dissertation, examines the limitations of this work, and discusses future directions.

This dissertation explores the anatomical localization, electrophysiological
properties, and behavioral effects of three potential non-dopaminergic antiparkinsonian
drug targets, the metabotropic glutamate receptors 4 and 5 (mGluR4 and mGIuRS5), and
the adenosine Aa receptor (AzaR), in the gold-standard animal model of Parkinson’s
disease (PD), the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkey.
Drugs acting at all three of these neurotransmitter receptors have been shown to induce
antiparkinsonian effects in rodent models of PD, at least in part, through modulation of
neurotransmission in the striatopallidal complex. Thus, in order to set the stage for future
assessments of the potential therapeutic benefits of targeting these receptors in primates,
this dissertation aims at filling gaps of knowledge about their localization, function, and

behavioral properties in the monkey basal ganglia.

1.2 Rationale
Half a century after the discovery that levodopa can alleviate parkinsonism,

dopamine replacement therapy remains the standard treatment for PD, despite the fact



that this treatment strategy often induces the progressive development of debilitating
motor and non-motor side effects. Dopamine receptor agonists are often used as a
frontline therapy to treat early PD, as this class of drugs has low dyskinetic potential.
However, after chronic use, their efficacy decreases, requiring dose escalation, which
may induce side effects. Eventually, many patients must be switched to levodopa
treatment, which has an even worse side effect profile. An adjunct treatment that could
potentiate the effect of dopamine receptor agonists would allow for a reduction in the
required agonist dosage, extend their period of usefulness, and reduce or delay the
development of side effects. Several non-dopaminergic neurotransmitter receptors in the
basal ganglia have generated significant interest as potential targets for PD therapies.
Three of the most attractive among these receptors are studied in this dissertation.

The metabotropic glutamate receptor 5 is expressed at high levels in the basal
ganglia (Shigemoto et al., 1993; Testa et al., 1994), and antagonists at these receptors
may be able to down-regulate glutamatergic transmission at corticostriatal and
subthalamofugal synapses, which are overactive in the parkinsonian condition.
Furthermore, through an interaction with the D, dopamine receptor in the striatum,
mMGIuURS is positioned to alleviate parkinsonism by modulating the binding characteristics
of the D,R (Ferre et al., 1999; Popoli et al., 2001). Antagonists of mGIuR5 have shown
good antiparkinsonian potential in rodent models of PD (Spooren et al., 2000; Breysse et
al., 2002; Ossowska et al., 2002; Breysse et al., 2003; Ossowska et al., 2005; Dekundy et
al., 2006), but studies examining the anti-dyskinetic effects of these drugs suggested that
they have no significant antiparkinsonian effects in primates (Johnston et al., 2010; Morin

et al., 2010; Rylander et al., 2010; Berg et al., 2011; Gregoire et al., 2011). However,



these studies administered the antagonist with levodopa in severely parkinsonian subjects
with dyskinesia. In this thesis, we conducted behavioral experiments to examine the
ability of mGIuR5 antagonist to potentiate the effect of low doses of D2LR agonist in
moderately parkinsonian, non-dyskinetic monkeys. These experiments are described in
Chapter 2 of this dissertation.

Another non-dopaminergic receptor with antiparkinsonian potential, the
adenosine A,a receptor, takes part in the interaction between mGIuR5 and D, receptors
that was exploited in the behavioral experiments described above. The AzaR is
selectively expressed in indirect pathway striatal neurons and physically and functionally
interacts with mGIuR5 and D,R (Ferre et al., 1999; Popoli et al., 2001). Combined
administration of mMGIuR5 and A,aR antagonists results in synergistic enhancement of
their effects on the binding properties of D;R, as well as on the reversal of parkinsonian
signs in rodents (Coccurello et al., 2004; Kachroo et al., 2005). As such, mGIuR5
antagonist/A;aR antagonist/D2LR agonist triple combination represents an attractive
potential pharmacotherapy for PD. However, before assessing the efficacy of such a
therapeutic approach in primates, we need to better characterize the ultrastructural
localization of AzaR, and elucidate anatomical sites for potential A,aAR/mMGIUR5
interactions in the primate basal ganglia. In order to address this issue, we used electron
microscopy immunohistochemistry to examine the subcellular localization of A,AR, and
its colocalization with mGIuR5 in the monkey basal ganglia. These experiments are
described in Chapter 3 of this dissertation.

Another metabotropic receptor that has recently garnered much attention as a non-

dopaminergic antiparkinsonian target is the mGIluR4. This receptor is expressed at high



levels in the striatum and pallidum, and previous studies have shown that injection of
agonists of mGIuR4 into the striatopallidal complex alleviates parkinsonian motor signs
in rodent models of PD (Marino et al., 2003; Valenti et al., 2003; Niswender et al., 2008),
possibly through modulation of neurotransmission at corticostriatal or striatopallidal
synapses (Matsui and Kita, 2003; Valenti et al., 2003; Beurrier et al., 2009; Cuomo et al.,
2009). In order to examine the anatomical substrates and physiological effects of
mGIuR4 activation upon striatal and pallidal neurons in primates, we performed electron
microscopy immunohistochemistry to localize mGluR4, as well as local administration of
mGIuR4 agonist with simultaneous extracellular recording, to assess the effects of
mGIuR4 activation on the firing rates and patterns of striatal and pallidal neurons in
parkinsonian monkeys. These experiments are detailed in Chapter 4 of this dissertation.
Together, these experiments enhance our knowledge of the anatomical
localization, electrophysiological effects, and antiparkinsonian potential of three

attractive non-dopaminergic drug targets currently under study for the treatment of PD.

1.3 The striatum: Main entry to the basal ganglia circuitry

The basal ganglia are a collection of interconnected subcortical nuclei that
regulate voluntary movement. Among these nuclei are the striatum, the internal and
external globus pallidus, the subthalamic nucleus, and the substantia nigra. The striatum
is known as the main input nucleus of the basal ganglia circuit, as it receives a massive
glutamatergic projection from the cortex, a glutamatergic input from the thalamus, as
well as a significant dopaminergic projection from the substantia nigra pars compacta.
Proper striatal function is integral for normal activity throughout the basal ganglia. For

example, most of the pathophysiological changes that occur throughout the basal ganglia



circuitry in Parkinson’s disease are caused, in part, by the depletion of striatal dopamine
and the dysregulated striatal output activity. Additionally, many potential non-
dopaminergic PD treatments are thought to regulate striatal activity, and for that reason,
the striatum is the most studied structure in this dissertation.
1.3.1 Striatal medium spiny neurons

The striatum contains one main type of projection neuron which comprises
approximately 70-90% of the total striatal neuronal population: the GABAergic medium
spiny neurons (MSN). The dendrites of these neurons are covered with spines targeted
by glutamatergic afferents from the cerebral cortex and thalamus. Dopaminergic inputs
from the substantia nigra pars compacta (SNc), serotonin afferents from the dorsal raphe,
as well as GABAergic and cholinergic inputs from interneurons and MSN axon
collaterals represent the bulk of other inputs that impinge upon striatal MSNs. The
corticostriatal projection is by far the main source of information to striatal MSNs.

Regardless of their location within the striatum, MSNs can be divided equally

into two groups based on their distinct chemical phenotypes and projection targets.
Direct pathway (GPi/SNr-projecting) MSNs preferentially express D1 dopamine
receptors and the neuropeptides substance P and dynorphin, whereas indirect pathway
(GPe-projecting) MSNs preferentially express D2 dopamine receptors, adenosine Axa
receptors, and the neuropeptide enkephalin. The direct and indirect striatal output

pathways are described in further detail below.



1.4 General basal ganglia circuitry

Glutamatergic projections from the cortex and thalamus enter the striatum and
contact medium spiny projection neurons. Projections from sensorimotor cortical areas
terminate in the posterior putamen, associative cortical inputs terminate in the anterior
putamen and caudate nucleus, and limbic inputs terminate in the ventral striatum. From
the striatum, segregated functional information is funneled to the basal ganglia output
nuclei (the internal globus pallidus and the substantia nigra pars reticulata), which then
forward basal ganglia outflow to the thalamus and brainstem. Thalamic output
projections are then sent to the cerebral cortex or back to the striatum, through a series of
functionally segregated basal ganglia-thalamocortical and basal ganglia-thalamostriatal

circuits. (Figure 1.1; Wichmann and DeLong, 2003; Smith et al., 2004).
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l T 1f—|CM|VANL|

— —
v - \ -
Brain stem/ PPN < Brain stem/ L ppN.
Spinal cord ' ’ Spinal cord ‘

Figure 1.1 — Simplified schematic diagram of the basal ganglia-thalamocortical
circuitry under normal conditions (left) and rate changes in parkinsonism (right).
Inhibitory connections are black, and excitatory connections are gray. Weight of
arrows correlates to amount of neuronal activity. Figure from (Wichmann and

DeLong, 2003).



1.5 Direct and indirect pathways

The direct and indirect pathways are the two major tracts through which
information flows in the basal ganglia circuitry. The direct pathway received its name by
virtue of the fact that it consists of a single projection from the striatum, known as the
main basal ganglia input nucleus, directly to the internal globus pallidus and substantia
nigra pars reticulata, the two basal ganglia output structures. This GABAergic projection
gives rise to the majority of synaptic inputs on the dendrites of neurons in the output
nuclei (Shink and Smith, 1995). This system runs in parallel with the “indirect pathway,”
which conveys information from the striatum to the output nuclei via relays in the
external globus pallidus and the subthalamic nucleus.

In addition to their differential expression of neuropeptides and neurotransmitter
receptors (see section 1.3.1), other subtle, though functionally important, differences exist
in the physiology and morphology of direct and indirect pathway MSNs. D1-containing
MSNs are less excitable than D2-containing MSNs, which is likely due to the larger
dendritic area of D1-containing MSNs (Gertler et al., 2008). Additionally, indirect
pathway MSNs seem to be more responsive to cortical inputs than direct pathway MSNs,
as shown by their immediate-early gene expression following microstimulation or
pharmacological disinhibition of the motor cortex (Berretta et al., 1997). Both direct and
indirect pathway neurons provide significant GABAergic inputs to striatal cholinergic
interneurons in primates (Gonzales et al., 2011)

Despite clear phenotypic and hodologic differences, the degree of segregation
between the two groups of striatal MSNs may not be as clear-cut as originally thought.

For example, the axonal projections of many direct pathway MSNs that arborize



extensively in the GPi and SNr also send axon collaterals to the GPe (Wu et al., 2000).
Similarly, some indirect pathway MSNs that project preferentially to the GPe send axon
collaterals to the GPi and SNr (Parent et al., 1995; Parent et al., 2000). Additionally, the
complete segregation of D1 and D2 dopamine receptors between direct and indirect
pathway MSNs has been a subject of debate due to the reported discovery of a certain
percentage of striatal projection neurons expressing both receptor subtypes (Lester et al.,
1993; Aizman et al., 2000). It is also important to note that direct and indirect pathway
MSNs communicate with each other via local axon collaterals in the striatum;
connections from D2- to D1-containing MSNs being more common than connections
from D1- to D2-positive neurons (Taverna et al., 2008).

The classical view of the indirect pathway relies on the following connectivity
network. Extrinsic information from the cerebral cortex and thalamus enters the basal
ganglia circuits via the striatum, reaching D2 dopamine receptor-containing, GABAergic
MSNs which send projections to the GPe. In turn, the GPe extends a massive
GABAergic projection to the subthalamic nucleus, which then provides glutamatergic
innervation of the basal ganglia output nuclei. Collateral projections of
pallidosubthalamic axons that end in the GPi and SNr, without a relay in the STN, are
also part of this system. The following discussion will pertain to the primate indirect
pathway; subtle differences exist in rodents.

In nonhuman primates, four major types of GPe projection neurons have been
characterized based on their projection targets. About half of all GPe neurons project to
the STN and SNr, while the remaining half is split about evenly between neurons

projecting to the STN & GPi; the STN, GPi, & SNr; or to the striatum (Sato et al.,
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2000a). Several groups have shown that the GPe projections to the striatum originate
from different neurons than those giving rise to projections to the STN, GPi or SNr
(Bevan et al., 1998; Kita and Kitai, 1994). In rats, these pallidostriatal neurons display
pre-pro-enkephalin mMRNA (Hoover and Marshall, 1999) and fire with a different phase
relationship to the STN (Mallet et al., 2012). Most GPe projection neurons also give rise
to local axon collaterals that terminate on the cell bodies of other GPe neurons.

GPe projection neurons of the most prevalent type send axons that form a highly
focused, dense field of terminals that innervate the whole extent of the somatodendritic
domain of individual STN neurons. Axon collaterals from this projection descend into
the SNr, where they form dense pericellular baskets around the somata of SNr output
neurons. The next two types of GPe projection neuron follow a similar path, creating
highly focused pericellular projections to GPi output neurons. These GPe projections are
distributed in a highly specific and topographic fashion with respect to functional regions
in the target structures. Axons from the subset of GPe neurons that send reciprocal
connections to the striatum terminate in a widespread fashion throughout the structure,
where they give rise to GABAergic terminals that preferentially target interneurons, at
least in rodents (Bevan et al., 1998).

The final step in the indirect pathway is the glutamatergic projection from the
STN to the output nuclei. These excitatory inputs from the indirect pathway converge
with inhibitory terminals from the direct pathway at projection neurons of the output
nuclei. Balanced activity between these opposing inputs modulates the basal ganglia
outflow to thalamocortical neurons. Like other projections in the indirect pathway, STN

projection neurons have axons that collateralize and terminate in multiple structures. In
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addition to GPi and SNr, STN efferents contact the striatum, the substantia nigra pars
compacta, the pedunculopontine nucleus, the spinal cord, and send reciprocal projections
to the GPe. In nonhuman primates, the most common types of STN projection neurons
are those collateralizing to both GPi and GPe (comprising about half), followed by
neurons contacting GPe, GPi, and SNr (comprising about 20%), striatum only (~17%),
and GPe only (~10%) (Sato et al., 2000b). The STN terminals have a similar
morphology in all target nuclei and form asymmetric synapses with dendrites and
perikarya. The STN projections to the output nuclei and GPe are highly topographic and
functionally organized such that neurons related to the same functional modality remain
connected through segregated loops. In addition to the striatum, the STN is another site
of entry of extrinsic information into the basal ganglia circuitry, receiving direct inputs
from the cerebral cortex (so-called the “hyperdirect pathway”), thalamus, and brainstem

(Carpenter et al., 1981).

1.6 Basal ganglia disorders

Basal ganglia dysfunction is known to be associated with several disorders. Not
surprisingly, most of these disorders have a prominent motor component. In this thesis,
we will focus our discussion on PD, but many other neurodegenerative and
neurochemical disorders of the basal ganglia have been recognized, including
Huntington’s disease, hemiballismus, dystonia, attention deficit hyperactivity disorder,
Tourette’s syndrome, and more. Many of these conditions are quite disabling, but none is

as prevalent as PD.
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PD is the second most common neurodegenerative disease, with 50,000 new
diagnoses each year, in the United States alone (National Parkinson Foundation, 2011).
With an aging population, this disease represents a highly relevant area of research. Its
namesake, James Parkinson, first described the disorder in 1817, with his publication, An
Essay on the Shaking Palsy. He described many of the motor hallmarks of the disease,
which include resting tremor, muscle rigidity, akinesia, bradykinesia, hunched posture,
and shuffling gait (Parkinson, 1817). The disease is also associated with several non-
motor symptoms, including depression, cognitive impairment, dementia, and sleep
disturbances. Examination of brain tissue from PD patients shows further hallmarks,
including alpha-synuclein aggregates, formation of Lewy bodies, and most importantly,
degeneration of the pigmented dopaminergic neurons in the substantia nigra, which
project to the striatum (for review see Davie, 2008). While less studied, it has long been
known that the neurodegeneration in PD extends beyond the dopaminergic system,
affecting serotonergic and noradrenergic systems as well (Scatton et al., 1983; Jellinger,
1991)

The cause of human PD is not known, but it likely involves both genetic and
environmental factors. Several specific mutations have been identified that can cause
familial, heritable forms of PD (for review see Rochet et al., 2012), but these only
account for a very small proportion of all PD cases. No cure exists for this disease, and
potential preventative strategies are hampered by a lack of early biomarkers for the
disease; a majority of dopaminergic neurons have already degenerated by the time motor
symptoms arise. Only symptomatic treatments exist, and these have debilitating side

effects (Smith et al., 2012).
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1.6.1 Imbalanced activity of direct and indirect pathways in Parkinson’s disease

Imbalanced activity between the indirect and direct striatofugal pathways is one
of the key pathophysiological features of Parkinson’s disease. In patients with PD,
degeneration of the nigrostriatal dopaminergic projection oppositely changes the level of
activity in “direct” vs. “indirect” striatal MSNs, due to their differential expression of
dopamine receptors. D1-containing direct pathway neurons, which are normally excited
by dopamine, decrease their activity, whereas D2-containing indirect pathway MSNs,
normally inhibited by dopamine, display an increased activity in PD. The increased
striatal GABAergic outflow to the GPe reduces inhibitory pallidal influences on the STN
which, in turn, provides an increased glutamatergic drive to the output nuclei. Together
with the decreased inhibition from the direct pathway, this increased glutamatergic drive
from the STN leads to an overactive inhibitory basal ganglia outflow to thalamocortical
neurons, thereby contributing to reduced motor cortex activity and inhibition of voluntary
movements.

This scheme is commonly referred to as the “rate model” of Parkinson’s disease,
and it has been highly useful in understanding PD pathology. However, not all
experimental observations agree with the rate model. For example, lesions of the
thalamus or GPe do not cause parkinsonism, as would be predicted by the rate model
(Canavan et al., 1989; Soares et al., 2004). It is now believed that changes in other
aspects of basal ganglia activity, such as firing patterns (see next section), also play an
important role in parkinsonian pathophysiology.

Morphological changes in direct and indirect pathway MSNs may also contribute

to their pathological activity in parkinsonism. In human parkinsonians and animal
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models of PD, the depletion of striatal dopamine is accompanied by a significant loss of
striatal spines, the main recipient of glutamatergic and dopaminergic inputs in the
striatum. Although some authors have suggested that this loss of spines is selective for
D2-containing neurons in rodents (Day et al., 2006), these observations have not been
confirmed in the nonhuman primate model of parkinsonism nor patients with PD
(Villalba et al., 2009).

1.6.2 Firing pattern abnormalities in Parkinson’s disease

Alterations in firing rates among various nuclei, as discussed above, are not the
only important abnormalities in basal ganglia activity in Parkinson’s disease. Aberrant
firing patterns also seem to play an important role in basal ganglia pathophysiology.
Abnormal oscillations in neuronal firing have been identified in the STN, GPi, and SNr in
animal models, as well as in PD patients (See Brown, 2007 for review). These
oscillations have a characteristic frequency in the  range (10-30 Hz), and they disappear
with antiparkinsonian medication or high frequency stimulation of the STN (Kihn et al.,
2006; Wingeier et al., 2006).

Abnormal neuronal synchrony has also been observed in the parkinsonian basal
ganglia. The basal ganglia circuitry is organized in functionally segregated loops, and
this segregation is maintained at the cellular level, such that neighboring neurons often
fire independently from each other. Under parkinsonian conditions, neuronal firing
becomes widely synchronized across many basal ganglia neurons, likely disrupting the
proper flow of information and the encoded functional specificity (for review see

Hammond et al., 2007).
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In addition, increases in burst firing have been described in the parkinsonian basal
ganglia, especially in the pallidum and STN (Bergman et al., 1994; Wichmann et al.,
1999; Soares et al., 2004). After dopamine depletion, burst firing becomes more
frequent, and bursts become longer, both in PD patients and animal models (Hutchison et

al., 1994; Magnin et al., 2000; Wichmann and Soares, 2006).

1.7 Animal models of Parkinson’s disease

1.7.1 Acute and reversible models of PD

There are two pharmacological agents that are commonly used to achieve
temporary parkinsonism in rodents: reserpine and haloperidol. Reserpine is an
irreversible blocker of the vesicular monoamine transporter (VMAT), which is required
for packaging of the monoamines including dopamine, serotonin, and norepinephrine into
synaptic vesicles (Henry and Scherman, 1989). Once the existing pool of synaptic
vesicles is exhausted, animals enter a state of catalepsy caused by the lack of dopamine
release. The effects of reserpine can last for days, as new VMATSs must be synthesized to
replace those that were irreversibly blocked. Animals with reserpine-induced catalepsy
can be used to test the efficacy of potential antiparkinsonian drugs; this model was
instrumental in the discovery of the antiparkinsonian effects of levodopa (Carlsson et al.,
1957). The fact that reserpine affects monoamine systems other than dopamine was
originally viewed as a weakness, but after the realization that serotonergic and
noradrenergic systems are affected in PD (Scatton et al., 1983; Jellinger, 1991), the

validity of this model was reinforced.
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Haloperidol is a long-acting antagonist of dopamine receptors that was originally
used as an antipsychotic medication (Granger and Albu, 2005). When injected into
rodents, the resulting blockade of dopaminergic transmission causes the animal to enter a
rigid, cataleptic state, which can be reversed by antiparkinsonian drugs (Sanberg, 1980).
While catalepsy is not exactly a symptom of PD, this condition is likened to the rigidy
and inability to initiate movement that is associated with the disease.

Both of these models have similar benefits and drawbacks for modeling PD.
They represent easy and inexpensive methods of generating an acute animal model of
PD. They also may be considered more humane options compared to other models of
PD, due to their temporary nature. However, the transient nature of dopamine depletion
in these models means they cannot be used in studies requiring chronic parkinsonism.
Also, these models are useless for studying the degenerative process of Parkinson’s
disease, or potential neuroprotective treatments, as little to no neurodegeneration occurs,
along with all of the neuroanatomical and neurochemical changes that follow.

1.7.2 The 6-hydroxydopamine (OHDA)-treated rat model of Parkinson’s disease
6-hydroxydopamine (6-OHDA) treatment of rats can be used to generate what is
probably one of the most reliable, toxin-based rodent models of PD. This toxin is
selectively taken up into dopaminergic and noradrenergic (can be prevented with the
norepinephrine transporter blocker desipramine) neurons, which it kills through
mitochondrial respiratory dysfunction and oxidative stress. When injected in the medial
forebrain bundle or in the substantia nigra, 6-OHDA induces a loss of nigrostriatal

dopaminergic neurons and leads to behavioral motor signs resembling those seen in
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parkinsonism. This model has been used to test the efficacy of antiparkinsonian
compounds, as well as to test potential neuroprotective treatments.

However, this model also has drawbacks. First, it is a relatively difficult model to
achieve. As 6-OHDA does not cross the blood-brain barrier, it must be stereotactically
injected into either the medial forebrain bundle or the substantia nigra itself, which are
small targets. Dopaminergic lesions caused by 6-OHDA are often quite severe, so they
are usually only induced unilaterally in order to avoid mortality. However, partial
bilateral lesions have been generated by injection of the toxin directly into the
dorsolateral striata (Amalric et al., 1995).

1.7.3 The MPTP-treated monkey model of Parkinson’s disease

The MPTP-treated monkey model of PD, used in this dissertation, is considered
the gold-standard animal model of PD for several reasons. First, monkeys are
evolutionarily very closely related to humans, and they have very similar anatomy and
physiology. This means that the validity of studying human diseases in these monkeys is
improved, as compared with other commonly studied species, like rodents. Compared to
human PD patients, MPTP-treated monkeys display very similar motor symptoms, show
some of the non-motor symptoms (McDowell and Chesselet, 2012), undergo nearly
identical cellular damage in the midbrain, and respond to antiparkinsonian drugs in a very
similar manner, including the progressive development of motor side-effects. The basal
ganglia circuit of the MPTP-treated monkey also shows many of the pathophysiological
changes that occur in PD patients, such as altered firing rates and patterns, increased
oscillatory activity, and aberrant neuronal synchrony (Nini et al., 1995; Raz et al., 2000;

Wichmann and Delong, 2003; Meissner et al., 2005; Leblois et al., 2007). MPTP has
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also been extensively used to induce midbrain dopaminergic neurodegeneration in mice.
This model of PD has been helpful in understanding the neurodegenerative process, but
behavioral parkinsonism in these animals is hard to observe (see Bové and Perier, 2012

for review).

The main drawback for MPTP is its danger to humans. It can enter the system
trans-cutaneously or through inhalation of vapors, and causes degeneration of
dopaminergic neurons in humans (Przedborski et al., 2001). Another drawback is that
this model does not necessarily reproduce the slow development of PD. While the MPTP
model is better than most in this respect (it can be given in low doses over long periods of
time to slowly generate a dopaminergic lesion), human PD develops over a period of
several years, which is not a practical time period for generating experimental animals.
The following sections describe the discovery and mechanism of action of this
neurotoxin.
1.7.3.1 The discovery of MPTP

MPTP was first synthesized in the 1940s in a search for novel analgesic drugs
(Lee et al., 1947). However, the toxic nature of the molecule would not be recognized for
many years, even though it was commonly used as a chemical intermediate in the
synthesis of other molecules. In fact, in a case of true irony, the compound was even
tested as a potential treatment for PD (Langston and Palfremann, 1995).

The compound’s toxicity was nearly discovered in the late 1970s when a
chemistry graduate student in Maryland botched the synthesis of a meperidine (Demerol)
analog, producing MPTP as a major byproduct. He injected the resulting mixture of

chemicals and rapidly developed severe parkinsonism, which was treated successfully
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with levodopa. Investigators found MPTP, along with several other chemicals, in the
man’s lab, but they were unable to identify it as the agent responsible for his
parkinsonism. When the man died 18 months later from cocaine overdose, autopsy
showed that he had damage to the dopaminergic cells of the substantia nigra (Davis et al.,
1979).

It wasn’t until the early ‘80s that the full potential of MPTP was discovered. In
1982, a chemist in northern California again botched the synthesis of a meperidine analog
and distributed the product. Over the following weeks, hospitals in the area saw an
outbreak of cases of rapid-onset, advanced Parkinson’s disease in young drug users.
Analysis of the patients’ leftover drugs revealed that MPTP was present. Shortly
thereafter, scientist Bill Langston showed that when given to monkeys, MPTP induces
behavioral symptoms that closely resemble human parkinsonism, which could be treated
with levodopa. At the pathological level, MPTP induced the death of the same midbrain
dopaminergic neurons that die in PD (Langston et al., 1984). This series of events, which
led to the birth of the gold-standard animal model of PD, is an interesting example of a
rather unfortunate situation serendipitously leading to a discovery that has greatly
advanced our understanding of a crippling disease.
1.7.3.2 Mechanism of action of MPTP

MPTP itself is actually not toxic, but its lipophilic properties allow it to cross the
blood-brain barrier. Once in brain, the chemical is converted into its active (toxic)
metabolite 1-methyl-4-phenylpyridinium (MPP+) in astrocytes by monoamine oxidase B.
MPP+ has affinity for the dopamine transporter, through which it is selectively taken up

into dopaminergic terminals in the striatum, where it interferes with complex | of the
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electron transport chain inside of mitochondria. This leads to free-radical production and
ultimately death of the cell. MPTP intoxication is also known to cause damage to the
other monoaminergic systems, including serotonergic and noradrenergic cells (Nayyar et
al., 2009; Ansah et al., 2011; Masilamoni et al., 2011), as is seen in PD (Scatton et al.,

1983; Jellinger, 1991).

1.8 Dopamine replacement therapy in PD

Remarkably, since the discovery half a century ago that L-DOPA administration
can alleviate the symptoms of parkinsonism, dopamine replacement therapy remains the
gold-standard pharmacotherapy for Parkinson’s disease, despite the unfortunate fact that
this treatment strategy often causes debilitating side effects. Common dopamine
replacement therapies, such as the dopamine precursor levodopa and direct dopamine
receptor agonists, can cause motor side effects, such as abnormal involuntary movements
(dyskinesias) and “wearing off” of motor benefit, as well as non-motor side effects
including hallucinations, sleep disturbances, psychosis, and compulsive behaviors (Smith
etal., 2012).

Research has suggested that the non-physiological, pulsatory delivery of oral
dopaminergic agents contributes to the development of motor side effects (Olanow et al.,
2006; Antonini and Odin, 2009). As a result, several treatment strategies have been
tested to deliver more constant levels of dopamine replacement. Dopamine receptor
agonists with very long biological half-lives, such as cabergoline, have been used to this
effect (Bracco et al., 2004), but like other dopamine agonist treatments, the efficacy

declines as the disease progresses, and levodopa treatment is often eventually needed.
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Strategies to constantly deliver shorter-acting dopaminergic agents via alternative routes,
such as intra-intestinal or subcutaneous administration (Hughes et al., 1993; Annic et al.,
2009; Westin et al., 2011), have seen some success. However, these methods are
invasive, and complications with cannula displacement and inflammation at infusion sites
are a problem.

Another interesting but invasive dopamine replacement strategy involves inducing
cellular dopamine production in the striatum. This can be achieved by several means,
including transplantation of extrinsic cells or gene therapy. Intrastriatal transplantation
of grafts of human embryonic dopaminergic neurons has been tested in multiple studies
(Freed et al., 2001; Brundin et al., 2010). Unfortunately, the efficacy of this treatment
was found to be negligible, and in some patients the grafts induced drug-independent
dyskinesias (Olanow et al., 2003). A second approach, which has yet to reach the point
of testing in humans, is to transplant stem cells, destined to become dopaminergic cells,
into the striatum (Hargus et al., 2010). This strategy carries major safety concerns, as the
desired cellular differentiation isn’t always guaranteed, and stem cells have the potential
to proliferate in the brain, inducing tumor formation. A third method, which does not
involve cellular transplantation, is to use gene therapy by means of viral vector-mediated
delivery of genetic material encoding enzymes necessary for the production of dopamine
or L-DOPA into intrinsic striatal cells (Christine et al., 2009; Jarraya et al., 2009).
Clinical trials testing these treatments are underway, but there is some uncertainty about
how striatal neurons might release dopamine, as they do not express the vesicular
monoamine transporter, which is required for packaging of dopamine into synaptic

vesicles. As such, there is concern that buildup of cytosolic dopamine in transfected
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striatal neurons could lead to oxidative stress or even death of these cells (Chen et al.,
2008). All three of the above-mentioned cellular therapies carry the double-edged sword
of their irreversibility. While any observed antiparkinsonian benefit has the potential to
be permanent and medication-independent, the same applies to any unwanted side
effects.

In summary, while many improvements have been made to dopamine
replacement therapy over the years, many of the resulting treatments have serious
drawbacks, and the development of dyskinesia is often a persistent problem. For this
reason, research into non-dopaminergic PD therapies remains a relevant and active field

of study.

1.9 Non-dopaminergic antiparkinsonian drug targets

Surely the best way to avoid dyskinesias and other debilitating dopaminergic side
effects is to simply avoid the use of dopaminergic drugs. Unfortunately, after decades of
research, no non-dopaminergic pharmacotherapy has been discovered that is able to
match the efficacy of dopamine replacement drugs. However, the search for non-
dopaminergic treatments is an active field of research, and several targets for potential
antiparkinsonian agents have been identified, some of which have promise. Furthermore,
a compound does not necessarily need to be as efficacious as levodopa in order to be
valuable. If a newly discovered drug could do so much as to potentiate the effect of
dopaminergic agents, it would be highly useful as an adjunct treatment. Such an adjunct
could allow for a reduction in the required dosage of dopaminergic agents and thereby

decrease, delay, or maybe even prevent the development of dopaminergic side effects.
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Additionally, when they are combined, different non-dopaminergic treatments may be
able to enhance the efficacy of one another. Some of the non-dopaminergic targets that
have received significant consideration are now discussed.
1.9.1 Cholinergic receptors

Anticholinergic agents were the very first pharmacotherapy for PD, dating all the
way back to the use of herbal alkaloids in the 1800s. In fact, this class of drugs was
essentially the only pharmacotherapy available for PD until the advent of dopamine
replacement therapy in the 1960s. Interestingly, after over a century of use, the
antiparkinsonian mechanism of action of these drugs is not completely understood.
However, it is apparent that anticholinergic agents are more effective at treating tremor
than the other motor symptoms of PD (Koller, 1986). Nowadays, this class of drug is
rarely used to treat PD, mostly due to a myriad of adverse side effects, including
confusion, cognitive impairment, constipation, and blurred vision. Additionally,
anticholinergics are poorly tolerated in elderly patients (Feinberg, 1993), so the best
candidates for anticholinergic therapy are young patients with problematic tremor. As a
rare example of a beneficial side effect, anticholinergic agents can treat drooling, which
is sometimes seen in PD, due to their peripheral activity as antisialagogues (Hyson et al.,
2002). Recent research into new anticholinergic drugs that act selectively at specific
subtypes of cholinergic receptors (Conn et al., 2009; Weaver et al., 2009; Digby et al.,
2010) may be able to provide tremorolytic benefit with fewer peripheral side effects.
1.9.2 Glutamate receptors

The discoveries of overactive glutamatergic transmission at corticostriatal and

subthalamofugal synapses (Fig. 1.1) have generated much interest in anti-glutamatergic
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agents as potential therapeutics for PD. The main idea behind these treatments is to
return the parkinsonian basal ganglia to a more normal state of activity by modulating
glutamate (and sometimes GABA) transmission which has been altered by dopamine
depletion. There are two major classes of glutamate receptors: ionotropic and
metabotropic receptors. Potential treatments targeting both of these classes of glutamate
receptor are discussed below.

1.9.2.1 lonotropic glutamate receptors

Antagonists of ionotropic receptors were among the first anti-glutamatergic
treatments to be tested, but serious non-motor side effects and poor efficacy have
prevented most of these from being useful in humans (for review see Smith et al., 2012).
Glutamate is the most abundant neurotransmitter in the brain, and ionotropic glutamate
receptors are central to normal fast excitatory neurotransmission throughout the nervous
system (Blandini and Greenamyre, 1998). Thus, it is not hard to imagine that blocking
these receptors would cause far-reaching effects, well beyond modulation of the basal
ganglia circuitry. lonotropic glutamate receptors are classified into three subtypes,
named for the agonists which aided in their discovery: a-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptors, kainate receptors, and N-methyl-D-aspartate
(NMDA) receptors.

Preclinical investigation of the antiparkinsonian effects of AMPA receptor
antagonists have yielded encouraging results in rat and monkey models of PD
(Klockgether et al., 1991; Loschmann et al., 1992; Wachtel et al., 1992), but human
studies were not so successful. Two studies of the AMPA receptor antagonist

peramapanel found its antiparkinsonian effects to be no different than placebo (Eggert et
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al., 2010; Lees et al., 2012). Other trials of the AMPA receptor antagonists talampanel
and topiramate were terminated before completion, due to lack of efficacy.

Various NMDA receptor antagonists have been tested for antiparkinsonian effects
in different animal models of PD (for review see (Johnson et al., 2009)), with varying
degrees of success. Nonetheless, only one NMDA receptor antagonist, amantadine, has
been approved for use in PD patients. Clinical trials with amantadine have shown that it
attenuates levodopa-induced dyskinesias and motor fluctuations (Verhagen Metman et
al., 1998), and may delay the onset of dementia (Inzelberg et al., 2006). Then again,
amantadine also has anticholinergic effects (Warnick et al., 1982; Matsubayashi et al.,
1997), so it isn’t entirely clear if these effects are solely due to inhibition of NMDA
receptors. Serious side effects of NMDA inhibitors, such as hallucinations, confusion,
agitation, nightmares, catatonia, ataxia, and deficits in learning and memory raise
questions about the usefulness of this class of drugs in humans. However, recent research
into antagonists selective for the NR2B subunit of NMDA, which is enriched in striatal
MSNs (Landwehrmeyer et al., 1995), may be able to treat PD with fewer side effects.
Still, clinical trials with NR2B-selective agents have shown they can attenuate
dyskinesias (Nutt et al., 2008), but do not confer any significant antiparkinsonian benefit
(Montastruc et al., 1992; Addy et al., 2009).

Antagonists of AMPA and NMDA receptors also represent a good example of a
potential non-dopaminergic combination treatment in PD, as they show synergy in their
anti-dyskinetic effects when combined, in 6-OHDA-treated rats and MPTP-treated

monkeys (Bibbiani et al., 2005; Kobylecki et al., 2011). Additionally, the
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antiparkinsonian effect of NMDA antagonist can be potentiated by combination with an
antagonist of metabotropic glutamate receptor 5 (Turle-Lorenzo et al., 2005).
1.9.2.2 Metabotropic glutamate receptors

Metabotropic glutamate receptors are divided into three major groups, comprised
of eight different subtypes, based on their structure, pharmacology, and coupling to
second messenger systems. Group | mGIuRs include mGIluR1 and mGIuR5, which are
coupled to the G4 second messenger system that stimulates neurons through
phospholipase C activation and release of calcium from internal stores. Group Il mGIuRs
(mGIuR2 and mGIuR3), as well as group 11l mGluRs (MGIluR4, mGIluR6, mGIuR7, and
mGIuR8) are coupled to the G; second messenger system, which inhibits neuronal
activity through inhibition of adenylyl cyclase.

Metabotropic glutamate receptors are better targets for modulation of
glutamatergic transmission than ionotropic receptors for several reasons (Niswender and
Conn, 2010). First, they have slower, more modulatory effects on cellular excitability
than do ionotropic receptors. Think of ionotropic receptors as a standard light switch and
metabotropic receptors as a dimmer switch. This property allows neuronal excitability to
be more subtly modulated, and any effects outside of the desired brain structure will
likely be gentler. Second, mGIuRs have more restricted patterns of localization in the
brain than do ionotropic receptors. For example, whereas AMPA and NMDA receptors
are found at high levels throughout the brain (Wenzel et al., 1997; Beneyto and Meador-
Woodruff, 2004), mGIuRS5 expression is more heavily concentrated in the striatum and
hippocampus than other structures (Shigemoto et al., 1993; Testa et al., 1994). Because

research has generated selective compounds for many of the specific mGIuR subtypes,
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glutamatergic transmission can be modulated more selectively within the structures that
are enriched in specific mGIuR subtypes, minimizing off-target effects.

mGIuR4 and mGIuR5 in particular have garnered much attention as potential
therapeutic targets for PD. These two receptors are the subject of research described in
Chapters 2, 3, and 4 of this dissertation, and both are introduced below.

1.9.2.2.1 mGluR4

The metabotropic glutamate receptor 4 is a group 11l mGIuR, which is generally
found in axon terminals, where it inhibits neurotransmitter release. This receptor is
expressed in many brain areas, but is particularly enriched in the rat striatum, globus
pallidus (GP), entopeduncular nucleus, and SNr; the origin and major targets of striatal
MSNs. Atthe EM level, mGluR4 is located in putative GABAergic axon terminals in the
rat GP and SNr, as well as in pre- and postsynaptic structures in the striatum (Bradley et
al., 1999; Corti et al., 2002), supporting strong expression of the receptor in striatal
MSNSs. Within the rat striatum, mGIuR4 is located in inhibitory terminals, as well as in
putative glutamatergic terminals (Corti et al., 2002), which likely originate in the cortex.
Whether this pattern of localization holds true in primates was unknown, until publication
of the research in chapter 4 of this dissertation confirmed that it does. These anatomical
findings highlight two specific locations whereby activation of the inhibitory mGIluR4
might be useful in normalizing neural activity in the parkinsonian basal ganglia: the
striatopallidal terminals and corticostriatal terminals, both of which are thought to be
overactive in the parkinsonian state.

Indeed, electrophysiological data support the feasibility of mGluR4-mediated

modulation of striatopallidal and corticostriatal transmission. Recordings in rat GP slices
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have shown that activation of mGIluR4 can attenuate inhibitory postsynaptic currents
induced by striatal stimulation (Matsui and Kita, 2003; Valenti et al., 2003; Beurrier et
al., 2009). Furthermore, group Il mGIuR activation in rat striatal slices attenuates both
excitatory and inhibitory postsynaptic potentials (Cuomo et al., 2009), in agreement with
anatomical data showing the receptor in both types of terminal. The electrophysiological
responses of primate striatal and pallidal neurons to local group 111 or selective mGluR4
activation was unknown, until described in chapter 4 of this dissertation.

Behavioral experiments also strengthen the idea that mGIuR4 activation has
potential as an antiparkinsonian treatment strategy. Intrapallidal, intrastriatal,
intracerebroventricular, or systemic infusion of group Il or mGluR4 agonists alleviates
parkinsonism in rat models of PD (Marino et al., 2003; Valenti et al., 2003; Maclnnes et
al., 2004; Marino et al., 2005; Konieczny et al., 2007; Lopez et al., 2007; Beurrier et al.,
2009; Cuomo et al., 2009). The behavioral effects of mGIluR4 activation in primates
remain unknown, but the development of mGIluR4 allosteric potentiators with favorable
pharmacokinetic properties and efficient brain penetration has laid the foundation for
trials of mGluR4-active PD pharmacotherapeutics (Niswender and Conn, 2010; Engers et
al., 2011; Smith et al., 2012).

1.9.2.2.2 mGIuR5

The metabotropic glutamate receptor 5 is a group | mGIuR, which is commonly
found in postsynaptic elements, where it mediates slow excitatory effects in response to
glutamate. This receptor is expressed throughout the brain, but it is most enriched in the
striatum and hippocampus (Shigemoto et al., 1993; Testa et al., 1994). At the EM level,

mMGIuURS is located postsynaptically in neurons of multiple basal ganglia nuclei (Hanson
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and Smith, 1999; Paquet and Smith, 2003; Hubert and Smith, 2004), putting it in ideal
position to regulate glutamatergic transmission throughout the circuit, most pertinently at
corticostriatal and subthalamofugal synapses, which are overactive in parkinsonism.
Antagonists of mMGIuR5 have been tested for antiparkinsonian effects in several
behavioral studies, having the most success in rodent, rather than monkey models of PD.
Blockade of mGIuR5 has been shown to alleviate parkinsonian motor signs in 6-OHDA-
lesioned rats (Breysse et al., 2002; Breysse et al., 2003), haloperidol-treated rats (Spooren
et al., 2000; Ossowska et al., 2002; Ossowska et al., 2005; Dekundy et al., 2006), and
reserpine-treated mice (Kachroo et al., 2005). Evidence from one of these studies
suggests the antagonist treatment is more effective after chronic administration (Breysse
et al., 2002). Despite all of these positive findings in rodents, essentially all subsequent
studies in primates have found that mGIuR5 antagonists have no significant
antiparkinsonian benefit (Morin et al., 2010; Rylander et al., 2010; Berg et al., 2011,
Gregoire et al., 2011), or that they even decrease the effectiveness of levodopa (Johnston
et al., 2010). However, all of these primate studies were also designed to test the anti-
dyskinetic properties of mGIuRS5, and as such, they used monkeys (or humans) with
relatively severe nigrostriatal dopaminergic lesions that had also undergone the
neurological changes underlying chronic levodopa treatment and dyskinesia
development. The development of dyskinesia is known to be associated with abnormal
basal ganglia glutamatergic transmission (Picconi et al., 2002; Calon et al., 2003; Picconi
et al., 2003; Picconi et al., 2004; Robelet et al., 2004) and alterations in striatal mGIuR5
expression (Samadi et al., 2008; Ouattara et al., 2010; Ouattara et al., 2011). In chapter 2

of this dissertation, we have revisited this issue and shown that mGIuR5 antagonist can
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potentiate the antiparkinsonian effect of a D2LR agonist in moderately MPTP-lesioned,
dopaminergic drug-naive monkeys.

As mentioned above, mGIuRS5 has also received much attention as a possible anti-
dyskinetic target. Several studies have shown the anti-dyskinetic effects of mGIuR5
antagonism in parkinsonian rodents (Dekundy et al., 2006; Mela et al., 2007; Gravius et
al., 2008; Levandis et al., 2008; Rylander et al., 2009; Yamamoto and Soghomonian,
2009), monkeys (Johnston et al., 2010; Morin et al., 2010; Rylander et al., 2010; Gregoire
etal., 2011), and humans (Berg et al., 2011). In addition, mGIuR5 antagonism has been
shown to protect dopaminergic, noradrenergic, and serotonergic neurons against MPTP-
or 6-OHDA-induced degeneration in monkey and rodent models of PD (Battaglia et al.,
2004; Aguirre et al., 2005; Armentero et al., 2006; Vernon et al., 2007; Masilamoni et al.,
2011; Hsieh et al., 2012). With antiparkinsonian, anti-dyskinetic, and neuroprotective
properties, mGIuRS5 has good potential as a non-dopaminergic target for future PD
pharmacotherapeutics.

1.9.3 Adenosine A;a receptors

The adenosine A,a receptor is a metabotropic receptor coupled to the G second
messenger system, which excites neurons via activation of adenylyl cyclase. Multiple
studies using various methods have described high levels of A;aR expression in the
striatum and external globus pallidus, with lower levels elsewhere in the brain (Martinez-
Mir et al., 1991; Schiffmann et al., 1991b; Dixon et al., 1996; Peterfreund et al., 1996;
Svenningsson et al., 1997; Rosin et al., 1998; Svenningsson et al., 1998; Kaelin-Lang et
al., 2000; Calon et al., 2004). An EM study in rats showed that A;aR is located mainly in

dendrites and spines as well as putative glutamatergic and GABAergic terminals in the
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striatum (Hettinger et al., 2001). Research described in chapter 2 of this dissertation
showed a similar pattern of A,aR localization in the monkey striatum.

Research into A;aR accelerated rapidly when it was discovered that the receptor
was expressed selectively in indirect pathway striatal MSNs, and not in direct pathway
MSNs (Schiffmann et al., 1991a; Fink et al., 1992; Schiffmann and VVanderhaeghen,
1993; Augood and Emson, 1994; Svenningsson et al., 1998; Quiroz et al., 2009). This
selective localization offered an attractive strategy to normalize the imbalance of activity
between the two striatal output pathways. Specifically, antagonism of AaR could
decrease the excitability of the overactive indirect pathway striatal MSNs without further
inhibiting the underactive direct pathway neurons.

As hypothesized, behavioral experiments showed that A,aR antagonists have
antiparkinsonian effects in multiple animal models of PD, including 6-OHDA-treated rats
(Morelli and Pinna, 2001; Coccurello et al., 2004; Pinna et al., 2007), reserpine-treated
mice (Kanda et al., 1994; Tanganelli et al., 2004), and MPTP-treated monkeys (Grondin
et al., 1999; Kanda et al., 2000; Bibbiani et al., 2003; Hodgson et al., 2010). Despite
success in preclinical research, A;aR antagonists have not been as effective in human
trials. However, trials of istradefylline, the first A,aR antagonist to go to clinical trial, as
an adjunct to dopaminergic therapy showed that the drug provides small, but significant,
beneficial effects, which were long-lasting (Factor et al., 2010), such as increasing “on
time” by about an hour, while decreasing “off time” by a similar amount (Hauser et al.,
2003; LeWitt et al., 2008; Stacy et al., 2008). On the other hand, istradefylline was rarely
reported to improve parkinsonian severity (Bara-Jimenez et al., 2003) and actually was

found to slightly increase dyskinesia in one trial (Hauser et al., 2003). When used as a
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monotherapy, the effects of istradefylline did not differ from placebo (Fernandez et al.,
2010). Due to disappointing efficacy and reports of increased dyskinesia, the drug was
not approved by the FDA to treat PD. A newer AaR antagonist with better
pharmacologic properties (Hodgson et al., 2009), preladenant, also produced marginal
benefits in PD patients, decreasing “off time” by a small amount (Hauser et al., 2011). In
light of these modest effects in PD patients, perhaps combining an A,aR antagonist with
a second non-dopaminergic drug, like an mGIuR5 antagonist, is the key to achieving
better antiparkinsonian efficacy. Because A;aR, mGIuR5 and D2 dopamine receptors
display important physical and functional interactions in the striatum (see below),
combination therapies that could take advantage of these interactions may have some
benefit in PD.
1.9.4 mGIuR5-D,;R-Az4R interactions

The mGIuR5, D;R, and AzaR are all expressed at high levels in the dendrites and
spines of striatal indirect pathway MSNs. Early experiments using co-immunodetection,
co-immunoprecipitation, and resonance energy transfer techniques showed physical
interactions between AaR and D,R (Canals et al., 2003; Ciruela et al., 2004), and A;aR
and mGIuR5 (Ferre et al., 2002) in transfected HEK cells and striatal neurons. A more
recent study eloquently used a combination of bioluminescence and fluorescence
resonance energy transfer to directly show mGIuR5-D,R-A,aR heterotrimers in living
cells (Cabello et al., 2009). This study also showed that all three receptors co-
immunoprecipitate from rat striatal membrane preparations.

The physical interaction between these three receptors conveys interesting

functional properties with important implications for striatal indirect pathway MSN
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function. Namely, activation of mGIuR5 or A,aR decreases the affinity of D2R for
agonists, and simultaneous activation of mGIuR5 and A,aR synergistically potentiates
this effect (Ferre et al., 1999; Popoli et al., 2001). Thus, upon antagonism of mGIuR5
and AzaR, indirect pathway MSN excitability would not only be decreased through
inhibition of excitatory glutamate and adenosine signaling, but also through an increase
in activation of inhibitory D;Rs.

This interaction has biochemical (Ferre et al., 2002; Nishi et al., 2003) and
behavioral relevance. Combined antagonism of A,aR and mGIuRS5 results in potentiation
of the ability of these molecules to counteract parkinsonism in rodent models of PD
(Coccurello et al., 2004; Kachroo et al., 2005) and alcohol self-administration in rodent
models of alcoholism (Adams et al., 2008). The synergy between A;aR and mGIuR5
antagonists in their ability to counteract parkinsonism has never been tested in primates.
While A2aR and mGIuR5 antagonists each provide small, but significant,
antiparkinsonian effects, taking advantage of the synergy between these two receptors
and D,R may be the key to development of effective non-dopaminergic adjunct
treatments for PD. Combined A;aR/mGIURS5 antagonism with D2LR agonism surely

warrants future investigation.

1.10 Research Summary

mGIluR4, mGIuRb5, and A,aR all show promise as potential targets for non-
dopaminergic antiparkinsonian drugs. Compounds acting at these receptors may be able

to potentiate the effect of dopamine replacement therapy, thereby possibly decreasing
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dosing and side effects of dopaminergic agents. Additionally, by combining drugs and
taking advantage of receptor interactions among mGIuR5, A,aR, and D2R, the efficacy of
these treatments may be enhanced. In order to further advance knowledge in the
development of new non-dopaminergic therapies in parkinsonism, the work presented in
this thesis achieves the following specific aims:

1.10.1 Specific Aim 1: To examine the antiparkinsonian effects of combined dopamine
D2-like receptor (D2LR) agonism/metabotropic glutamate receptor 5 antagonism in
MPTP-treated monkeys.

D2LR agonists are a good frontline therapy for PD, but their efficacy decreases
with chronic treatment, and side effects eventually appear. Due to receptor-receptor
interactions in the striatum, the use of mGIuRS5 antagonist as an adjunct to D2LR agonist
represents an interesting strategy to improve antiparkinsonian efficacy and decrease the
dosage of dopaminergic agent required for motor benefits, potentially decreasing or
delaying side effects. Through the use of a rating scale of parkinsonian motor symptoms
and guantitative methods to assess the amount of body part movements and eye blinks, as
well as an infrared beam breaks, our behavioral studies examine the ability of the
mGIuR5 antagonist MTEP to potentiate the antiparkinsonian effects of low doses of the
D2LR agonist pramipexole. This research is described in Chapter 2.

1.10.2 Specific Aim 2: To characterize adenosine A,a receptor localization and co-
localization with metabotropic glutamate receptor 5 at the ultrastructural level in the
monkey basal ganglia.

As discussed above, AxaR is another attractive target for novel non-dopaminergic

antiparkinsonian drugs. Knowing the subcellular/ultrastructural localization of A,aR in
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the monkey basal ganglia would lay the foundation for a deeper understanding of the
receptor’s function, physiological properties, and mechanisms of activation in primates.
Thus, in order to address this issue, we have used immunoperoxidase and immunogold
labeling for A;aR, combined with electron microscopy, to characterize the receptor’s
subcellular and subsynaptic localization in the monkey striatum, GPe, and SNr.

Combined A;aR/MGIURS antagonism with D2LR agonism represents an
intriguing strategy to improve the efficacy, and possibly reduce the unwanted side effects,
of these potential antiparkinsonian agents, by taking advantage of the three receptors’
physical interactions and functional synergy. Examining the colocalization between
AzaR and mGIuR5 would provide valuable information on anatomical sites for possible
interactions between the receptors in primates. Thus, we have used
immunoperoxidase/immunogold double-labeling in combination with electron
microscopy to determine the degree and subcellular sites of co-localization between A;aR
and mGIuRS5 in the monkey striatum. This research is described in Chapter 3.

1.10.3 Specific Aim 3: To characterize the subcellular localization of metabotropic
glutamate receptor 4, and examine the electrophysiological effects of local infusion of
group 111 or mGIuR4 agonists on firing rates and patterns of neurons in the MPTP-treated
monkey GPe and putamen.

Evidence in rodents suggests that activation of mGIuR4 represents another
promising non-dopaminergic antiparkinsonian therapy and that mGluR4 agonists may
exert antiparkinsonian effects by modulating glutamatergic and/or GABAergic
transmission in the striatum or pallidum. However, the efficacy of these drugs is

unknown in primate models of PD. As a first step towards the development of such
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therapeutic assays, knowing the anatomical localization of mGluR4 and the
electrophysiological effects of mGluR4 agonists in the monkey striatopallidal complex
would provide valuable information about their mechanism of action and potential as an
antiparkinsonian treatment in primates. Thus, in order to fill this knowledge gap, we
examined the subcellular localization of mGIuR4 in the striatum and GPe, using
immunoperoxidase labeling with electron microscopy. Furthermore, in order to examine
how mGIuR4 activation affects the firing rates and patterns of striatal and pallidal
neurons, we performed local injections of Group 111 agonist or selective mGIluR4
allosteric potentiator, with simultaneous extracellular recordings in awake parkinsonian

monkeys. These experiments are described in Chapter 4.
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Chapter 2

Specific Aim 1

To examine the antiparkinsonian effects of combined dopamine D2 receptor

agonism/metabotropic glutamate receptor 5 antagonism in MPTP-treated monkeys.

Bogenpohl JW, Patel L, Masilamoni GJ, Alagille D, Tamagnan G, Wichmann T, Smith
Y. Metabotropic glutamate receptor 5 antagonist potentiates the antiparkinsonian effects

of dopamine D2-like receptor agonist in MPTP-treated monkeys. 2013. In preparation.
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2.1 Abstract

Although dopamine replacement therapy remains the first line of symptomatic
treatment for Parkinson’s disease (PD), the long term use of dopaminergic agents is
significantly hampered by the development of motor and non-motor side effects.
Because of this challenge, the search for non-dopaminergic drugs that could be used as
monotherapy, or in combination with low doses of dopaminergic agents, has been at the
forefront of PD pharmacotherapeutic research for decades. In recent years, the
metabotropic glutamate receptor 5 (mMGIuR5) has been recognized as a highly relevant
non-dopaminergic target for PD therapies, primarily because of its antidyskinetic, and
neuroprotective properties. In this report, we demonstrate that the mGIluR5 antagonist 3-
((2-Methyl-4-thiazolyl)ethynyl)pyridine (MTEP) has modest antiparkinsonian effects
when used as monotherapy and increases the number of movements induced by low
doses of the dopamine D2-like receptor (D2LR) agonist pramipexole, in MPTP-treated
parkinsonian monkeys. Thus, in addition to their anti-dyskinetic and neuroprotective
properties, mGIuR5 antagonists appear to have some antiparkinsonian benefits when used
alone or combined with low doses of D2LR agonists. This finding further enhances the

therapeutic relevance of mGluR5-related drugs for PD.
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2.2 Introduction

Half a century after the discovery that levodopa can alleviate the motor signs and
symptoms of Parkinson’s disease (PD), dopamine replacement therapy remains the
standard treatment for this disorder. Unfortunately, dopaminergic drugs often induce the
development of involuntary movements (dyskinesias) and other debilitating non-motor
side effects, which limits the long-term usefulness of these medications (for a review, see
(Smith et al., 2012)). Therefore, the discovery of non-dopaminergic
pharmacotherapeutics for PD is a highly relevant goal, as they represent a strategy to
limit or even replace dopaminergic therapy in an effort to reduce troubling side effects.

Advances in our understanding of the pathophysiology of the basal ganglia
circuitry in PD has led to the characterization of various non-dopaminergic targets that
display promising anti-parkinsonian, anti-dyskinetic, and in some cases, neuroprotective
therapeutic properties. Among these are the metabotropic glutamate receptors (mGIuRs),
a group of G-protein-coupled receptors. Because of their restricted pattern of expression
in the basal ganglia, modulatory effects on neuronal excitability, and favorable
pharmacologic properties, the mGIuRs have become attractive targets for the treatment of
PD and other neurological disorders (Niswender and Conn, 2010; Nicoletti et al., 2011).

The mGIuRb, in particular, has shown much promise as a PD drug target. This
excitatory (Gq4-coupled) group | mGIuR is expressed postsynaptically at high levels in all
basal ganglia nuclei (Shigemoto et al., 1993; Testa et al., 1994; Hanson and Smith, 1999;
Paquet and Smith, 2003; Hubert and Smith, 2004). Previous studies in rodent models of
PD have shown that mGIuR5 antagonists can improve parkinsonism (Breysse et al.,

2002; Ossowska et al., 2002; Kachroo et al., 2005; Ossowska et al., 2005; Dekundy et al.,
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2006). On the other hand, more recent findings in MPTP-treated monkeys (Johnston et
al., 2010; Morin et al., 2010; Rylander et al., 2010; Gregoire et al., 2011) and PD patients
(Berg et al., 2011) did not show antiparkinsonian effects of mGIuR5 antagonists when
used alone or in combination with levodopa. However, both nonhuman primate and
rodent studies (Mela et al., 2007; Gravius et al., 2008; Levandis et al., 2008; Rylander et
al., 2009; Yamamoto and Soghomonian, 2009; Johnston et al., 2010; Morin et al., 2010;
Rylander et al., 2010; Gregoire et al., 2011) have shown that mGIuR5 antagonists have
significant anti-dyskinetic properties, which led to a recent clinical trial to assess the
efficacy of the mGIuR5 antagonist AFQ056 as an anti-dyskinetic agent in PD patients
chronically treated with levodopa (Berg et al., 2011). This trial found that AFQ056
significantly decreased dyskinesia without changing the antiparkinsonian efficacy of
levodopa.

D2-like dopamine receptor (D2LR) agonists, such as pramipexole, have good
antiparkinsonian effects and very low dyskinetic potential in early stage PD (Group,
2000b; Group, 2000a; Holloway et al., 2004; Constantinescu et al., 2007; Group, 2009).
These agents are often used as first-line treatment of patients with early-stage PD instead
of levodopa, which is believed to be more prone to causing dyskinesia (Smith et al.,
2012). However, dopamine receptor agonists are not as effective as levodopa, and have a
significant liability to produce debilitating psychiatric and autonomic side effects,
particularly when used at high doses (Stowe et al., 2008). Thus, the discovery of an
adjunct treatment which enhances the efficacy of D2LR agonists could decrease or delay
the need for dosage escalation and the resulting induction of side effects. In this study,

we show for the first time that the mGIuR5 antagonist, 3-((2-Methyl-4-



41

thiazolyl)ethynyl)pyridine (MTEP), significantly potentiates some of the antiparkinsonian

effects of the D2LR agonist, pramipexole, in the MPTP-treated monkey model of PD.

2.3 Methods
2.3.1 Animals

Eight adult female rhesus macaques (14-17 years old) were used in this study. All
experiments were performed in accordance with the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals (Garber et al., 2010) and the United States
Public Health Service Policy on Humane Care and Use of Laboratory Animals. Five
monkeys were treated with weekly intramuscular injections of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP; 0.2-0.8 mg/kg/week; Sigma, St. Louis, MO; total
cumulative doses ranged from 4.2 to 33 mg/kg, total treatment time ranged from 3 to 16
months) until moderate parkinsonian motor signs were observed. Animals were allowed a
minimum of 6 weeks stabilization after the last injection of MPTP (tested with the
behavioral rating methods mentioned below) before they were used in the drug testing
studies. Three monkeys went untreated and were only used as control animals for
tyrosine hydroxylase (TH) immunostaining.
2.3.2 TH immunolabeling

One of the MPTP-treated monkeys used for behavioral experiments and three
control monkeys were deeply anesthetized with pentobarbital (100 mg/kg i.v.) and
transcardially perfused with cold oxygenated Ringer’s solution, followed by a fixative
containing 4% paraformaldehyde and 0.1% glutaraldehyde in a phosphate buffer solution.

After perfusion, brains were removed from the skull, sliced coronally into thick (~1 cm)
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blocks, and post-fixed overnight in 4% paraformaldehyde. These thick blocks were then
cut into 60 pm-thick coronal sections using a vibrating microtome.

To assess the extent of MPTP-induced degeneration to the dopaminergic
nigrostriatal system, sections at the level of striatum and substantia nigra of control and
MPTP-treated monkeys were immunostained with mouse anti-tyrosine hydroxylase
antibodies (Millipore, Temecula, CA, USA; Catalog number 318) at a dilution of 1:1000.
The immunoperoxidase avidin-biotin complex method with diaminobenzidine as
chromogen was used to localize the dopaminergic system according to procedures
described in previous studies (Smith and Bolam, 1991). The sections were mounted on
gelatin-coated slides, dehydrated in alcohol, immersed in toluene, and a coverslip was
applied with Cytoseal XYL (Richard-Allan Scientific, Kalamazoo, MI). Then, slides
were digitized with an Aperio Scanscope CS (Aperio Technologies, Vista, CA), and
macroscopic images were acquired using Imagescope viewer software (Aperio
Technologies), at 0.5% magnification. The images were then imported into ImageJ
(National Institutes of Health, nih.gov) for further analysis.

For optical density measurements, the images were converted into 16-bit
grayscale format and inverted. The functional striatal territories were delineated as
described in our previous study (Masilamoni et al. 2011). For each animal, density
measurements throughout the rostrocaudal and mediolateral extent of the caudate nucleus
(n=9), putamen (n=15), and nucleus accumbens (n=3) were performed. Two
measurements were also made in the internal capsule to assess background labeling. To

control for differences in background staining, the average optical density measurement
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in the internal capsule of each animal was subtracted from that obtained in the different
striatal regions.
2.3.3 Drug administrations

MTEP was prepared by one of the authors (GT), dissolved in sterile saline and
injected intramuscularly. Standard commercially available pramipexole tablets (Actavis
Pharma Manufacturing, Alathur, India) were administered orally.

Due to variability in different animals’ responses to antiparkinsonian drugs, a
(cursory) dose-response curve for each of these drugs was generated in each animal. This
allowed us to find customized threshold and optimal dosages of the two drugs for each
monkey, while avoiding obvious side effects. The only side effects we observed
occurred in response to high doses of MTEP (> 30 mg/kg). These included stereotyped
behaviors, including continuous rapid eye movements, staring at the ceiling, and
reactions to nonexistent stimuli (grimacing, withdrawal). High drug doses that induced
side effects were not included in the study.

Each animal underwent three trials with each of five different drug treatments,
given in pseudorandom order: MTEP, low-dose pramipexole, high-dose pramipexole,
MTEP/low-dose pramipexole combination, and saline. The chosen doses were
individualized for each animal, based on the dose-response experiments mentioned
above. The MTEP dose was selected as the most effective dose that did not induce
visible side effects (doses ranged from 5-30 mg/kg, mean 13 mg/kg). The ‘low dose’ of
pramipexole was selected as the lowest dose that reliably induced mild behavioral
activation, mainly observed as a decrease in akinesia (these doses ranged from 0.125-0.25

mg, mean 0.2 mg). The ‘high dose’ of pramipexole was selected as the lowest dose that
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resulted in maximal relief of parkinsonian motor signs (these doses ranged from 0.5-1
mg, mean 0.9 mg). Animals were given at least 48 hours of washout after each
pramipexole experiment, in order to avoid carryover of antiparkinsonian effects from the
previous experiment. No washout was given for MTEP, because it is rapidly cleared
(Johnston et al., 2010).

Prior to any of the drug injections, the animals were acclimated to a standard
observation cage which was used for all of the subsequent experiments. All studies were
conducted in the early afternoon of experiment days. On each of the days, the animal
was transferred to the observation cage and allowed to acclimate for 30-60 minutes.
Then, a 15 min pre-drug baseline observation was conducted (see description below),
followed immediately by drug administration (then sometimes a delay followed by
administration of the second drug). For experiments in which both MTEP and
pramipexole were administered, pramipexole was given 30 minutes prior to MTEP, in
order to align the peak effects of both drugs, based on our empirical observations as well
as pharmacokinetic data (Wright et al., 1997; Johnston et al., 2010). The animal was then
observed and recorded for alternating 15 min periods (15-30 min, 45-60 min, 75-90 min,
etc.), out to 180 min.

2.3.4 Quantitative Assessment of Parkinsonism

The parkinsonian motor signs in each monkey were quantified using 4
independent measures: quantification of movements, automated counting of infrared
beam breaks in the activity monitoring cage, scoring of parkinsonian motor signs with a
parkinsonism rating scale for non-human primates, and determination of the animal’s eye

blink rate.
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2.3.4.1 Quantification of movements

For each experiment, an observer watched live video of the animal to quantify the
number of movements made by the animal, using a keypad with eight buttons
corresponding to different body parts (left and right arms and legs, head, and torso).
Movement counts of all body parts were summed together to generate the total number of
movements for each session. For each drug administration trial, the number of
movements made during five 15-min post-drug observations was summed, beginning
with the 15-30 min post-injection observation for MTEP and combination experiments,
or the 45-60 min post-injection observation for pramipexole experiments. This assured
that similar periods were analyzed in the monotherapy experiments as were used in the
drug combination experiments, when pramipexole was given 30 min prior to MTEP. The
mean summed movement counts of the three trials for each drug treatment were divided
by the mean response to saline for each animal, in order to normalize the data. These
normalized data from the five animals were statistically compared using one-way
repeated measures ANOVA with Newman-Keuls post-hoc analysis. Individual animal
data for responses to MTEP vs. saline were compared using paired t-tests.
2.3.4.2 Counting of infrared beam breaks

The observation cage was equipped with eight infrared beams, crossing the cage
in two horizontal planes. The total number of beam breaks made during the five 15-min
post-drug observations was normalized to each animal’s response to saline, and analyzed
as described above for the quantification of movements.

2.3.4.3 Parkinsonism rating scale
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Videos of the “pre-drug baseline” session and the fifth “drug effect” session
(during plateau of drug effect) of each experiment were scored off-line, independently by
two observers, who were blinded to the drug treatment. Scores of 0-3 were given in each
of 7 categories (bradykinesia, range of motion of individual extremities, freezing
episodes, tremor, quantity of movements, balance, posture), for a maximum score of 21.
The two observers’ scores were averaged for each video, and the baseline score for each
experiment was subtracted from the drug effect score to calculate the change in
parkinsonism score for that experiment. Data from the three trials of each treatment were
used to calculate mean changes in parkinsonism score for each animal. The mean
changes in score for each of the five animals were averaged, and statistical comparisons
were made using one-way repeated measures ANOVA with Newman-Keuls post-hoc
analysis.
2.3.4.4 Eye blink rate

Decreased eye blink rate is a well-characterized symptom of PD (Karson et al.,
1984; Deuschl and Goddemeier, 1998; Kaneko and Sakamoto, 2001; Agostino et al.,
2008) that is improved with levodopa or STN stimulation (Bologna et al., 2012). By
video observation, the number of eye blinks occurring in 1 min was recorded for the “pre-
drug baseline” and fifth “drug effect” segment of each drug administration trial. The
baseline eye blink rate was subtracted from the drug effect blink rate to calculate the
change in blink rate for each experiment. Mean changes in eye blink rate were calculated

and analyzed as described above for parkinsonism rating scale data.
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Figure 2.1 TH immunolabeling in control and MPTP-treated monkeys.
Immunoperoxidase labeling for TH is shown in the anterior and posterior striatum and
the substantia nigra of untreated (A,C,E) and MPTP-treated (B,D,F) monkeys.

Optical density measurements from the caudate nucleus (n=9 per animal), putamen
(n=15 per animal), and nucleus accumbens (n=3 per animal) are shown in G. Values
represent meanzstandard deviation. n=3 control monkeys, 1 MPTP-treated.
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2.4 Results
2.4.1 TH immunolabeling

MPTP treatment induced a marked loss of TH immunolabeling in the caudate and
putamen, where optical density values were 12.4% and 15.9% of those acquired from
control monkeys (Fig. 2.1). The nucleus accumbens was comparatively much less
depleted, with optical density measurements reaching 80.1% of those measured in control
monkeys. The substantia nigra of the MPTP-treated monkey also showed substantial loss
of TH immunolabeling, as compared to control monkeys (Fig 2.1E,F).
2.4.2 Quantification of movements

Analysis of variance confirmed statistical differences between the four drug
treatments (p=0.003; F=8.142). Compared with the saline treatment, administration of
MTEP or low-dose pramipexole induced 2.7+0.8 (mean+SEM) and 2.1+0.2 times more
movements, respectively (Fig. 2.2A). Looking at the un-normalized raw data, as a group,
the response to MTEP monotherapy was not statistically significant from that of vehicle
injections (paired t-test, p>0.05). However, it is worth noting that in 3 of the 5 animals,
the MTEP trials generated significantly more movements than did the saline trials (paired
t-tests, p<0.05). The combination of MTEP with low-dose pramipexole elicited 4.0+0.7
times the number of movements as did saline, significantly more than the same dose of
pramipexole alone (Newman-Keuls, p=0.045). High-dose pramipexole elicited 5.2+1.1
times the number of movements as saline, an effect that was statistically greater than low-
dose pramipexole (Newman-Keuls, p=0.003) and MTEP (p=0.009) monotherapies, but
not statistically different from the response to the MTEP/low-dose pramipexole

combination (p>0.05).
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Figure 2.2 The effect of drug treatments
on gquantity of movements (A) and
infrared beam break counts (B). Each
animal’s mean number of movements or
beam breaks induced by the drug
treatments MTEP, low-dose pramipexole
(pram lo), MTEP/low-dose pramipexole
combination (M+P), and high-dose
pramipexole (pram hi) were divided by
each animal’s response to saline to get
the drug effect/saline effect ratio. Values
represent mean+SEM; N=5 monkeys;
*p<0.05, ANOVA with Newman-Keuls.
#p<0.05 vs. pram hi, ANOVA with
Newman Keuls.

2.4.3 Infrared beam breaks

Analysis of variance confirmed statistical differences between the four drug

treatments (p=0.010; F=5.986). Given alone, MTEP and low-dose pramipexole induced

4.0+1.8 and 2.6£0.5 times the number of beam breaks as did saline, respectively (Fig

2.2B). The MTEP/pramipexole combination elicited 4.6+1.1 times the number of beam

breaks as did saline. While the beam break data followed the same trend as the

movement quantification data, the drug combination did not produce significantly more

beam breaks than the same dose of pramipexole alone (Newman-Keuls, p>0.05). High-

dose pramipexole administration resulted in 8.2+2.4 times the number of beam breaks as

did saline, which was statistically different from all other treatments (Newman-Keuls,

p<0.05).
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2.4.4 Parkinsonism Rating Scale

Analysis of variance confirmed statistical differences between the five treatments
(p=0.011; F=4.638). The mean pre-drug baseline parkinsonism score for all experiments,
across all monkeys was 7.5+0.24. Saline injection caused very little change in this score
(+0.04+0.43; Fig 2.3A). MTEP injection, on the other hand, induced a drop in the score
(-3.6+1.1), which was statistically different from the saline response (Newman-Keuls,
p=0.017). Low-dose pramipexole and the low-dose pramipexole/MTEP combination
also caused decreases in the parkinsonism score (-2.6+1.2, and -3.8+0.72, respectively)
that were significantly different than response to vehicle (Newman-Keuls, p=0.038 and
p=0.020, respectively). Administration of high-dose pramipexole lead to a large decrease
in the parkinsonism score (-4.4+0.86) which was statistically different from vehicle
(Newman-Keuls, p=0.010). While they followed the same trend as the beam break and
movement quantification data, none of the four drug treatments were significantly
different from one another, as measured with the parkinsonism rating scale.
2.4.5 Eye blink rate

While the data followed a similar trend as the other methods of quantifying
parkinsonism (drug combination > drug monotherapies), analysis of variance found no
significant differences among the different drug treatments, as measured by eye blink rate
(p=0.254, F=1.483). The mean number of eye blinks/min for all baseline sessions was
10.5+0.8. Saline injection caused little change in the rate of eye blinks (+0.73+0.29; Fig
2.3B). MTEP and low-dose pramipexole monotherapies both induced increases in eye

blinks/min, but with large amounts of variability (+3.6+2.5 and +4.5£2.6, respectively).
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The drug combination induced the largest increase in eye blink rate (+6.5£1.4), and high-

dose pramipexole induced an increase of 4.7£1.5 eye blinks/min.

A Figure 2.3 The effect of drug treatments
T on parkinsonism (PD) score (A) and eye
blink rate (B). Each animal’s pre-drug
baseline parkinsonism scores or eye blink
rates were subtracted from its post-drug
values to calculate the change in
parkinsonism score or eye blink rate for

[ each experiment. Mean+SEM values for
x l these measures are presented for saline

X (vehicle), MTEP, low-dose pramipexole
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10 1 B mean=SEM; N=5 monkeys; *p<0.05 vs.
vehicle, ANOVA with Newman-Keuls.
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2.5 Discussion

In this study, we have shown that the mGIuR5 antagonist MTEP has modest
antiparkinsonian effects when used alone, and potentiates some of the antiparkinsonian
effects of the D2LR agonist pramipexole in MPTP-treated monkeys. These results
suggest that mGIuR5 antagonist may be useful as an adjunct to low doses of D2LR
agonist treatment in early PD, a therapeutic strategy that may help reduce the
development of non-motor side effects frequently seen in patients chronically treated

with D2LR agonists.
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2.5.1 mGIuR5 antagonist as an antiparkinsonian monotherapy

When given alone, mGIuR5 antagonists have been shown to alleviate
parkinsonism in rodent models of PD, including 6-OHDA-lesioned rats (Breysse et al.,
2002; Breysse et al., 2003), haloperidol-treated rats (Spooren et al., 2000; Ossowska et
al., 2002; Ossowska et al., 2005; Dekundy et al., 2006), and reserpine-treated mice
(Kachroo et al., 2005). However, most studies in MPTP-treated monkeys did not reveal
significant antiparkinsonian effects of mGIuR5 antagonists when given alone or with
levodopa (see next section). Our findings are partly in line with previous studies because
they showed that the antiparkinsonian effects of MTEP monotherapy were modest and
inconsistent across the different quantitative measurements of parkinsonian motor signs
used in our study. For example, although MTEP induced a significant decrease in
average parkinsonism score that was statistically equivalent to the maximally effective
dose of pramipexole, it did not significantly increase eye blink rate. Also, three out of
five individual animals responded to MTEP with significant increases in the number of
movements, but as a group, the effect was not significant.

It is not entirely clear why mGIuR5 antagonist monotherapy is apparently more
effective in rodents than in primates. This may be indicative of a species difference of
unknown nature between rodents and primates. Alternatively, this discrepancy may be
due to differences in the 6-OHDA, haloperidol, and reserpine PD models, as compared to
the MPTP model. Another important dissimilarity between previous rodent and primate
studies is that the primates had undergone chronic levodopa treatment and dyskinesia

development (which is known to cause altered glutamatergic transmission and mGIuR5
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expression (Picconi et al., 2002; Calon et al., 2003; Picconi et al., 2003; Picconi et al.,
2004; Robelet et al., 2004; Samadi et al., 2008; Ouattara et al., 2010; Ouattara et al.,
2011)), whereas the rodents had not. The suggestion that these changes underlie the
discrepancy is supported by the fact that mGIuR5 antagonist was slightly more effective
in our monkeys, which were levodopa-naive, than in the monkeys used in previous
studies.
2.5.2 Potentiation of dopamine receptor-mediated antiparkinsonian effects by
MGIuR5 antagonist: Differences between L-DOPA and D2-like receptor agonists
In this report, we demonstrate that the mGIuRS antagonist MTEP can
significantly potentiate some of the antiparkinsonian effects of low doses of the D2LR
agonist pramipexole. As shown by our movement quantification data, adding MTEP to a
low dose of pramipexole potentiated the antiparkinsonian effect to a level that was
statistically equivalent to a maximally effective dose of pramipexole. In fact, in all four
methods that we used to quantify parkinsonism, the data showed a trend of the drug
combination being more effective than either monotherapy, although the data did not
reach statistical significance for most of the behavioral measures, most likely due to the
small number of animals used and inter-individual variability in their responses to
antiparkinsonian agents. This result is partly different from those of recent studies
showing that mGIuR5 antagonists do not potentiate the antiparkinsonian effects of
chronic levodopa (Johnston et al., 2010; Morin et al., 2010; Rylander et al., 2010; Berg et
al., 2011; Gregoire et al., 2011). Although the source of this difference remains to be
established, it is reasonable to believe that the specificity of interactions with dopamine

receptors offered by the two different dopamine replacement strategies may be important.
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L-DOPA administration most likely leads to activation of D1-like and D2-like receptors,
while pramipexole acts predominately on D2LRs (Newman-Tancredi et al., 2002;
Kvernmo et al., 2006). It is noteworthy that the specific usefulness of a combination of
D2LR agonists and mGIuR5 receptor agents is also suggested by the known physical
interaction and functional synergy between D,Rs and mGIuR5 described in recent studies
(see below). However, because our experiments do not address the mechanism of
(inter)action of the two agents, it is possible that MTEP and pramipexole independently
modulated different neural networks, and that their actions extended beyond the striatum.
2.5.3 Molecular interactions between mGIluR5 and D2LRs

As stated above, the ability of the mGIuR5 antagonist MTEP to potentiate the
antiparkinsonian effects of the D2LR agonist pramipexole may be in part due to physical
and functional interactions between these receptors within the striatum. Previous studies
have, indeed, shown that mGIuR5 and the D, dopamine receptor subtype physically
interact in the striatum (Ferre et al., 2002; Ferre et al., 2003; Cabello et al., 2009), and
that this interaction functionally links the activity of the two receptors, so that mGIuR5
activation can decrease the affinity of D, receptor for dopamine, and vice versa (Ferre et
al., 1999; Popoli et al., 2001). Thus, antagonism of mGIuR5 and activation of D,
receptors may synergistically reduce the excitability of the D,-receptor expressing
indirect pathway striatal projection neurons, which are known to be hyperactive in
parkinsonism.

The mGIuR5 and D, receptors in striatal indirect pathway neurons also interact
with the adenosine Axa receptor (A2aR) (Ferre et al., 1999; Popoli et al., 2001; Cabello et

al., 2009). Furthermore, mGIuR5 and A,aR show functional synergy in their ability to
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modulate motor behavior and other D, receptor-mediated effects in rodents (Popoli et al.,
2001; Ferre et al., 2003; Coccurello et al., 2004; Kachroo et al., 2005). These findings, in
combination with our monkey data, warrant future experiments to examine the
antiparkinsonian effects of combinations of mGIuR5 antagonists, A,aR antagonists and
D2LR agonists.
2.5.4 mGIuR5 antagonist/D2LR agonist combination as a potential treatment for
early PD

We showed that blockade of mGIuR5 may amplify the effects of D2LR agonist
therapy. If similar effects were found in PD patients, it could allow for a reduction of the
total dose of D2LR agents being used, while maintaining good antiparkinsonian efficacy.
This could help to avoid psychiatric and autonomic side effects associated with D2LR
agonist treatment in PD patients (Smith et al., 2012). Thus, in combination with other
recent studies showing the robust anti-dyskinetic properties of mGIuR5 antagonists in
various animal models and PD patients chronically treated with L-DOPA (Johnston et al.,
2010; Morin et al., 2010; Rylander et al., 2010; Berg et al., 2011; Gregoire et al., 2011),
and the preclinical evidence for protection of dopaminergic, noradrenergic, and
serotonergic neurons against MPTP- or 6-OHDA-induced degeneration in monkey and
rodent models of PD (Battaglia et al., 2004; Aguirre et al., 2005; Armentero et al., 2006;
Vernon et al., 2007; Masilamoni et al., 2011; Hsieh et al., 2012), the results of the present

study further encourage the use of mGIuR5 antagonist therapy in PD patients.
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Chapter 3
Specific Aim 2

To characterize adenosine A,a receptor localization and co-localization with

metabotropic glutamate receptor 5 at the ultrastructural level in the monkey basal ganglia.

Bogenpohl JW, Ritter SL, Hall RA, Smith Y. Adenosine Aa receptor in the monkey
basal ganglia: ultrastructural localization and co-localization with the metabotropic
glutamate receptor 5 in the striatum. Journal of Comparative Neurology. 2012;

520(3):570-89.
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3.1 Abstract

The adenosine Aza receptor (AzaR) is a potential drug target for the treatment of
Parkinson’s Disease and other neurological disorders. In rodents, the therapeutic efficacy
of A;aR modulation is improved by concomitant modulation of the metabotropic
glutamate receptor 5 (MGIuR5). To elucidate the anatomical substrate(s) through which
these therapeutic benefits could be mediated, pre-embedding electron microscopy
immunohistochemistry was used to conduct a detailed, quantitative ultrastructural
analysis of A,aR localization in the primate basal ganglia, and assess the degree of
A,aR/MGIURS co-localization in the striatum. A;aR immunoreactivity was found at
highest levels in the striatum and external globus pallidus (GPe). However, the monkey,
but not the rat, substantia nigra pars reticulata (SNr) also harbored a significant level of
neuropil A2aR immunoreactivity. At the electron microscopic level, striatal A,aR
labeling was most commonly localized in postsynaptic elements (58+3% of labeled
elements), while in the GPe and SNr, the labeling was mainly presynaptic (71+5%) or
glial (27+£6%). In both striatal and pallidal structures, putative inhibitory and excitatory
terminals displayed A,aR immunoreactivity. Striatal A,aR/mGIUR5 co-localization was
commonly found; 60-70% of A;aR-immunoreactive dendrites or spines in the monkey
striatum co-express mMGIuR5. These findings provide the first detailed account of the
ultrastructural localization of AzaR in the primate basal ganglia, and demonstrate that
A,aR and mGIuRS5 are located to functionally interact in dendrites and spines of striatal
neurons. Together, these data foster a deeper understanding of the substrates through
which AzaR could regulate primate basal ganglia function, and potentially mediate its

therapeutic effects in parkinsonism.
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3.2 Introduction

Adenosine is a ubiquitous neuromodulator that binds to at least four known G-
protein-coupled receptors in the brain (A, Aza, Azg, and Az). Because of its localization
and functional interaction with dopamine D2 receptors (D2R), the A,a receptor has
gained interest as a potential drug target for several diseases, including Parkinson’s
Disease (PD) (Pinna, 2009), drug addiction (Brown and Short, 2008), sleep disorders,
pain (Ferre et al., 2007b), and psychiatric disorders (Cunha et al., 2008).

In situ hybridization experiments (Schiffmann et al., 1991b; Dixon et al., 1996;
Peterfreund et al., 1996; Svenningsson et al., 1997; Svenningsson et al., 1998; Kaelin-
Lang et al., 2000), radioligand binding studies (Martinez-Mir et al., 1991; Calon et al.,
2004), and light microscopic (LM) immunohistochemical data (Rosin et al., 1998) have
described high levels of A;aR expression in the striatum, nucleus accumbens, external
globus pallidus (GPe), and olfactory tubercle, with low expression levels elsewhere in the
brain. Qualitative electron microscopic data have indicated that dendrites, spines, and
terminals express A,aR immunoreactivity in the rat striatum (Hettinger et al., 2001).
Furthermore, double in situ hybridization studies (Schiffmann et al., 1991a; Fink et al.,
1992; Augood and Emson, 1994; Svenningsson et al., 1998) and double-labeling
immunohistochemistry (Quiroz et al., 2009) in the rat striatum have shown that A;aR co-
localizes with enkephalin and D2R, but not dopamine D1 recpetor, substance P, or
somatostatin, indicating a preferential expression of A;aR in indirect pathway
(striatopallidal) medium spiny neurons (MSNSs). These findings are also supported by
tract-tracing studies showing a lack of A,aR expression in rat striatonigral neurons

(Schiffmann and Vanderhaeghen, 1993).
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In cell culture, A,aRs physically interact with D2Rs (Ferre et al., 1997; Ferre et
al., 1999; Franco et al., 2000; Ferre et al., 2001; Hillion et al., 2002; Canals et al., 2003;
Ciruela et al., 2004) and the group | metabotropic glutamate receptor 5 (Ferre et al., 1999;
Ferre et al., 2002; Cabello et al., 2009). In addition to their physical interactions,
simultaneous activation of A;aR and mGIuRS5 results in synergistic functional effects that
can be seen in several downstream biological processes, including decreased affinity of
D2R for dopamine (Ferre et al., 1999), increased striatal c-Fos expression (Ferre et al.,
2002), and increased cyclic adenosine monophosphate (CAMP) formation and striatal
dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) phosphorylation
(Nishi et al., 2003). Most importantly, antagonists of A,aR decrease parkinsonian motor
signs in animal models of PD (Grondin et al., 1999; Kanda et al., 2000; Bibbiani et al.,
2003; Tanganelli et al., 2004; Pinna et al., 2007; Hodgson et al., 2010) and decrease
alcohol self-administration in rodent models of alcoholism (Thorsell et al., 2007); two
effects that are synergistically potentiated by the concomitant administration of mGIuR5
antagonist (Coccurello et al., 2004; Kachroo et al., 2005; Adams et al., 2008).

Although the exact sites of functional interactions between these two receptors in
the central nervous system remain to be determined, both A;aR and mGIuRS5 are heavily
expressed in dendrites and spines of striatal MSNs, as revealed in single labeling
immuno-electron microscopic studies in rats and monkeys (Hettinger et al., 2001; Paquet
and Smith, 2003). However, despite low levels of presynaptic mGIuRS reported in
ultrastructural studies of the rat and monkey striatum (Shigemoto et al., 1993; Paquet and
Smith, 2003), synaptosomal fractionation and immunofluorescence techniques have

identified a large proportion of “putative” axon terminals in the rodent striatum
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(Rodrigues et al., 2005) and hippocampus (Tebano et al., 2005) that co-express A;aR and
MGIuURS.

In order to gain a better understanding of the primate adenosinergic system, and to
characterize potential target sites where A,aR and mGIuR5 antagonists could mediate
their synergistic behavioral effects, we have conducted a detailed quantitative study of
the ultrastructural localization of A,aRS in the basal ganglia, and determined the degree
of striatal A,AR/mGIuUR5 co-localization in rhesus monkeys using single and double

immunohistochemistry at the electron microscopic (EM) level.

3.3 Materials and Methods

3.3.1 Animals and tissue preparation

A total of four adult rhesus monkeys (2 males, 2 females; 8-18 years old) and four
adult female Sprague-Dawley rats were used in this study. All procedures were approved
by the animal care and use committee of Emory University and conform to the U.S.
National Institutes of Health guidelines. For immunohistochemistry, animals were
deeply anesthetized with pentobarbital (100 mg/kg i.v.) and transcardially perfused with
cold oxygenated Ringer’s solution, followed by a fixative containing 2%
paraformaldehyde and 3.75% acrolein in a phosphate buffer (PB) solution. After
perfusion, the brains were removed from the skull, coronally sliced into thick (~1 cm)
blocks, and post-fixed overnight in 2% paraformaldehyde. These thick blocks were then
cut into 60-um-thick coronal sections using a vibrating microtome and stored at -20° C in
an anti-freeze solution containing 30% ethylene glycol and 30% glycerol in PB. Prior to

immunohistochemical (IHC) processing, sections were washed with phosphate buffered
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saline (PBS; 0.01M, pH 7.4), treated with a 1% sodium borohydride solution for 20
minutes, and then washed in PBS again.

For Western blot studies, one rat and one monkey were deeply anesthetized with
pentobarbital (100 mg/kg i.v.) and killed by decapitation. Brains were rapidly removed
from the skull and dissected. Samples were taken from the cerebral cortex, hippocampus,
caudate nucleus, putamen (or striatum in rat), cerebellum, and ventral midbrain
(containing the substantia nigra) and flash frozen in liquid nitrogen. Frozen samples were
stored at -80° C until needed.

3.3.2 Antibody Characterization (Table 3.1)

For the localization of the adenosine A;a receptor, a commercially available
mouse monoclonal antibody (Millipore Corporation, Billerica, MA, catalog # 05-717, lot
# 28777) was used. This antibody was raised against the full-length human adenosine
Axa receptor and was epitope-mapped to the sequence SQPLPGER in the third
intracellular loop of the receptor. The specificity of this antibody has been previously
characterized via Western blot in rat brain (band at 45 kDa), slot blot, IHC in transfected
cells, and antibody pre-adsorption with IHC in rat brain slices (Rosin et al., 1998). This
antibody does not label tissue from AaR-knockout mice (Day et al., 2003). In the
present study, Western blots show high specificity of the antibody for A;aR in monkey
tissue (Fig. 3.1B). Omission of the primary antibody from IHC processing of our
monkey brain tissue resulted in the disappearance of immunostaining. When the primary
antibody is pre-adsorbed with a synthetic peptide matching the epitope described above,
there is a significant loss of neuropil staining, thereby providing further evidence for the

antibody’s specificity in monkeys.
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For the localization of mGIuRb5, an affinity-purified polyclonal rabbit antibody
(Millipore; catalog # 06-451) raised against a 21-residue synthetic peptide (K-
SSPKYDTLIRDYTNSSSSL) corresponding to the C-terminal of mGIuR5 with a lysine
added to the N-terminal was used at a dilution of 1:5,000. The specificity of this
antibody has been characterized by immunoblot on homogenate from cells transfected
with the receptor and from rat brain areas known to express the receptor (band at 140
kDa) (Marino et al., 2001). The antibody does not stain brain tissue from mGIuR5

knockout mice (Kuwajima et al., 2004).

Table 3.1 — Antibody information.

Target protein Antigen sequence | Source

adenosine Ay receptor SQPLPGER Millipore Corporation, Billerica,
MA,; catalog # 05-717, lot #
28777; raised in mouse,
monoclonal

metabotropic glutamate receptor 5 KSSPKYDTLIIR | Millipore; catalog # 06-451; raised
DYTNSSSSL in rabbit, polyclonal

3.3.3 Western Blots

HEK293T cells (ATCC, Manassas, VA) were maintained in DMEM
GlutaMAX™ (Invitrogen, Carlsbad, CA), supplemented with 10% dialyzed fetal bovine
serum (Invitrogen) and 1% Penicillin/Streptomycin (Thermo Scientific, Waltham, MA)
in a humidified incubator at 37°C and 5% CO,. Cells were transfected with plasmids
encoding mock pcDNA3.1 (Invitrogen), human A;, or human A,a receptor cONAS
(Missouri S&T cDNA Resource Center, Rolla, MO) using the lipofectamine transfection

method (Lipofectamine 2000; Invitrogen). Following 24 hours of expression, cells were
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washed twice with ice-cold PBS/Ca* (phosphate buffered saline supplemented with
calcium) and harvested in ice-cold harvest buffer containing 50 mM NaCl, 20 mM
HEPES, 5 mM EDTA, 1 protease inhibitor cocktail tablet (Roche Applied Science, Basel,
Switzerland), diluted with dH,O up to 50 ml, pH 7.4. Cell lysates were snap frozen at -
80°C until needed.

To prepare brain tissue homogenates, monkey and rat brain tissue samples were
thawed on ice, and each brain region was individually homogenized using a dounce
homogenizer for 10 strokes in ice-cold harvest buffer on ice. Prepared tissue
homogenates were aliquotted, snap frozen in liquid nitrogen, and stored at -80°C until
needed.

After thawing HEK293T cell lysates and brain tissue homogenates on ice,
bicinchoninic acid protein assays (Thermo Scientific) were performed to normalize
protein across samples. Samples were then prepared for Western blotting by diluting with
6X Laemmli sample buffer to a final 1X concentration, followed by robust sonication on
ice. Samples from the HEK293T cell lysates and brain tissue homogenates were loaded
onto 4-20% Tris-Glycine gels and subjected to SDS-PAGE electrophoresis. Proteins
were then transferred to nitrocellulose membranes and visualized with Ponceau stain.
Membranes were subjected to Western blotting to probe for the Aza receptor and to test
the specificity of the anti-A,aR antibody. Following blocking for 30 minutes in “blot
buffer” containing 2% non-fat milk, 50 mM NaCl, 10 mM HEPES, and 0.1% Tween-20
in dH,O, membranes were incubated with the anti-A,aR antibody diluted 1:2,000 in blot
buffer for 1 hour at room temperature. After washing in blot buffer, membranes were

probed with anti-mouse HRP-conjugated secondary antibody (diluted in blot buffer,
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1:4,000) for 30 minutes. Bands were visualized using an enhanced chemiluminescence
kit (Thermo Scientific) and membranes were exposed to films for various time-points.
Membranes were then stripped using Restore Buffer (Thermo Scientific) and probed with
anti-actin (Sigma, St. Louis, MO) to verify equal protein loading.
3.3.4 Single immunoperoxidase labeling for light microscopy

In order to map the expression pattern of A,aR immunoreactivity in the monkey
brain, a total of 56 coronal brain sections from a single monkey, each separated by 300
um, were simultaneously immunostained for A;aR, covering a total brain area that
extends from approximately interaural +28 to +3 in the rostrocaudal plane according to
the Paxinos stereotaxic atlas (Paxinos et al., 2000). After sodium borohydride treatment,
sections were incubated for 1 hour in PBS containing 10% normal horse serum (NHS) for
A,aR localization or normal goat serum (NGS) for mGIuRS5 localization, 1% bovine
serum albumin (BSA), and 0.3% Triton X-100. Then, the sections were incubated in the
primary antibody solution containing a 1:2,000 dilution of A,aR antibody, 1% NHS or
NGS, 1% BSA, and 0.3% Triton X-100 in PBS for 24 hours at room temperature.
Sections were then rinsed three times in PBS and incubated in the secondary antibody
solution containing 1% normal horse or goat serum, 1% BSA, 0.3% Triton X-100, and
biotinylated horse anti-mouse or goat anti-rabbit 1gGs (Vector Laboratories, Burlingame,
CA) at a dilution of 1:200 for 90 minutes at room temperature. After three rinses in PBS,
sections were incubated for 90 minutes in the avidin-biotin peroxidase complex (ABC)
solution at a dilution of 1:100 (Vectastain standard ABC kit, Vector Laboratories)
including 1% BSA and 0.3% Triton X-100. To reveal labeling, sections were first rinsed

with PBS and Tris buffer (50 mM; pH 7.6), then incubated in a solution containing
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0.025% 3,3’-diaminobenzidine tetrahydrochloride (DAB; Sigma), 10 mM imidazole, and
0.005% hydrogen peroxide in Tris buffer for 10 minutes. Then, sections were rinsed in
PBS, mounted onto gelatin-coated slides, dehydrated, and then coverslipped with
Permount™ (Fisher Scientific, Hampton, NH).
3.3.5 Single immunoperoxidase labeling for electron microscopy

Sections containing the striatum, GPe, or substantia nigra from three monkeys
were processed for the electron microscopic immunoperoxidase localization of AxaR.
After sodium borohydride treatment, sections were transferred to a cryoprotectant
solution containing 25% sucrose and 10% glycerol in PB (0.05M, pH 7.4) for 20 minutes
and then placed in a -80°C freezer for 20 min to permeabilize cell membranes. Brain
sections were then thawed through washes in decreasing concentrations of cryoprotectant
solution until being put into PBS. The processing of sections was then identical to that
used for light microscopy up to the point of DAB revelation, with two important
differences: 1) Triton X-100 was omitted from all solutions and 2) sections were
incubated in the primary antibody (1:1,000 dilution) solution for 48 hours at 4°C.

After DAB revelation, the tissue was rinsed in PB (0.1M, pH 7.4) and treated with
1% osmium tetroxide for 20 minutes. It was then rinsed with PB and dehydrated with
increasing concentrations of ethanol. Uranyl acetate (1%) was added to the 70% EtOH
dehydration solution and incubated for 35 minutes in order to increase the contrast of
membranes in the electron microscope. After alcohol dehydration, sections were treated
with propylene oxide and embedded in epoxy resin (Durcupan ACM; Fluka, Buchs,
Switzerland) for at least 12 hours, mounted onto slides, and placed in a 60°C oven for 48

hours to cure the resin.
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Small blocks of tissue from the motor putamen, GPe and substantia nigra pars
reticulata (SNr) were cut out from the embedded sections and glued onto resin blocks for
ultrathin sectioning with an ultramicrotome (Leica Ultracut T2). Sixty nanometer-thick
sections were collected from the surface of the tissue block to ensure that antibody
penetration was optimal in the tissue analyzed in the EM. Sections were mounted on
single-slot pioloform-coated copper grids, stained for 5 minutes with lead citrate, and
examined on a Zeiss EM-10C transmission electron microscope. Electron micrographs
were captured and saved with a CCD camera (DualView 300W; Gatan, Inc., Pleasanton,
CA) controlled by DigitalMicrograph software (version 3.11.1; Gatan, Inc.).

3.3.6 Single pre-embedding immunogold labeling for electron microscopy

Two tissue sections at the level of the striatum from each of the three monkeys
were used for the immunogold localization of A,aR. After having been pre-treated with
sodium borohydride and cryoprotectant solutions, as detailed above, brain sections were
incubated for 30 minutes in PBS containing 5% dry milk and then rinsed in TBS-gelatin
(TRIS-buffered saline; 0.24% TRIS, 0.1% fish gelatin, pH 7.6) buffer. Sections were
then exposed to the primary antibody solution containing 1% dry milk and mouse anti-
AzaR primary antibody (1:1,000) in TBS-gelatin buffer for 24 hours at room temperature.
After rinsing with TBS-gelatin, sections were exposed to the secondary antibody solution
containing 1% dry milk and horse anti-mouse IgGs conjugated to 1.4-nm diameter gold
particles (Nanoprobes, Yaphank, NY) at a concentration of 1:100 in TBS-gelatin for 2
hours at room temperature. After rinsing with TBS-gelatin and 2% sodium acetate
buffer, gold particles were enlarged to 30-50 nm using the silver intensification method

(HQ silver kit, Nanoprobes). Then, sections underwent osmification, dehydration, and
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embedding as detailed above for immunoperoxidase experiments, but with two important
differences: 1) exposure to 0.5% osmium tetroxide for 10 minutes instead of 1% for 20
minutes and 2) exposure to 1% uranyl acetate for 10 minutes instead of 35. Ultrathin
sections were then cut and collected as described above.

3.3.7 Dual pre-embedding immunogold/immunoperoxidase method for striatal co-
localization of A,aR and mGIuR5

In order to determine the degree and pattern of co-localization of A;aR and
mGIuRS5 in the motor putamen, two sections from each of the three monkeys used for
electron microscopy studies were processed for the dual localization of mGIuR5 and
AzaR immunoreactivity using the pre-embedding immunogold and immunoperoxidase
methods. To assess the extent of co-localization and avoid interpretation problems due to
the differential sensitivity of the peroxidase- or gold-labeled antibodies for their
respective antigens, two different reactions were performed on separate sets of striatal
sections. In the first series of sections, A,aR was labeled with peroxidase and mGIuR5
was revealed with gold, while in the second series of incubations, A,aR was labeled with
gold and mGIuR5 with peroxidase.

The incubation procedures and preparation of brain sections for these double
labeling studies were similar to those used for the single pre-embedding immunogold and
immunoperoxidase labeling, except that antibody solutions contained a cocktail of two
different primary or secondary antibodies. A,aR primary antibody was used at a dilution
of 1:1,000, and mGIuR5 primary antibody was used at a dilution of 1:5,000. Following
secondary antibody incubations, the tissue was processed for silver intensification of gold

particles, rinsed with PBS, and then exposed to ABC and DAB as described above for the
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single immunoperoxidase labeling procedure. After rinsing in PB, sections underwent
osmification, dehydration, resin embedding, and ultrathin sectioning as described above.
3.3.8 Analysis of material
3.3.8.1 Light microscopic analysis

Brain sections mounted on glass slides were scanned at 20X using a ScanScope
CS scanning light microscope system (Aperio Technologies, Vista, CA). Digital
representations of these slides were saved and analyzed using ImageScope software
version 10.0.36.1805 (Aperio Technologies).
3.3.8.2 Electron microscopic analysis

In most cases, the ultrathin sections analyzed on the EM were taken from at least
two different tissue blocks per structure per animal, in order to increase the sampling of
tissue analyzed. From single immunoperoxidase-labeled sections, 100 micrographs per
structure per animal of randomly-encountered A,aR-labeled neuronal elements were
captured at 25,000X, giving a total of 1,162 um? of tissue analyzed per structure per
animal. Fifty micrographs per structure per animal were captured in the same manner for
gold-labeled tissue, giving an area of 581 um? analyzed. In double-labeled tissue, 100
micrographs per structure per animal of randomly-encountered A;aR-labeled neuronal
elements were captured at 25,000X, irrespective of the presence or absence of mGIuR5
labeling in the same element. As a prerequisite to ensure that the double-labeled tissue
examined contained optimal immunostaining for both A;aR and mGIuRS5, micrographs
were taken only from areas in which both the immunoperoxidase and immunogold
deposits were visible. Dendrites and terminals were considered immunoreactive in gold-

labeled tissue if they contained at least two gold particles, while because of their
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relatively small surface area, spines and unmyelinated axons were categorized as
immunoreactive if they were overlaid with a single gold particle or more. Using these
selection criteria, the overall proportions of A,aR-labeled spines and dendrites in the
immunogold and immunoperoxidase material were closely related, thereby supporting the
reliability of the quantitative data collected across immunoperoxidase and immunogold
material. Contrast and sharpness of micrographs shown were adjusted to best show

relevant aspects.
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Figure 3.1 — Antibody characterization and Western blot detection of A;aR in the
monkey and rat. A) 10 pg of HEK293T cell lysates transfected with mock
pPcDNAS3.1, A;, or Az receptor cONAs were subjected to SDS-PAGE and Western
blotting with anti-A,aR antibody (1:2000). Two specific bands, probably representing
the unmodified and glycosylated versions of the A,a receptor, were detected at
approximately 45 and 55 kDa, respectively, in the A,aR-transfected condition (top
panel, lane 3) and not in mock- or A;R-transfected cell lysates (top panel, lanes 1 and
2). Probing samples for actin confirmed equal protein loading (lower panel). B) 20 ug
of macaque brain region samples were subjected to SDS-PAGE and Western blotting
with the anti-A,aR antibody (1:2000). AzaR is enriched in the macaque striatum, with
detection of A,aR at approximately 45 kDa, and a minor band that may represent an
A,aR degradation product at approximately 37 kDa (top panel). Longer exposures of
the same blot revealed that A,aR is most enriched in CN > PU > SNr (middle panel).
Probing samples for actin confirmed equal protein loading (lower panel). C) 20 ug of
macaque or rat brain regions were subjected to SDS-PAGE. Western blotting with the
anti-A,aR (1:2000) revealed A,aR to be detectable in the macaque SNr but not the
rodent SNr (top panel). Probing samples for actin confirmed equal protein loading
(lower panel). CTX — cortex, CN — caudate nucleus, CRBL — cerebellum, HPC —
hippocampus, PU — putamen, SNr — substania nigra pars reticulata, ST — striatum, WB
— Western blot
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3.4 Results
3.4.1 Western blots

To further demonstrate the specificity of the A,aR antibody, we performed a
series of immunoblot experiments probing transfected cell lysates and brain tissue
homogenates. Lysates from HEK293T cells transfected with pcDNA3.1 (mock), human
adenosine A; receptor (A;R), or human AaR were immunoblotted for detection of AzaR.
Human receptors were used in order to provide further characterization of the antibody
for use in immunohistochemistry of primate tissue, as well as to confirm adenosine
receptor subtype specificity in our hands, as previously reported (Rosin et al., 1998).
Corresponding with the predicted molecular weight of the A,aR, a prominent band at
around 45 kDa was detected only in the lysate expressing A,aR, and not in the cell
lysates expressing A;R or mock cDNA (Fig. 3.1A). The second band in the AzaR cell
lysate, at about 55 kDa, presumably represents glycosylated A,aR, as suggested in Rosin
et al. (1998). Probing for actin showed equal protein loading from all cell lines. This
demonstrates the specificity of the antibody, in agreement with Rosin et al. (1998).

Western blotting for detection of A,aR in the monkey cortex, hippocampus,
caudate nucleus, putamen, midbrain, and cerebellum provided further evidence for the
specificity of this antibody in monkey tissue. Short exposures of these blots revealed
specific bands, only in the lanes for the caudate nucleus and putamen, at the expected
molecular weight for A;aR (45 kDa), as well as a lighter minor band around 37 kDa,
which may represent A;aR proteolytic degradation product, as suggested in Rosin et al.
(1998) (Fig. 3.1B, top). However, longer exposures of the same blots revealed

immunolabeling for A,aR in all structures sampled, the strongest of which (other than
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caudate and putamen) was from the ventral midbrain (SNr, Fig. 3.1B, bottom). Blots
probed with an anti-actin antibody demonstrated equal protein loading for all structures.
3.4.2 Immunoperoxidase AaR labeling: Light microscopy

At the light microscopic level, immunoperoxidase labeling resulted in a dark
brown deposit which, in most labeled structures, was predominantly associated with fine
neuropil processes. The most strongly labeled structures in the monkey brain were the
striatum and GPe (Fig. 3.2). Dense, homogeneous labeling invaded the whole extent of
the caudate nucleus, putamen, nucleus accumbens and olfactory tubercle. Dense neuropil
labeling in these structures precluded identification of labeled soma.

In the GPe, intense labeling was found in neuropil processes that invaded the
whole extent of the structure. The dense immunoreactivity associated with the GPe stood
out next to the very low level of labeling in the neighboring GPi (Fig. 3.2D-F).

Another basal ganglia nucleus that displayed a significant level of A,aR
immunoreactivity was the SNr (Figs. 3.2G, H, I, 3.3D). Although not generally
recognized as a major A;aR-containing structure in rodents, the monkey SNr displayed
moderate neuropil immunoreactivity along its whole rostrocaudal extent, which stood out

next to the lightly labeled substantia nigra pars compacta (Fig. 3.2G, H).
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Figure 3.2 — Overall distribution of immunoperoxidase labeling for A,aR in the
monkey basal ganglia. A series of low-power light micrographs of coronal brain
sections (9 out of 56 shown) showing A,aR immunoreactivity throughout the
rostrocaudal extent of the monkey basal ganglia. The interaural stereotaxic coordinate
for each section is indicated at the bottom right of each panel (Paxinos et al., 2000).
Scale bar: 5 mm (valid for A-I). AC — anterior commissure, CC — corpus collosum,
CD - caudate nucleus, CTX — cortex, GPe — external globus pallidus, GPi — internal
globus pallidus, Hip — hippocampus, IC — internal capsule, LV — lateral ventricle, NAc
— nucleus accumbens, OT — optic tract, PUT — putamen, SN — substantia nigra, Th —
thalamus.
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Figure 3.3 — A,aR immunolabeling in rat and monkey substantia nigra. A series of
medium to high power micrographs depicting details of A,aR immunostaining in the
rat (A-C) and monkey (D) basal ganglia. All sections in this figure were processed in
the same immunohistochemical reaction. A) A,aR immunolabeling at the level of the
rat striatum/GP. Note the strong immunoreactivity in the striatopallidal complex
comparable with the pattern of labeling in monkeys (see Fig. 2). B, C) Lack of AzaR
immunolabeling in the rat SNr. C is a higher magnification image of the boxed area in
B. D) AzaR immunolabeling in the monkey SNr. Note the higher degree of neuropil
AaR immunoreactivity in the monkey than in the rat SNr. Scale bars= 1mm. AG —
periaqueductal gray, CP — cerebral peduncle, CTX — cortex, GP — globus pallidus, SC
— superior colliculus, SNr — substantia nigra pars reticulata, ST — striatum, Th —
thalamus, VTA — ventral tegmental area.

Because previous immunohistochemical studies did not report the SNr as being
enriched in ApaR immunoreactivity in the rat, we performed additional experiments in 3
rats to assess a possible species difference in the extent of A,aR immunoreactivity in the

SNr between rodents and primates. When run together in the same antibody solutions
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and processed during the same immunohistochemical reaction, striatal and GPe neuropil
in both species displayed strong A,aR labeling, while significant A;aR immunoreactivity
was evident in the monkey, but not the rat, SNr (Fig. 3.3). To confirm this species
difference in nigral expression of A,aR between monkey and rat, a Western blot was run
for detection of A,aR in the monkey and rat striatum and SNr. Although high levels of
receptor proteins were detected in both the monkey and rat striatal tissue, A,aR was
detected in the monkey, but not the rat, ventral midbrain samples containing the SNr (Fig.
3.1C). Also, the doublet of bands seen in monkey tissue representing whole A;aR and a
proteolytic fragment was not evident in the rat striatum, in agreement with previous
findings (Rosin et al., 1998). This may be due to a species difference in AzaR proteolytic
processing, or a number of other factors beyond the scope of the present study. Blotting
for actin showed equal protein loading from both species.

In addition to basal ganglia nuclei, all layers of the cerebral cortex contained light
perikaryal labeling, with relatively denser labeling in the underlying white matter, which
appeared to be mostly glial in nature (Fig. 3.2). Other brain areas that contained lower
levels of A,aR immunoreactivity in the monkey brain included the thalamus,
hippocampus, subthalamic nucleus, and claustrum (Fig. 3.2). Brainstem regions posterior
to the substantia nigra were largely devoid of A,aR immunoreactivity.

3.4.3 Ultrastructural Localization of AzaR
3.4.3.1 Immunoperoxidase A2aR labeling

While most of the A,aR labeling was found in the neuropil of basal ganglia
nuclei, light microscopy does not provide a level of resolution high enough to categorize

the neuronal and glial elements with which these receptors are associated. To address
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this issue, we performed a quantitative electron microscopic analysis of the distribution
of A;aR immunoreactivity in the monkey basal ganglia (Fig. 3.4). AzaR-immunostained
sections from the putamen, GPe, and SNr were examined in the electron microscope. At
the electron microscopic level, the immunoperoxidase labeling for A,aR could be
identified as a dark, electron dense, amorphous deposit associated with restricted
compartments of neuronal and glial elements. The relative abundance of immunoreactive
structures in each of these regions, identified based on specific ultrastructural features
(Peters et al., 1991), was determined and plotted against each other in distribution

histograms (Fig. 3.4E, F).



77

m— presynaptic
== postsynaptic
80 = glial

= putamen
=3 GPe
80 == SNr

Putamen GPe SNr ax-unmy ax-my term den spine glia

Figure 3.4 — Ultrastructural localization of A;aR in the monkey basal ganglia.
Electron micrographs of neuronal elements immunolabeled for A;aR (A-D) and
quantification of immunoperoxidase labeling in the postcommissural putamen, GPe,
and SNr of rhesus monkeys (E, F). A) An A;aR-labeled dendrite (d) and spine (s) in
the sensorimotor putamen. B) A labeled spine (s) protruding from an unlabeled
dendrite (d) in the putamen. A labeled terminal (t) is also visible. C) Two
immunoreactive putative GABAergic terminals (t) form symmetric synapses on an
unlabeled dendrite (d) in the GPe. D) Labeled unmyelinated axons (a) in the GPe. A
lightly labeled (arrow) fibrous astrocytic process (g) is also seen. E) Quantification of
the percentages of labeled elements categorized as neuronal (presynaptic versus
postsynaptic) or glial in the monkey putamen and GPe. F) Breakdown of the
percentages of each type of A aR-labeled element in different basal ganglia nuclei.
Percentage values refer to the number of specific labeled neuronal or glial elements
over the total number of labeled elements examined in that structure (+/- SEM). Scale
bar: 0.5 um (valid for A-D). Symmetric synapses are marked with arrowheads, and
asymmetric synapses are marked with chevrons.
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3.4.3.1.1 Putamen

The AR striatal labeling was mainly localized to postsynaptic elements
including dendritic spines and shafts, which accounted for 58+3% of labeled elements in
the putamen. On the other hand, 34+4% of labeled striatal elements were presynaptic in
nature, the majority of which were unmyelinated axons, although immunoreactive
terminals were also encountered. Seventeen of the 37 labeled terminals identified formed
axo-dendritic symmetric synapses, 10 displayed asymmetric synapses, while the synaptic
specialization of the remaining 10 boutons was not visible in the plane of section or not
well preserved enough to be categorized as symmetric or asymmetric. Of the 10 A aR-
labeled terminals forming asymmetric synapses, 8 were in contact with spines, while the
other 2 formed synapses with dendritic shafts. Labeled glial processes were rare in the
striatum (7+£3% of labeled elements), but represented a larger proportion of labeled
elements in other structures examined (Fig. 3.4E, F).
3.4.3.1.2 GPe

In the GPe, the bulk of labeling was expressed presynaptically (71+5% of labeled
elements), largely in unmyelinated axons with more modest labeling of axon terminals
forming either symmetric (47 of 76 labeled terminals) or asymmetric (6 of 76) synapses.
The scarcity of labeled postsynaptic elements (2+1%) indicates that A;aR
immunoreactivity in the GPe is largely confined to afferent axons and terminals. On the
other hand, immunoreactive glial processes were commonly found in the GPe (27+6% of
labeled elements). The glial immunoreactivity was associated either with large diameter
processes of fibrous astrocytes (Fig. 3.4D) or with thinner glial processes in close contact

with neuronal elements.
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Figure 3.5 — EM immunogold labeling for A2AR. Electron micrographs of neuronal
elements immunolabeled for A2AR (A-E) and quantification of immunogold labeling
(F) in the putamen and GPe. A) Perisynaptic and intracellular labeling for A2AR in a
striatal spine. B) A labeled spine protrudes from an immunoreactive dendrite (d) in
the putamen. C) An A2AR-labeled putative inhibitory axon terminal (t) that forms a
symmetric axo-dendritic synapse in the GPe. D) A labeled putative excitatory
terminal (t) forming an asymmetric synapse with an unlabeled dendrite in the GPe. E)
Two labeled myelinated axons (a) in the putamen. F) Quantification of intracellular
vs. plasma membrane-bound A2AR immunogold labeling in the putamen and GPe.
Scale bar: 0.5 um (valid for A-E). Symmetric synapses are marked with arrowheads,
and asymmetric synapses are marked with chevrons.
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3.4.3.1.3 SNr

Like the GPe, AzaR labeling in the SNr was composed primarily of presynaptic
elements (48+4% of labeled elements) with scarce postsynaptic immunoreactivity (6£5%
of labeled elements). Labeled terminals in the SNr formed predominantly axo-dendritic
symmetric synapses (17 of 33 labeled terminals). The remaining boutons either formed
asymmetric synapses (4 of 33 labeled terminals) or did not establish clear synaptic
junctions in the plane of section that was examined. The SNr contained a larger
proportion of labeled glial elements (46+£2% of labeled elements) than other basal ganglia
nuclei.
3.4.3.2 Immunogold A24R labeling

In order to further characterize the potential subsynaptic sites of action where
adenosine could mediate its effects through A,aR activation in the striatopallidal
complex, the immunogold method was used to provide a more accurate description of the
subcellular and subsynaptic localization of A;aR in the post-commissural putamen and
GPe (Fig. 3.5). The gold labeling in neuronal elements was divided into two major
categories: intracellular versus plasma membrane-bound. The membrane-bound gold
particles were further divided into three sub-categories: synaptic (within or directly
apposed to the synaptic active zone), perisynaptic (<20 nm outside of active zone), or
extrasynaptic (>20 nm from the synapse). In both the putamen and GPe, 75-85% of
AzaR-associated gold particles were found in the intracellular compartment (Fig. 3.5F).
The difference between intracellular and membrane-bound gold particles was statistically
significant in both structures (t-test, p<0.05). There was no statistical difference in the

pattern of labeling (intracellular vs. membrane-bound) between the two structures (t-test,
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p=0.355). Among membrane-bound gold particles, only 2.6% in the putamen and 1.5%
in the GPe were found at synaptic and perisynaptic sites; the bulk of labeling was
extrasynaptic in both nuclei. Glial gold labeling was not included in this analysis.
3.4.3.3 A2,aR/mGIuURS5 co-localization

Because A,aR and mGIuRS5 have been shown to physically interact in the rat
striatum, we performed double-labeling EM co-localization experiments in the monkey
putamen to identify the subcellular compartments where these interactions could
potentially occur in primates. The degree of co-localization of A,aR and mGIuR5 in the
putamen was substantial, especially in postsynaptic elements (Fig. 3.6). When A;aR was
labeled with peroxidase and mGIuR5 with gold, 68+5% of A,aR-containing spines and
60+2% of dendrites also contained mGIuR5 (N=717 AzaR-immunoreactive elements).
When AaR was labeled with gold and mGIuR5 with peroxidase, 73+2% of AzaR-
containing spines and 62+1% of dendrites also contained mGIuR5 (N= 904 A,aR-
immunoreactive elements). Co-localization in presynaptic elements was much less
frequent; only 5-15% of A,aR-containing axons and terminals also contained mGIuRb5,
likely owing to the fact that mGIuRS5 is rarely found in presynaptic elements in the
striatum (Paquet and Smith, 2003; Mitrano and Smith, 2007). Only 2-6% of all double-
labeled elements observed were presynaptic in nature. There was no significant
difference in the degree of co-localization in any type of element when A;aR was labeled
with peroxidase versus gold (t-test, p>0.05), which validates the reliability of our double

labeling method.
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Figure 3.6 — A,aAR/MGIURS5 double-labeling in the motor putamen. Electron
micrographs of A,aR/mGIuRS5 double-labeled neuronal elements in the monkey
putamen (A-E) and quantification of co-localization (F). A-E) Examples of spines (s)
and dendrites (d) co-labeled for both A,aR and mGIuR5 in the putamen. In each
panel, arrows point at peroxidase deposits,arrowheads indicate immunogold labeling,
and chevrons mark asymmetric synapses. In A and B, the immunoperoxidase deposit
indicates A,aR immunoreactivity, while mGIuR5 is labeled with gold particles. In C-
E, the reaction was reversed, i.e. peroxidase is used to localize mGIuR5, while AzaR is
labeled with gold. A spine (s2) and dendrite (d2) single-labeled for mGIuR5 are also
visible in D and E, respectively. F) Quantification of the percentage of A,aR-labeled
neuronal elements that also express mGIuR5 immunoreactivity in the motor putamen.
Black bars represent the percentages of A,aR-immunoreactive elements that co-
express mGIuRS immunoreactivity in tissue dually stained for A,aR with peroxidase
and mGIuR5 with gold, while gray bars represent the same quantitative assessment of
co-localization in tissue double immunostained for A;aR with gold and mGIuRS with
peroxidase. There was no statistical difference in the extent of co-localization
between these two staining methods. Scale bar: 0.5 um (valid for A-E).
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3.5 Discussion

Our results provide the first detailed quantitative assessment of the ultrastructural
localization of AzaR in the primate basal ganglia and its degree of subcellular co-
localization with mGIuRS5 in the striatum. In addition to its well-recognized association
with indirect striatofugal GABAergic neurons, our data reveal that A,aRs are also located
to subserve presynaptic modulation of glutamatergic afferents to the striatum and GPe in
nonhuman primates. In contrast to rodents, a significant level of presynaptic AzaR
immunoreactivity was found in putative GABAergic terminals in the monkey SN,
thereby raising the possibility that adenosine may influence basal ganglia outflow, not
only through the indirect modulation of GPe or striatal activity, but also via A,aR-
mediated regulation of GABAergic transmission in the primate SNr. Furthermore, the
extensive degree of A,aR and mGIuRS5 co-localization at the level of striatal spines and
dendrites described in our study suggests that functional interactions between these two
receptors most likely occur postsynaptically in the primate striatum, a situation different
from the presynaptic interactions recently proposed in rodents on the basis of in vitro data
(Rodrigues et al., 2005). In addition to a strong neuronal expression, A;aRs were also
found to be significantly enriched in glial cells throughout the monkey basal ganglia,
most particularly in the SNr, providing another substrate through which adenosine can
mediate its effects upon basal ganglia activity in the normal and diseased state.

3.5.1 AuaR: A marker of indirect striatopallidal neurons in primates and non-
primates

Previous studies have shown that A,aR MRNA and protein in the rodent and

primate striatum co-localizes with markers of indirect, but not direct pathway MSNs
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(Schiffmann et al., 1991a; Fink et al., 1992; Augood and Emson, 1994; Svenningsson et
al., 1997; Svenningsson et al., 1998; Quiroz et al., 2009). This selective expression
makes AzaR a highly specific marker of indirect striatopallidal neurons in primates and
non-primates.

In line with these data, we found high levels of A,aR immunoreactivity in the
monkey striatum and GPe, with very little labeling in the GPi. In agreement with
previous rodent data (Hettinger et al., 2001), the majority of striatal A,aR
immunoreactivity was located in postsynaptic structures in the monkey striatum, most
likely belonging to indirect striatofugal neurons. When considered in conjunction with
our findings that almost all neuronal A;aR immunoreactivity in the GPe was located in
presynaptic elements and that 47 of 53 classifiable A,aR-labeled terminals in the GPe
were putatively GABAergic and morphologically resembled striatal-like boutons, our
data provide further evidence for strong A;aR expression in striatopallidal medium spiny
projection neurons (MSNS) in nonhuman primates.

In the striatum, the preferential expression of A,aR in dendrites and spines
suggest the possibility of postsynaptic A,aR-mediated effects upon striatal projection
neurons. However, many of the known effects of A,aR in striatal MSNs occur through
modulation of other receptors with which A,aR interacts, such as dopamine D2 receptors,
mGIuRb5, or CBL1 receptors (Stromberg et al., 2000; Domenici et al., 2004; Ferre et al.,
2007a; Tozzi et al., 2011). For example, while A;aR activation alone has no effect on the
membrane potential of MSNs in rat striatal brain slices, it can block the ability of a D2
receptor agonist to suppress NMDA-induced downstate to upstate transitions (Azdad et

al., 2009). Additionally, postsynaptic A,aR activation negatively modulates NMDA
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receptor postsynaptic currents in rat striatal slices (Norenberg et al., 1997; Norenberg et
al., 1998; Wirkner et al., 2000; Gerevich et al., 2002; Wirkner et al., 2004). While direct
electrophysiological effects of postsynaptic A;aRs on MSNs have been rarely reported,
the ability of these receptors to regulate biochemical indicators of MSN function, such as
CAMP formation, phosphorylation of DARPP-32, as well as 2-amino-3-(5-methyl-3-o0xo-
1,2- oxazol-4-yl) propanoic acid receptor and L-type calcium channel function is well
documented from in vitro or rodent studies (Schiffmann et al., 2007). However, little is
known about AR function in the primate striatum.

The significant level of pre-synaptic A;aRs in striatal-like terminals in the
monkey GPe is suggestive of modulatory sites of action that could regulate striatopallidal
GABAergic transmission. Patch clamp recording data from rat brain slices have, indeed,
shown that A,aR agonist presynaptically enhances the amplitude of striatal-evoked IPSCs
in GP neurons (Shindou et al., 2001). In line with these in vitro data, local infusions of
AzaR agonist into the striatum or GP of unlesioned rats led to increased GABA
concentrations in the GP, and systemic administration of A,aR antagonist reduced
extracellular GABA levels in the GP of 6-hydroxydopamine (6-OHDA)-lesioned rats
(Ochi et al., 2000). In vivo intrapallidal delivery of A,aR antagonist can also block the
decrease in GP neuron firing rate induced by striatal stimulation in rats (Querejeta et al.,
2010). Together, these findings demonstrate that A,aR subserves key regulatory
functions of GABAergic transmission along the striatopallidal indirect pathway in
rodents. Our electron microscopic data, combined with previous light microscopic
studies in monkeys (Svenningsson et al., 1998) and humans (Schiffmann et al., 1991b;

Svenningsson et al., 1997; Kaelin-Lang et al., 2000; Calon et al., 2004) demonstrate that
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these receptors are located to subserve similar functions at striatopallidal synapses in
primates.

However, the expression of A,aR immunoreactivity in putative glutamatergic
terminals in the monkey GPe suggests that the influence of adenosine-mediated effects
through these receptors may go beyond the striatopallidal GABAergic system. Because
there is no further evidence that A;aR activation modulates glutamatergic transmission in
the GP, functional studies directly addressing this issue are warranted to better
understand the complex and multifarious mechanisms by which A;aRs modulate basal
ganglia activity in normal and diseased states.

3.5.2 AyuaR expression in striatal terminals

In addition to a significant post-synaptic expression, A,aR immunoreactivity was
also found to be frequently associated with both putative glutamatergic and GABAergic
terminals, as well as a large number of unmyelinated axons in the monkey putamen.
Labeled myelinated axons were much less common, but were present in the striatum (Fig.
3.5E). This pattern is reminiscent of what has been described in the rat striatum, except
for the axonal labeling, which was not as prominent in rodents (Hettinger et al., 2001).
A, receptors have, indeed, been found to presynaptically modulate both excitatory and
inhibitory transmission in the rodent striatum. For instance, local infusion of A,aR
agonist into the rat striatum greatly increases extracellular glutamate levels (Popoli et al.,
1995), while infusion of an A,aR antagonist attenuates the increase in striatal glutamate
levels induced by cortical stimulation in mice (Quiroz et al., 2009). In line with these
data, A,aR agonist increased, while A,aR antagonist decreased the amplitude of EPSCs

in mouse striatal slices through presynaptic regulation of cortical glutamatergic inputs
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(Quiroz et al., 2009). It is noteworthy that A,aR-mediated regulation of glutamatergic
transmission may not only affect cortical afferents, but also modulate thalamic inputs
(Smith et al., 2004; Raju et al., 2006; Smith et al., 2009). The fact that some of the A;aR-
labeled terminals formed asymmetric axo-dendritic synapses is, indeed, suggestive that a
subset of thalamostriatal afferents from the caudal intralaminar thalamic nuclei expresses
pre-synaptic A,aRs (Smith et al., 2009). Furthermore, we found that the monkey
thalamus contains low to moderate levels of perikaryal A;aR labeling, in agreement with
previous evidence for A;aR expression in the rodent and primate thalamus (Dixon et al.,
1996; Svenningsson et al., 1997; Rosin et al., 1998; Mishina et al., 2007).

In line with previous rodent studies (Hettinger et al., 2001), a subset of A,aR-
positive terminals in the monkey striatum displayed the ultrastructural features of
intrinsic GABAergic terminals, which most likely originate from axon collaterals of
indirect pathway GABAergic striatal projection neurons. However, the A,aR-mediated
regulation of GABAergic transmission in the striatum appears to be more complex than
mere pre-synaptic effects, and may involve coupling of the receptor to G-proteins other
than G (Kirk and Richardson, 1995; Gubitz et al., 1996; Ravyn and Bostwick, 2006).
3.5.3 AxaR expression in the SNr

One of the interesting findings of our study was the evidence for significant
expression of A;aR immunoreactivity in the monkey SNr, which in rodents is not a major
site of A,aR MRNA or protein expression (Schiffmann et al., 1991b; Fink et al., 1992;
Dixon et al., 1996; Rosin et al., 1998; Kaelin-Lang et al., 2000; Hettinger et al., 2001).

On the other hand, previous studies have reported significant levels of A;aR ligand



88

binding in the human SN using PET or autoradiography detection methods
(Svenningsson et al., 1997; Mishina et al., 2007).

At the ultrastructural level, the A;aR labeling in the monkey SNr was split almost
equally between presynaptic (unmyelinated axons/terminals) and glial elements, with
very little postsynaptic expression, indicating predominant presynaptic or glial regulatory
functions of basal ganglia output neurons. Since it is known that some striatopallidal
axons send collaterals to the SNr (Parent et al., 1995), and most of the identifiable
synapses formed by the A,aR-positive SNr boutons in our analyses were of the
symmetric type, these data strongly suggest that much of the presynaptic labeling in the
monkey SNr is accounted for by GABAergic axon collaterals of indirect pathway
neurons. Taking into consideration that the GPi is almost completely devoid of AzaR
immunoreactivity in monkeys, these findings suggest that GABAergic axon collaterals of
indirect striatopallidal neurons in the SNr may phenotypically differ from those in the
GPi, thereby providing a substrate for specific A,aR-mediated regulation of striatal
GABAergic inputs to the SNr. However, because a small number of labeled terminals in
the SNr displayed features of glutamatergic boutons, A,aR-mediated regulation of
excitatory transmission in the SNr cannot be ruled out.

3.5.4 AsaR inglia

Our findings provide further evidence that A,oRs mediate some of their
physiological effects in the central nervous system through glial cells, a hypothesis that
has been put forward in previous studies largely based on in vitro and in vivo data
showing that adenosine and A;aR antagonists modulate astrocyte reactivity (Hindley et

al., 1994; Brambilla et al., 2003; Dare et al., 2007), as well as glial glutamate release and
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uptake (Nishizaki et al., 2002). In monkeys, the most enriched basal ganglia nucleus in
glial AzaR expression was the SNr, although the striatum and GP also contained a
significant number of A,aR-positive glial processes. Glial A,aRs were also strongly
expressed in the external capsule and subcortical white matter of rhesus monkeys. It is
noteworthy that the relative prevalence of A;aR in glia appears to be higher in monkey
than rodent basal ganglia (Hettinger et al., 2001). Whether this represents a genuine
species difference in A,aR expression indicating a more active role of glial AzaR in
primates than non-primates remains to be determined.

At the EM level, essentially all labeled large-diameter glial processes belonged to
fibrous astrocytes, as can be determined by their content of densely packed intermediate
filaments (Fig. 3.4D). However, many finer labeled glial processes were identified,
which could belong to other glial cell types. A,aRs are considered important regulators
of microglial reactivity and proliferation towards sites of brain injury or degeneration,
thereby suggesting an additional role in neuroinflammation, brain repair, and cell death
(Gebicke-Haerter et al., 1996). Because, we did not use specific markers of astrocytes or
microglia in this study, our findings cannot confirm or reject evidence for microglial
AR immunoreactivity in the basal ganglia of normal monkeys. However, the outcome
may be different in animal models of basal ganglia disorders and in humans affected with
chronic neurodegenerative diseases like PD, as microglia have been shown to upregulate
AzaR expression when activated in an animal model of neuroinflammation (Orr et al.,

2009).
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3.5.5 Intracellular and extrasynaptic localization of A,aR in the striatum

Our immunogold data indicate that the majority (75-85%) of A,aR labeling in the
striatum and GPe is located in the intracellular compartment of pre- or post-synaptic
immunoreactive elements. This could be indicative of a high level of turnover of Aza
receptors at the cell membrane. Alternatively, in vitro reports from neuronal and non-
neuronal cultures suggest that intracellular A,aRs could be in latent storage awaiting
certain conditions under which they could be mobilized to the plasma membrane, thereby
increasing the neuron’s sensitivity to extracellular adenosine (Milojevic et al., 2006). It
has also been found that A,aRS, like many G-protein-coupled receptors, internalize in
response to agonist administration (Brand et al., 2008), suggesting that some of this
intracellular labeling may be the result of an abnormal increase in the extracellular
concentration of adenosine under hypoxic conditions at the time of perfusion (Hagberg et
al., 1987), followed by activation and internalization of receptors. However, in vitro data
argue against this hypothesis by showing that A,aRs mobilize to the plasma membrane
under anoxic conditions (Arslan et al., 2002). It is unclear which of these processes
would prevail in vivo.

Yet another possibility is that intracellular A,aRs have a function inside the cell.
While this is still a topic of great controversy, a growing body of evidence suggests that
intracellular G-protein-coupled receptors may have functional signaling roles at multiple
intracellular sites, including the Golgi apparatus, endoplasmic reticulum, and cell nucleus
(Boivin et al., 2008). While intracellular functions of A,aRs have not been reported, it is

worth noting that mGIuRS5, with which A,aR interacts (Ferre et al., 1999; Ferre et al.,
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2002), is often localized on the nuclear membrane, through which it regulates nuclear
calcium levels (O'Malley et al., 2003).

Of the plasma membrane-bound A,aR-associated gold particles, the majority
(97-98%) was found at extrasynaptic sites, which is a common feature for many G-
protein coupled receptors (Galvan et al., 2006). These extrasynaptic A,a receptors are
most likely activated only during high levels of neuronal metabolic activity when large-
scale adenosine triphosphate (ATP) hydrolysis leads to grossly increased extracellular
adenosine levels across entire nuclei (Nordstrom et al., 1977), via bidirectional non-
concentrative nucleoside transporters (Geiger and Fyda, 1991). Astrocytes represent
another likely source of adenosine for these extrasynaptic receptors, as they can release
both adenosine and ATP (which is rapidly converted to adenosine (Dunwiddie et al.,
1997)) via facilitated transport or a calcium-dependent vesicular mechanism, in response
to hypoxia or chemical signals (Cunha, 2001; Martin et al., 2007; Parpura and Zorec,
2010). Extracellular adenosine levels in the striatum are in the low to mid nanomolar
range under basal conditions (Ballarin et al., 1991), which is enough to produce a low
tone of A,aR activation (ECs of adenosine at AyaR is ~700 nm (Dunwiddie and Diao,
1994; Fredholm et al., 2001)). Under hypoxic conditions, striatal adenosine levels can
increase into the micromolar range (Hagberg et al., 1987), probably activating most
AoaRS.

Although they were rare (2-3%), we did find some pre- and post-synaptic Aja
receptors at synaptic and perisynaptic sites in the monkey striatum, which is in agreement
with previous rodent data (Ciruela et al., 2006). These A,a receptors most likely respond

to synaptically-released adenosine or ATP, which are co-released with other
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neurotransmitters (Cunha and Ribeiro, 2000; Latini and Pedata, 2001), even during lower
levels of synaptic activity.

3.5.6 Postsynaptic co-localization of A;aR and mGIuRS in striatal neurons: Potential
sites of functional interactions

As mentioned above, A,aR and mGIuRS5 physically interact and display a
functional synergy whereby simultaneous activation or inhibition of both receptors
produces greater effects than the sum of the modulation of each receptor alone (Ferre et
al., 1999; Ferre et al., 2002). This functional synergy is relevant to several biological
phenomena and possibly therapeutic benefits of A,aR antagonists in movement disorders
and other brain disorders (Coccurello et al., 2004; Kachroo et al., 2005; Adams et al.,
2008). For instance, in the hippocampus, where A;aR and mGIuR5 co-localize at
individual glutamatergic synapses, the synergistic effects of both receptor agonists upon
their respective targets potentiate NMDA receptor activity more strongly than individual
receptor activation, suggesting a possible role for A,aAR/mGIuR5 functional interactions
in learning and memory (Tebano et al., 2005).

There is also evidence from in vitro data supporting functional A,aR/mGIuR5
interactions in the rat striatum (Ferre et al., 1999; Ferre et al., 2002; Nishi et al., 2003).
However, in contrast to our findings that support a high level of A;,AR/mGIUR5 co-
expression only in postsynaptic elements in the monkey striatum, other in vitro data
described as much as 50% of striatal terminals that co-express mGIuR5 and AzaR
immunoreactivity in isolated striatal nerve terminal preparations (Rodrigues et al., 2005).
These findings were corroborated with functional studies showing that agonists for A,aR

and mGIuRS5 synergistically interact to enhance K*-induced glutamate release from rat
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synaptosomal preparations. However, these data are at odds with ultrastructural data
indicating that striatal mGIuR5 immunoreactivity is largely localized post-synaptically in
rats (Shigemoto et al., 1993). Similarly, the ultrastructural localization of A;aR and
mMGIURS5 described in the present study, and our previous reports in the monkey striatum
showing little evidence for presynaptic mGIuR5 (Paquet and Smith, 2003; Mitrano and
Smith, 2007), strongly suggest that the main target sites for functional interactions
between these receptor subtypes are the spines and dendrites of striatal projection
neurons. It is possible that the presynaptic synaptosomal membrane fractions prepared
by Rodrigues et al. (2005) also included postsynaptic material containing mGIuR5,
leading to an overestimation of the prevalence of presynaptic mGIuR5 immunoreactivity.
Alternatively, the disparity could be due to a shift from a significant pre-synaptic
mGIURS5 expression in young animals (2-3 weeks old) to an almost exclusive post-
synaptic localization in adults (Hubert and Smith, 2004). Whether the discrepancies rely
on technical differences remains unknown, but we cannot rule out the possibility that the
small amount of presynaptic mGIuRS5 in the adult striatum is functionally relevant,
thereby suggesting that striatal and pallidal axon terminals may be another potential site
for A,AR/mGIURS interactions. Although we did find presynaptic co-localization of the
two receptors in the monkey putamen, it was rare, accounting for only 2-6% of striatal
double-labeled elements.

It is worth noting that the pattern of striatal A,aR immunogold labeling (mainly
postsynaptic, largely intracellular with a smaller membrane-bound component composed
mostly of extrasynaptic receptors) is very similar to the pattern of striatal mGIuR5

immunogold labeling previously described in the monkey striatum (Paquet and Smith,
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2003). The neuronal signaling via these large pools of extrasynaptic receptors could
become very important during periods of high neuronal activity, like in the parkinsonian
state when corticostriatal glutamatergic transmission is abnormally overactive (Calabresi
etal., 1993). With large-scale breakdown of ATP and overflow of synaptic glutamate,
these two groups of extrasynaptic receptors might be simultaneously activated and
synergistically interact to greatly increase the excitability of indirect pathway MSNSs.
This scenario suggests a potential role for A,AR/MGIURS interactions in PD
pathophysiology.
3.5.7 Therapeutic relevance of A,aAR/mGluR5 antagonists in Parkinson’s disease
Antagonists at AyaR and mGIuR5 both decrease motor deficits in experimental
rodent models of parkinsonism (Breysse et al., 2002; Ossowska et al., 2002; Breysse et
al., 2003; Tanganelli et al., 2004; Ossowska et al., 2005; Ossowska et al., 2007; Pinna et
al., 2007). When given together, A,aR and mGIuR5 antagonists produce a synergistic
improvement in locomotion of reserpinized mice (Kachroo et al., 2005) and in the
performance of a reaction time task in 6-OHDA-treated rats (Coccurello et al., 2004).
Despite some success in preclinical studies (Grondin et al., 1999; Kanda et al., 2000;
Bibbiani et al., 2003), the administration of the A,aR antagonist istradefylline (also
known as KW-6002), alone or in combination with levodopa, has had limited success in
alleviating parkinsonian symptoms in PD patients (Bara-Jimenez et al., 2003; Hauser et
al., 2003; Fernandez et al., 2010), although the antagonist appeared to be safe and well-
tolerated in humans. Based on the rodent behavioral data and our findings suggesting
potential sites for A,aAR/mGIuURS interactions in the primate striatum, it appears

reasonable to suggest that the combination of A;aR and mGIuR5 antagonists might be a
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relevant non-dopaminergic approach to PD pharmacotherapeutics with improved
efficacy.

Another strong interest for mGluRS therapeutics in Parkinson’s disease relates to
the significant effect these drugs have on the development and progression of L-DOPA-
induced dyskinesias (Johnston et al., 2010; Morin et al., 2010). A,aR antagonists also
have anti-dyskinetic properties, at least in animal models (Morelli et al., 2007), though
these pre-clinical data have not led to conclusive evidence for anti-dyskinetic effects in
PD patients (Bara-Jimenez et al., 2003; Hauser et al., 2003; LeWitt et al., 2008; Stacy et
al., 2008). In addition to their potential to treat the motor symptoms of PD, AR and
mGIuRS5 antagonists have neuroprotective effects against degeneration of midbrain
dopaminergic neurons in toxin-based models of PD (Chen et al., 2001; Battaglia et al.,
2004; Aguirre et al., 2005; Bove et al., 2005; Pierri et al., 2005; Masilamoni et al., 2009;
Nobre et al., 2010; Masilamoni et al., 2011).

Together, these findings highlight the exciting possibility that A,aAR/mMGIuR5
combination therapy might be used at various stages of the disease to treat multiple
aspects of PD symptoms and pathology. The anti-parkinsonian, anti-dyskinetic, and
neuroprotective benefits of A,aR/mGIuRS combination therapy have never been tested in
primates. With future research in these areas, it might be possible to take advantage of
the synergy between these two receptors to greatly improve PD pharmacotherapeutics.
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Chapter 4
Specific Aim 3

To characterize the subcellular localization of metabotropic glutamate receptor 4 and
examine the electrophysiological effects of local infusion of group 111 or mGluR4
agonists on firing rates and patterns of neurons in the MPTP-treated monkey GPe and

putamen.

Bogenpohl J, Galvan A, Hu X, Wichmann T, Smith Y. Metabotropic glutamate receptor
4 in the basal ganglia of parkinsonian monkeys: Ultrastructural localization and
electrophysiological effects of activation in the striatopallidal complex.

Neuropharmacology, 2012; In press.
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4.1 Abstract

Group 111 metabotropic glutamate receptors (mGluR4,7,8) are widely distributed
in the basal ganglia. Injection of group 111 mGIuR agonists into the striatopallidal
complex alleviates parkinsonian symptoms in 6-hydroxydopamine-treated rats. In vitro
rodent studies have suggested that this may be partly due to modulation of synaptic
transmission at striatopallidal and corticostriatal synapses through mGIuR4 activation.
However, the in vivo electrophysiological effects of group Il mGIuRs activation upon
basal ganglia neurons activity in nonhuman primates remain unknown. Thus, in order to
examine the anatomical substrates and physiological effects of group 11l mGIuRs
activation upon striatal and pallidal neurons in monkeys, we used electron microscopy
immunohistochemistry to localize mGluR4, combined with local administration of the
group Il mGIuR agonist L-AP4, or the mGluR4 positive allosteric modulator
VU0155041, to assess the effects of group 11l mGIuR activation on the firing rate and
pattern of striatal and pallidal neurons in 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine
(MPTP)-treated parkinsonian monkeys.

At the ultrastructural level, striatal mGluR4 immunoreactivity was localized in
pre- (60%) and post-synaptic (30%) elements, while in the GPe, mGIluR4 was mainly
expressed presynaptically (90%). In the putamen, terminals expressing mGIluR4 were
evenly split between putative excitatory and inhibitory terminals, while in the GPe, most
labeled terminals displayed the ultrastructural features of striatal-like inhibitory terminals,
though putative excitatory boutons were also labeled. No significant difference was
found between normal and parkinsonian monkeys. Extracellular recordings in awake

MPTP-treated monkeys revealed that local microinjections of small volumes of L-AP4
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resulted in increased firing rates in one half of striatal cells and one third of pallidal cells,
while a significant number of neurons in both structures showed either opposite effects,
or did not display any significant rate changes following L-AP4 application. VU0155041
administration had little effect on firing rates. Both compounds also had subtle effects on
bursting and oscillatory properties, acting to increase the irregularity of firing. The
occurrence of pauses in firing was reduced in the majority (80%) of GPe neurons after L-
AP4 injection. Our findings indicate that glutamate affects striatal and pallidal neurons
through activation of pre-synaptic group Il mGIuRs at inhibitory and excitatory synapses

in parkinsonian monkeys.

4.2 Introduction

Drugs that antagonize glutamate transmission have been of interest for years as
treatments for Parkinson’s disease, as they may reverse some of the major
pathophysiologic hallmarks of the disease, i.e. the increased glutamatergic corticostriatal
and subthalamofugal transmission (Blandini et al., 1996; Greenamyre, 2001; Chase et al.,
2003). However, early studies that focused on antagonizing ionotropic glutamate
receptors as treatments for Parkinson’s disease and other conditions were generally
disappointing, largely due to the occurrence of debilitating side effects, which may have
resulted from unwanted drug actions outside of the intended targets (Hughes, 1997;
Blandini and Greenamyre, 1998; Smith et al., 2012). In contrast, because of their
modulatory effects and more restricted regional distributions, the G-protein coupled
metabotropic glutamate receptors (mGIuRs) have become attractive targets for glutamate-

based pharmacotherapies in Parkinson’s disease (Breysse et al., 2003; Marino and Conn,
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2006; Lopez et al., 2007; Ossowska et al., 2007; Johnson et al., 2009; Smith et al., 2012).
These receptors are divided into three major groups based on their structure,
pharmacology, and coupling to second messenger systems. Group | mGluRs (mGIluR1
and mGIuR5) are mainly expressed postsynaptically and increase neuronal excitability
when activated, while group 11 (mGIluR2 and mGIuR3) and group 111 (mGluR4, mGIuR®,
mGIuR7, and mGIuR8) receptors are commonly found in presynaptic neuronal elements,
where they decrease neurotransmitter release by inhibition of adenylyl cyclase.

In light of anatomical, electrophysiological and behavioral studies in rodents, it
has become clear that activation of mGluR4 may represent a useful approach to
normalize basal ganglia circuit activity, and relieve PD motor symptoms (Marino et al.,
2003; Valenti et al., 2003; Lopez et al., 2007; Lopez et al., 2008; Beurrier et al., 2009;
Johnson et al., 2009; Smith et al., 2012). In rats, mGIluR4 is strongly expressed in the
globus pallidus (GP), where it is localized predominantly in putative striatopallidal
GABAergic terminals (Bradley et al., 1999; Corti et al., 2002). Activation of mGluR4
attenuates inhibitory postsynaptic currents induced by striatal stimulation in rat GP slices
(Matsui and Kita, 2003; Valenti et al., 2003; Beurrier et al., 2009). Through this decrease
of the striatopallidal GABAergic transmission, mGIluR4 activation can disinhibit GP
neurons, thereby increasing the pallidal inhibitory drive to the abnormally overactive
subthalamic nucleus (STN) and potentially correcting aberrant basal ganglia circuit
activity in the parkinsonian state (Marino and Conn, 2006; Johnson et al., 2009;
Niswender and Conn, 2010). Parkinsonian motor signs are, indeed, improved in rodent
models of PD following intracerebral administration of group Il mGIuR agonists or

mGIluR4 positive allosteric modulators (Marino et al., 2003; Valenti et al., 2003;
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Maclnnes et al., 2004; Marino et al., 2005; Konieczny et al., 2007; Lopez et al., 2007;
Beurrier et al., 2009; Cuomo et al., 2009). The recent development of mGluR4
potentiators with reliable pharmacokinetic properties and efficient brain penetration has
set the stage for trials of mGluR4-related PD pharmacotherapeutics (Niswender and
Conn, 2010; Engers et al., 2011; Smith et al., 2012).

In light of the promising rodent data, we aimed to characterize the target sites and
physiological effects of mGluR4-related drugs in the primate basal ganglia, using a
combination of light and electron microscopic immunohistochemistry, local application
of group Il mGluR-related drugs in the striatopallidal complex, and in vivo single unit
recordings of striatal and pallidal neurons in awake parkinsonian rhesus monkeys. Some
of the findings of this study have been presented in abstract forms (Bogenpohl et al.,

2010; Bogenpohl et al., 2011).

4.3 Material and Methods

4.3.1 Animals

Eleven adult rhesus macaques (7 males, 4 females; 2-9 years old) were used in
this study. All experiments were performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals and the United States Public
Health Service Policy on Humane Care and Use of Laboratory Animals. Five of these
monkeys were treated with weekly systemic injections of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; 0.2-0.8 mg/kg/week; Sigma, St. Louis, MO; total cumulative
doses ranged from 14 to 33 mg/kg, total treatment time ranged from 8 to 16 months) until

moderate parkinsonian motor signs were observed.
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The severity of parkinsonism was assessed as previously described (Wichmann et
al., 2001; Kliem et al., 2010). Briefly, animals were transferred to an observation cage, in
which locomotor behavior was measured by counting infrared beam breaks, and by direct
visual quantification of the number of movements made by different body parts. A
parkinsonism rating scale was also used to quantify parkinsonism. Following the
development of moderate parkinsonian motor signs that remained stable for a period of at
least 6-8 weeks after MPTP administration, two of the parkinsonian monkeys and three
normal, untreated monkeys were trained to sit calmly in a restraint chair before being
chronically implanted with transcranial recording chambers for electrophysiological
experiments.

The remaining three MPTP-treated parkinsonian monkeys and three untreated
animals were deeply anesthetized with pentobarbital (100 mg/kg i.v.) and transcardially
perfused with cold oxygenated Ringer’s solution, followed by a fixative containing 4%
paraformaldehyde and 0.1% glutaraldehyde in a phosphate buffer (PB) solution, for
immunohistochemistry. After perfusion, brains were removed from the skull, sliced
coronally into thick (~1 cm) blocks, and post-fixed overnight in 4% paraformaldehyde.
These blocks were cut into 60 um-thick coronal sections using a vibrating microtome and
stored at -20° C in an anti-freeze solution, containing 30% ethylene glycol and 30%
glycerol in PB, until ready for immunohistochemistry.

4.3.2 Immunohistochemistry
4.3.2.1 Pre-embedding immunoperoxidase for light microscopy
The localization of mGluR4 was achieved using a highly specific polyclonal

antibody (Invitrogen, Carlsbad, CA; Catalog # 51-3100; 1:200 dilution) raised in rabbit
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against a 200 amino acid C-terminal fragment of the rat mGIuR4 protein. This antibody
is specific for the mGluR4a splice variant. Reactivity with other related proteins has not
been detected on immunoblots of transfected cells expressing other mGIuR subtypes
(Invitrogen). This antibody does not stain brain tissue from mGIluR4 knockout mice
(unpublished data). Depletion of the dopaminergic nigrostriatal system in MPTP-treated
animals was confirmed in 3 of the 5 animals in this study (the 2 remaining animals are
still alive at the time of this report) by staining sections at the level of the striatum and the
substantia nigra with mouse anti-tyrosine hydroxylase (TH) antibodies (1:1000,
Millipore; not shown).

Brain sections taken from various antero-posterior levels of the basal ganglia in 2
normal and 2 MPTP-treated monkeys were processed for light microscopy (LM)
immunohistochemical localization of mGIluR4. Prior to immunohistochemical (IHC)
processing, brain sections were washed with phosphate buffered saline (PBS; 0.01M, pH
7.4), treated with a 1% sodium borohydride solution for 20 minutes, and washed in PBS
once more.

Sections were incubated for 1 hour in PBS containing 10% normal goat serum
(NGS), 1% bovine serum albumin (BSA), and 0.3% Triton X-100, followed by
incubation in the primary antibody solution containing 1% NGS, 1% BSA, and 0.3%
Triton X-100 in PBS for 48 hours at 4°C. Sections were then rinsed three times in PBS
and incubated in the secondary antibody solution containing 1% NGS, 1% BSA, 0.3%
Triton X-100, and biotinylated goat anti-rabbit 1gGs (Vector Laboratories, Burlingame,
CA) at a dilution of 1:200 for 90 minutes at room temperature. After three rinses in PBS,

sections were incubated for 90 minutes in avidin-biotin peroxidase complex (ABC)
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solution at a dilution of 1:100 (Vectastain standard ABC kit, Vector Laboratories)
including 1% BSA.

To reveal the antigenic sites, sections were first rinsed with PBS and Tris buffer
(50 mM; pH 7.6), then incubated in a solution containing 0.025% 3,3’-diaminobenzidine
tetrahydrochloride (DAB; Sigma), 10 mM imidazole, and 0.005% hydrogen peroxide in
Tris buffer for 10 minutes. Sections were then washed several times in PBS, mounted on
gelatin-coated glass slides, dehydrated, and coverslipped with Permount™,

The slides were scanned at 20X using a ScanScope CS scanning light microscope
system (Aperio Technologies, Vista, CA). Digital representations of the slides were
saved and analyzed using ImageScope software (Aperio Technologies).
4.3.2.2 Pre-embedding immunoperoxidase for electron microscopy

Sections containing the striatopallidal complex from 3 normal and 3 MPTP-
treated monkeys were transferred to a cryoprotectant solution containing 25% sucrose
and 10% glycerol in PB (0.05M, pH 7.4) for 20 minutes and then placed in a -80°C
freezer for 20 min to permeabilize cell membranes. They were then thawed through
washes in decreasing concentrations of cryoprotectant solution until being washed in
PBS. The subsequent tissue processing was identical to that used for light microscopy,
up to the point of DAB revelation, with two important differences: Triton X-100 was
omitted from all solutions, and sections were incubated in the primary antibody solution
for 48 hours at 4°C.

After DAB revelation, the tissue was rinsed in PB (0.1M, pH 7.4) and treated with
1% osmium tetroxide for 20 minutes. It was then rinsed with PB and dehydrated with

increasing concentrations of ethanol, up to 100%. Uranyl acetate (1%) was added to the
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70% EtOH dehydration solution and incubated for 35 minutes in order to increase the
contrast of membranes in the electron microscope. After alcohol dehydration, sections
were treated with propylene oxide, embedded in epoxy resin (Durcupan ACM; Fluka,
Buchs, Switzerland) for at least 12 hours, mounted onto slides, and placed in a 60°C oven
for 48 hours to cure the resin.
4.3.2.3 EM observations and analysis

Small blocks of tissue from the dorsolateral putamen or GPe were cut out from
the embedded sections and glued onto resin blocks for ultrathin sectioning with an
ultramicrotome (Leica Ultracut T2). Sixty-nanometer-thick sections were collected from
the surface of the tissue block to ensure that antibody penetration was optimal in the
tissue analyzed in the EM. Sections were mounted on single-slot pioloform-coated
copper grids, stained for 5 minutes with lead citrate, and examined with a Zeiss EM-10C
transmission electron microscope. Electron micrographs were captured and saved with a
CCD camera (DualView 300W; Gatan, Inc., Pleasanton, CA) controlled by
DigitalMicrograph software (version 3.11.1; Gatan, Inc.). Fifty micrographs of
randomly-encountered mGluR4-labeled neuronal elements were captured at 25,000X in
the GPe and putamen of each monkey, giving a total of 581 um? of tissue analyzed per
structure per animal. Immunoperoxidase labeling for mGIuR4 could be identified as a
dark, amorphous deposit in the cytoplasm of labeled neuronal elements. Immunoreactive
elements were classified based on ultrastructural features (Peters et al., 1991), quantified,

and plotted as distribution histograms.

4.3.3 Electrophysiology
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4.3.3.1 Surgical procedure

Two of the MPTP-treated parkinsonian monkeys and three normal monkeys were
implanted with bilateral chronic recording chambers. Under aseptic conditions and
isofluorane anesthesia (1-3%), recording chambers were stereotaxically positioned over
trephine holes in the skull to provide chronic access to striatum and GP, using a lateral
coronal approach (36° angle from the vertical). The chambers and a head post receptacle
were attached to the animal’s skull with dental acrylic and stainless steel bone screws.
After surgery, monkeys were allowed to recover for at least one week.
4.3.3.2 Electrophysiological mapping of brain structures

All recordings were performed in fully awake monkeys (determined by video
surveillance showing open eyes and occasional movements). The animals were sitting in
a restraint chair with the head immobilized and the body and limbs free to move. In each
session, the dura was pierced with a guide tube, and a tungsten microelectrode (Z = 0.5-
1.0 MQ at 1 kHz; FHC, Bowdoinham, ME) was lowered into the brain using a microdrive
(MO-95B; Narishige, Tokyo, Japan), using pre-determined anteroposterior and
mediolateral positions. Extracellular neuronal electrical signals were recorded, amplified
(DAM-80 amplifier; WPI, Sarasota, FL), filtered (400-6,000 Hz; Krohn-Hite, Brockton,
MA), displayed on a digital oscilloscope (DL1540; Yokogawa, Tokyo, Japan), and made
audible via an audio amplifier. Neuronal signals were digitized (sampling rate 25 kHz)
and stored on a hard drive using a data acquisition interface (Power1401; CED,
Cambridge, UK) and commercial software (Spike2, CED) for off-line analysis.

The actual locations of brain structures below the chambers were delineated by

electrophysiological mapping. The putamen region was characterized by a mixture of
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neurons, some showing slow background firing rate, while others presented sustained

spontaneous activity and regular discharge (see below for further details on these two

neuronal types). GPe cells were identified by their location in relation to the overlying

putamen and their characteristic high frequency discharge, interspersed with pauses

(DeLong, 1971; Elias et al., 2007).

Normal MPTP
Number of neurons 24 51
ISI CV 1.6+1.6 1.3+0.6
Firing rate (spikes/s) | 65.1+34.1 | 55.2+22.0
1-3 Hz 2.8+2.4 | 2.18+1.56
Power  I™338Hz | 1.4%09| 1409
spectral
components | 8-13 Hz 0.7£0.4 0.9+0.5*
(% within
stated 1330\ 06x02| 0.7:0.2¢
spectral Hz
bins) a
30-100 1.1+0.2 1.0+£0.2
Hz
Burst index (spikes, %) | 26.0£22.1 | 29.4+17.6
Burst index (time, %) 8.1+6.2 8.7x4.5
Deceleration index
: 612, 4.3+2.
(spikes, %) 3628 3%2.6
Deceleration index |1/ 1,147 | 14.3+10.7
(time, %)
Pause index (spikes, %) 0.4+0.5 0.1+0.2*
Pause index (time, %) 9.5+8.7 3.2+3.5*

Table 4.1 — Descriptors of
neuronal firing in the GPe;
comparison of MPTP-
treated monkeys with data
from normal monkeys
previously acquired
(Galvan et al., 2011).
Values are means +
standard deviation.
*statistically different from
normal; t-test, p<0.05
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4.3.3.3 Intracerebral injections

Intracerebral microinjections were performed in two MPTP-treated monkeys with
a custom-built device (“injectrode”), consisting of a tungsten microelectrode which was
fused to a thin silica tube, as described previously (Kliem and Wichmann, 2004; Galvan
et al., 2005; Galvan et al., 2010). The injection tubing was connected to a 1 ml gas-tight
syringe (CMA Microdialysis, Solna, Sweden), driven by a computer-controlled infusion
pump (Model 102, CMA).

The injectrode was lowered into the putamen or GPe using the microdrive, and
positioned to isolate single neurons for recording. If two or more neurons were present
near the tip of the injectrode (as determined by visual inspection of the recorded
waveforms on the oscilloscope), the injectrode was moved slightly up or down to isolate
a single neuron. If adjustments could be made to obtain a difference in spike amplitude
of approximately two-fold, recording and injection commenced with focus on the larger-
amplitude cell. In these cases, spikes from the two recorded cells were separated in the
spike sorting step (see below).

Spontaneous baseline activity of each cell was recorded for at least 60 seconds
before drug infusion. Recording continued through the drug injection (0.4 pL at 0.2
pL/min) and for at least 5 min after the end of the infusion. In some cases, more than one
injection was performed along the same tract. In these cases, the recording/injection sites
were separated by at least 1 mm, and a time lapse of at least 30 min was allowed to pass
before the next recording could begin, to minimize residual effects of the previous

injection.
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4.3.3.4 Drugs

The group Il mGIuR agonist L-AP4 (20 or 50 mM; Tocris Bioscience, Bristol,
UK), and the mGIluR4 allosteric potentiator VU0155041 (4 mM, generous gift of
Niswender, Conn et al., Vanderbilt University) were used (Engers et al., 2009; Engers et
al., 2010; Engers et al., 2011). The choice of optimal concentrations was based on
previous rodent data showing antiparkinsonian efficacy (Lopez et al., 2007; Cuomo et al.,
2009). Due to the limited solubility of VU0155041 in aqueous solutions, 4mM was the
highest concentration achieved for the intracerebral injections. The drugs were dissolved
in artificial cerebrospinal fluid (aCSF, comprised of (in mM) 143 NaCl, 2.8 KCI, 1.2
CaCly, 1.2 MgCl,, 1 Na;HPO,), and the pH adjusted to 7.2-7.4. Before being loaded into
the injection syringe, all solutions were filtered with a 0.2 um pore size nylon membrane

(Fisher Scientific). Artificial CSF was used for control injections.
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A 85

Figure 4.1 — Light micrographs of coronal monkey brain sections showing
immunostaining for mGIluR4 at various levels of a normal (A-D) and an MPTP-treated
monkey (E,F). The approximate interaural coordinate for each section is designated in
the lower left of each panel. Scale bar in A equals 5 mm and applies to all panels. AC
— anterior commissure, CN — caudate nucleus, CTX — cortex, GPe — external globus
pallidus, GPi — internal globus pallidus, HIP — hippocampus, IC — internal capsule,
PUT - putamen, SNc — substantia nigra pars compacta, SNr — substantia nigra pars
reticulata, TH - thalamus.

4.3.3.5 Analysis of electrophysiological data
Spike sorting was performed off-line with a waveform matching algorithm,
followed by principal component analysis (Spike2). Inter-spike interval (1SI) distribution

histograms were generated and examined for each cell to verify the quality of the
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recording and spike sorting. All subsequent steps of the analysis were done in Matlab
(Mathworks, Natick, MA).

ISI data were used to generate second-by-second readouts of firing rates (FRs)
and coefficients of variance (CV; ISl standard deviation/mean ISI; an index of the
irregularity of neuronal firing) in 20 sec bins, which were subsequently smoothed using a
sliding 20-point moving average. These readouts were plotted and used to select a
‘baseline segment’ (at least 60 sec immediately preceding drug or aCSF infusion) and a
drug ‘effect segment’. Drug effect segments were selected by determining if the firing
rate or CV passed beyond the 90" or below the 10™ percentile of the baseline segment
data, continuously for at least 90 sec. Drug effects had to begin within an ‘effect
window’ beginning 30 sec after the beginning of drug infusion, and ending 120 sec after
the end of the drug infusion. A 60 sec ‘effect segment’ containing the peak of the drug
effect was selected for further analysis. For cells which did not fulfill the above
requirements to define a drug effect, a 60 sec segment of firing rate and CV data was
randomly selected from the effect window for further analysis.

The magnitude of each drug effect was calculated as the mean firing rate or CV
during the effect segment, expressed as a ratio (mean of effect segment/mean of baseline
segment, termed FR ratios, or CV ratios, respectively). For the group of cells infused
with aCSF, the 90™ and 10™ percentiles of FR ratios and CV ratios were calculated (Figs.
4.6, 4.7; dashed horizontal lines). Cells infused with L-AP4 or VU0155041 whose FR
ratios or CV ratios were above the 90™ percentile or below the 10" percentile of the aCSF

group were classified as having significantly increased or decreased their firing rate or
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CV values in response to the drug infusion, respectively. Otherwise, cells were classified
as having no effect in response to drug infusion.

The Legendy and Salcman burst detection method was used to calculate burst
indices (Legendy and Salcman, 1985; Wichmann and Soares, 2006). The method
described by Elias et al. (2007), a variant of the Legendy-Salcman algoritm, was used to
define deceleration of neuronal firing. A ‘surprise’ value of 3 was used for bursting or
deceleration events. Burst and deceleration indices were defined as the proportion of
spikes in the bursts or decelerations compared to the total number of spikes, or they were
based on the proportion of time the cell spent in bursts or decelerations. Bursts were
further classified as ‘rebound bursts’ if the ISI immediately preceding each burst was at
least three times longer than the mean ISI for that neuron. Finally, pauses in firing were
defined as cessations of neuronal activity of 500 ms or longer.

To examine oscillatory properties of neuronal discharge, a power spectral analysis
was performed using the Neurospec 2.0 Matlab functions for frequency domain analyses,
written by David Halliday (Halliday et al., 1995; Nielsen et al., 2005). For each neuron,
the raw spectra were integrated in the 1-3 Hz, 3-8 Hz, 8-13 Hz, 13-30 Hz, and 30-100 Hz
ranges, and the resulting values were expressed as fractions of the power in the entire 1-
100 Hz band (for a similar approach see Soares et al., 2004).
4.3.3.6 Characterization of striatal neurons

Based on previous publications, striatal cells were classified as phasically active
neurons (PANSs, likely medium spiny neurons) if they had a FR < 2.5 spikes/s and an ISI-
CV > 1; and as tonically active neurons (TANS, likely cholinergic interneurons) if they

had a FR > 2 and < 12, and a CV <1. Cells that did not fulfill these criteria remained



113

“unclassified” and may represent other types of striatal interneurons, or PANs and TANs
with uncharacteristic firing properties. It has been described that striatal cells might show
increased firing rates after dopaminergic denervation induced by MPTP treatment (Liang
et al., 2008). The only difference in the mean FR or CV of striatal cells that we recorded
in normal and MPTP-treated monkeys was a small decrease in the FR of PANs of MPTP-
treated monkeys (see Table 4.3).
4.3.3. Data from normal monkeys

For comparisons of basic neuronal firing characteristics of normal and MPTP-
treated monkeys, we used data previously collected from normal monkeys, in the GPe
(Galvan et al., 2005) and striatum (n=3 monkeys). The recording methods and analysis
of data from normal monkeys was identical to that described above for MPTP-treated

monkeys.
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Figure 4.2 — Immunolabeling for mGIluR4 at the electron microscopic level in the
monkey external globus pallidus. A, B) Labeled terminals form symmetric synapses on
dendrites in the GPe. C, D) Labeled terminals form asymmetric synapses on dendrites
in the GPe. E) Histogram showing the breakdown of the proportions of each type of
labeled element found in the GPe of normal and MPTP-treated monkeys. n=3 normal,
3 MPTP-treated monkeys. Error bars represent SEM. No significant difference was
found between normal and MPTP-treated monkeys. Synapses are identified with
arrowheads. Immunoperoxidase labeling is identified with arrows. a — labeled axon, g
— labeled glial process, Te — labeled terminal, u.Te — unlabeled terminal.

4.4 Results
4.4.1 mGluR4 localization in the primate basal ganglia

In order to characterize the potential sites through which mGluR4-related drugs
could mediate their symptomatic antiparkinsonian effects in the primate brain, we
examined the overall distribution of mGIluR4 immunoreactivity in the basal ganglia
nuclei of normal and parkinsonian monkeys. At the light microscopic level, mGluR4
immunoreactivity was expressed to varying degrees in the neuropil of cortical and
subcortical forebrain regions, but the GPe and GPi were, by far, the two most strongly
labeled forebrain regions (Fig. 4.1). The entire extent of GPe and GPi was invaded by a
rich plexus of mGluR4-immunoreactive fibers. In contrast, significantly lighter labeling
was found in the caudate nucleus, putamen, thalamus, hippocampus, and cerebral cortex
which, in addition to modest neuropil immunoreactivity, also contained some
immunoreactive perikarya. The SNr harbored dense mGIuR4 neuropil immunoreactivity,
while the SNc contained light to moderate perikaryal labeling with minimal neuropil
immunoreactivity often associated with dendrite-like processes. STN neuronal cell
bodies and proximal dendrites displayed light to moderate immunoreactivity. Overall,
there was no clear difference in the pattern of mGluR4 labeling between normal and

MPTP-treated monkeys (Fig. 4.1).
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Figure 4.3 — Immunolabeling for mGIluR4 at the electron microscopic level in the
monkey putamen. A) An unlabeled terminal arising from a labeled axon and forming a
symmetric synapse on a dendrite. B) A labeled terminal forming a symmetric synapse
on aspine. C) A labeled and an unlabeled terminal forming asymmetric synapses on
spines. D) A labeled dendrite and a labeled terminal forming a symmetric synapse on a
dendrite. E) Histogram showing the breakdown of the proportions of each type of
labeled element found in the putamen of normal and MPTP-treated monkeys. n=3
normal, 3 MPTP-treated monkeys. Error bars represent SEM. No significant
difference was found between normal and MPTP-treated monkeys. Synapses are
identified with arrowheads. Immunoperoxidase labeling is identified with arrows. a —
labeled axon, d — labeled dendrite, s - spine, Te — labeled terminal, u.Te — unlabeled
terminal.

4.4.2 Ultrastructural analysis of mGIluR4 in the striatopallidal complex

In the GPe of normal monkeys, mGIluR4 immunoreactivity was primarily found in
axons (68+2% of labeled elements, mean+SEM) and terminals (21+£1%), with little
postsynaptic (2+£0.4%) or glial immunoreactivity (9+2%) (Fig. 4.2). Although the
mGIuR4 labeling in the putamen was also found predominantly in presynaptic elements
(axons and terminals; 45+3% and 15+2% of labeled elements, respectively), a small but
significant proportion of labeling was expressed postsynaptically (dendrites and spines;
16+5% and 14+1%, respectively), while glial immunostaining was rare (9£1%) (Fig.
4.3). No significant difference was found in the relative prevalence of labeled elements
in the GPe (Pearson chi-square = 2.508, p=0.474) or the putamen (Pearson chi-square =
4.248, p=0.373) between normal and MPTP-treated monkeys (Figs. 4.2E and 4.3E).

Of the 52 mGIluR4-immunoreactive axon terminals with clear synaptic
specializations seen in the putamen of normal monkeys, 28 formed symmetric synapses,
preferentially onto dendritic shafts and rarely onto spines (Fig. 4.3B), and 24 formed
asymmetric synapses, usually onto spines and rarely onto dendritic shafts (Fig 4.4A),
thereby suggesting that mGIuR4 is localized to subserve presynaptic regulatory functions

towards both glutamatergic and GABAergic transmission in the primate striatum. We
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obtained similar findings in the putamen of MPTP-treated monkeys, where 21 of 56
mGIuR4-positive terminals formed symmetric synapses, and the remaining 35 formed
asymmetric synapses. Unlike the putamen, most mGIluR4-immunoreactive terminals
(122 of 128 in normal monkeys; 106 of 120 in MPTP-treated monkeys) in the GPe of
normal animals formed symmetric axo-dendritic synapses and had ultrastructural features
of striatal GABAergic boutons (Shink and Smith, 1995; Smith et al., 1998), while the
remainder formed asymmetric axo-dendritic synapses (Fig. 4.4A).

Because GABAergic terminals account for almost 90% of the total population of
axon terminals in the monkey GPe (Shink and Smith, 1995), the relative prevalence of
the different categories of mGluR4-labeled terminals based on their type of synaptic
specializations, must be interpreted cautiously. In order to provide a more accurate
assessment of the preponderance of mGluR4-containing boutons relative to the size of the
populations of putative GABAergic or glutamatergic terminals in the GPe, we quantified
the percentages of the total populations of terminals forming symmetric or asymmetric
synapses that displayed mGluR4 immunoreactivity (Fig 4.4B). We found that 30+4% of
all GPe boutons involved in symmetric synapses contained mGIluR4 labeling, while
23+6% of putative glutamatergic boutons forming asymmetric synapses did so in normal
monkeys. No significant difference was found in the proportions of labeled terminals
forming symmetric (t-test, p=0.96) or asymmetric synapses between normal and MPTP-
treated monkeys, although there was a trend for a higher proportion of labeled

asymmetric terminals in the GPe of MPTP-treated monkeys (40+4%; t-test, p=0.063).
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4.4.3 Electrophysiological effects of group 111 mGIuR activation
4.4.3.1 Basic firing characteristics of GPe neurons in normal vs. MPTP-treated monkeys
To assess the electrophysiological effects of group 111 mGIluRs activation on GPe
neurons, single unit recordings were obtained from 51 GPe neurons in 2 MPTP-treated
monkeys, in which the stability and isolation of single units was maintained before,
during and after microinjections of aCSF or drugs in the vicinity of the recorded cells.
Table 4.1 compares descriptors of neuronal firing recorded during the pre-injection
(control) period in parkinsonian animals with values obtained under similar conditions in
normal monkeys (data from normal monkeys obtained from (Galvan et al., 2011)).
The pause indices (based on the proportion of spikes or the proportion of time

within pauses) were significantly lower in MPTP-treated monkeys than in controls. In
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addition, we found higher oscillatory power in the 8-13 Hz and 13-30 Hz bands in the
GPe of MPTP-treated monkeys than in controls (all differences assessed with t-test,
p<0.05). The firing rate of GPe cells was lower in the MPTP-treated state, but this did

not reach significance.
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Figure 4.5 — An example trace of a GPe neuron that increased its firing rate in
response to L-AP4. The green bar represents the control period. The red bar
represents the drug injection. The blue bar represents the window of time during
which a drug effect may begin, in order to be considered as such. The solid horizontal
line indicates the median firing rate at baseline, and the dashed lines show the 90" and
10" percentiles. The red vertical dotted line represents the center of the 60 sec period
analyzed for drug effect.

4.4.3.2 Group Il mGluRs activation in the GPe

The effects of local injections of L-AP4 (20 and 50 mM) and VUO0155041 (4 mM)
on the firing rate and CV values of GPe cells are summarized in Table 4.2 and Fig. 4.6.

Increases and decreases in firing rate or CV are considered as such if they were above the
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90™ or below the 10" percentile of the aCSF cases’ distribution (see Methods). No

significant differences were found between cells treated with 20 and 50 mM L-AP4, so

these data were pooled.

Eight of 27 GPe cells increased their firing rates after L-AP4 infusion (an

example is shown in Fig. 4.5), while the remaining 19 cells showed no significant change

in firing rate. The proportions of cells showing increased, decreased, or no change in

firing rate were statistically different between the L-AP4 and aCSF groups (Chi-square

test, p=0.02). VUO0155041 (4 mM) had no significant effect on the firing rate of GPe

neurons.
FR below FR above CV below CV above
Number of No FR No CV
GPecells | | ~moero 10" ° 0™ 10" ° 90"
neurons . effect . . effect .
percentile percentile | percentile percentile
aCSF 14 1 12 1 1 12 1
L-AP4 27 0 19 8 2 22 3
VU0155041 10 0 10 0 0 10 0
FR below FR above CV below CV above
Number of No FR No CV
Striatal cells | oo O 10" ° 90 10" ° 90"
neurons . effect . . effect .
percentile percentile | percentile percentile
aCSF 9 0 3 1 0 9 0
L-AP4 24 3 9 12 1 14 9
VUu0155041 13 1 10 2 1 7 5

Table 4.2 — Summary of changes in firing rate (FR) and pattern (CV) of neurons in
the GPe and striatum, in response to drug infusion.

As can be seen in Fig. 4.6B, most GPe neurons did not display significant changes

in their firing patterns (as determined by CV values) after infusion of the group Il

MGIuR agonists, as compared with aCSF. Only 3/27 GPe cells showed an increased CV

in response to L-AP4, while 2/27 GPe cells showed a decreased CV. It is worth noting,

however, that the characteristic pauses in firing that are commonly seen in GPe neurons

under baseline conditions were completely abolished after infusion of L-AP4 in 11 out of
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27 recorded cells. VU0155041 did not affect this parameter in the 10 recorded GPe
neurons. Neither L-AP4 nor VU0155041 affected other parameters of firing, such as
bursting or oscillatory activity.

None of the pallidal (or striatal) drug injections produced obvious behavioral
changes. However, this study was not designed to assess behavioral drug effects, which
would likely necessitate larger drug injection volumes.

4.4.3.3 Effect of MPTP on basic firing characteristics of striatal neurons

We recorded from 46 striatal neurons in 2 MPTP-treated monkeys, in which the
stability and isolation of single units were maintained before, during and after
microinjections of aCSF or drugs in the vicinity of the recorded cells. In Table 4.3, we
show a comparison of different descriptors of the discharge of striatal neurons which
were either recorded during the pre-injection (control) period in parkinsonian animals or
under similar conditions in three normal monkeys. Striatal cells were divided into PANS,
TAN:S, or not classified (NC), based on firing rates and CV values (see Methods). We
found no statistical differences in these parameters between the groups of neurons
recorded in the normal and MPTP-treated states, except in the firing rate of PANs, which

was lower after MPTP treatment.
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4.4.3.4 Group Il mGIluR activation in the striatum

The effects of local injections of L-AP4 and VU0155041 on the firing rates and
coefficients of variation of striatal cells are summarized in Table 4.2 and Fig. 4.7. Half of
our sample of striatal cells (12/24) showed increased firing rates in response to L-AP4
infusion, while a few (3/24) significantly decreased their firing rates. The remaining 9
cells showed no significant change in firing rate. The proportions of cells showing
increased, decreased, or no change in firing rate were statistically different between the
L-AP4 and aCSF groups (chi-squared, p=0.02). Cells infused with VU0155041
responded similarly to cells infused with aCSF, except for a single outlier that

significantly increased its firing rate (Fig. 4.7A).
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In contrast to GPe injection results, many striatal cells showed increases in CV
after L-AP4 (9/24) and VU0155041 (5/13), indicating less regular firing patterns
following the drug infusion. The distribution of responses (increases, decreases, or no
effect, based on the aCSF 10"/90™ percentiles) showed a tendency towards a significant
difference from the aCSF group (chi-squared; aCSF vs. L-AP4, p=0.058; aCSF vs.
VU0155041, p=0.068). Other changes recorded in striatal neurons included an increase
in the power of the 13 to 30 Hz band after L-AP4 injections, as well as an increase in the

time spent in bursts after the VU0155041 injections.
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4.5 Discussion

Our results demonstrate that mGIuR4 is heavily expressed throughout the primate
basal ganglia circuitry, and that its overall distribution is not significantly affected in the
parkinsonian condition. In the striatopallidal complex, mGluR4 is located to subserve
presynaptic regulation of glutamatergic and GABAergic transmission. Among
responding cells, local intrastriatal or intrapallidal applications of the group 11l mGIuRs
agonist, L-AP4, induced predominantly increases in firing rates. L-AP4 application also
altered striatopallidal firing patterns through the attenuation of the characteristic pauses in
firing of GPe cells and increased CVs in the putamen. The striatal effects of L-AP4 were

partly mimicked by local application of the GIuR4 allosteric potentiator, VU0155041.

PANs TANs Not Classified
Normal MPTP Normal MPTP Normal MPTP
Number of neurons 22 8 27 21 18 17

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
ISl cV 1.77 0.60 1.75 0.60 0.66 0.17 0.68 0.18 1.62 0.72 1.53 0.32
Firing rate (spikes/s) 1.14 0.76 5958* 0.52 6.21 3.96 7.56 3.26 8.14 4.65 9.72 8.17
1-3 Hz 0.96 0.39 1.40 | N/A 0.70 0.43 0.53 0.23 1.06 0.53 1.69 1.66
Power spectral 3-8 Hz 1.15 0.13 1.44 | N/A 1.12 0.23 1.05 0.23 1.40 0.67 1.57 0.90
Cfvnl’lﬁfl’:‘e{f;g 8-13 Hz 113 013 132 [ N/A 091| 024| o097 o012| 120 o044| 110| 056
spectral bins) 13-30 Hz 1.06 0.1 1.03 | N/A 0.98 0.11 0.99 0.05 1.08 0.25 0.94 0.27
30-100 Hz 0.98 0.03 0.04 | N/A 1.03 0.04 1.03 0.02 0.95 0.13 0.96 0.14
Burst index (spikes %) 51.35 15.59 51.96 | N/A 8.93 7.50 8.53 6.30 35.52 | 21.46| 45.27 12.06
Burst index (time, %) 8.14 210 712 | N/A 1.99 1.83 2.15 1.67 8.11 4.40 9.67 3.17

Table 4.3 — Descriptors of neuronal firing in the striatum; comparison of MPTP-

treated monkeys with normal monkeys. Data reported as mean + standard deviation.

*statistically different from normal; t-test, p<0.05. Cases with <100 ISIs were not

included in the power spectral and burst analysis (for those cells classified as PANs
in the MPTP-treated monkeys, only one cell had >100 ISls, and therefore the power

spectral and burst analysis values are based on a single case).

Together, these anatomical and electrophysiological effects suggest that the neural
mechanisms underlying the possible antiparkinsonian effects of mGluR4-related drugs in
primates may involve modulation of both GABAergic and glutamatergic synapses in GPe

and striatum. Although not studied in great detail here, other structures such as the
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cerebral cortex, thalamus, or SNr may be involved as well, as mGluR4 expression is
fairly widespread (see Fig. 4.1).
4.5.1 mGluR4 expression in the primate basal ganglia: Potential significance
towards mGluR4-mediated antiparkinsonian effects

Our light and electron microscopic data from normal and MPTP-treated monkeys
are consistent with those previously described in rodents, showing that striatal-like
GABAergic terminals account for most of the mGluR4-immunoreactive elements in the
GPe (Bradley et al., 1999; Corti et al., 2002). These findings are also in line with slice
electrophysiology data showing that group 111 mGIluRs activation reduces striatopallidal
GABAergic transmission in normal rats (Marino et al., 2003; Matsui and Kita, 2003;
Valenti et al., 2003; Beurrier et al., 2009). However, our results also demonstrate that
mGIuR4 is present in putative glutamatergic terminals in the monkey GPe. These
observations, combined with our light microscopic evidence for perikaryal mGluR4
immunoreactivity in the STN, suggest that mGIluR4 is expressed at the
subthalamopallidal synapse. These receptors may thus regulate both GABAergic and
glutamatergic transmission in the GPe of normal and parkinsonian monkeys. This
possible dual regulatory role may be one of the reasons why group Il mGluRs activation
had relatively heterogeneous effects on the electrical activities of GPe neurons. Recent
microdialysis data from 6-OHDA-treated parkinsonian rats showing that the local
application of an orthosteric group 111 mGIluRs agonist decreases extracellular GABA and
glutamate levels in the GP are also in line with these observations (Deltheil et al., 2011).

Expression of mGIluR4 in STN neurons also suggests that modulation of glutamatergic
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transmission in the GPi/SNr may play an important role in the effects of mGluR4
activation as well.

Indeed, in addition to its strong expression in the striatum and GPe, mGluR4 was
also found to be enriched in the neuropil of both GPi and SNr of normal and MPTP-
treated monkeys, a pattern reminiscent to that described in a previous study in which
striatal GABAergic and putative glutamatergic terminals immunoreactive for mGluR4
were identified in the SNr and entopeduncular nucleus of normal rats (Corti et al., 2002).
Together with earlier data showing that both direct and indirect pathway GABAergic
neurons in the striatum express mGluR4 mRNA (Kerner et al., 1997), these findings
provide evidence for mGluR4-mediated presynaptic modulation of GABAergic and
glutamatergic synapses in both the GPe and basal ganglia output nuclei.

Several previous studies have linked the antiparkinsonian effects of group 111
mGIuR agonists specifically to the mGluR4-mediated modulation of GABA release, over
other group Il mGIuR subtypes, in GPe (See Niswender and Conn, 2010 for review). By
inhibiting GABA release from terminals of the overactive striato-GPe pathway, mGluR4
activation may indeed have antiparkinsonian effects, allowing GPe neurons to regain
their inhibitory control over STN activity (Hopkins et al., 2009). However, the
concomitant expression of mGIluR4 in putative glutamatergic synapses in the GPe, and in
striatal GABAergic projections to the SNr and GPi would have the opposite effect.
Amalric and colleagues have, indeed, shown that infusion of group Il agonists into the
GP improves, while infusion into the SNr, worsens motor deficits in parkinsonian rats
(Lopez et al., 2007). Furthermore, as discussed in more detail below, group 11l mGIuR

activation is also likely to affect glutamatergic and GABAergic transmission in the
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striatum. In light of these findings, it appears that the antiparkinsonian effects of group
Il mGIuR agonists (or mGluR4 allosteric potentiators) are probably not simply mediated
by modulation of GABA release from the overactive striatopallidal pathway, but may
involve more complex regulation of GABAergic and glutamatergic synaptic mechanisms
at various levels of the basal ganglia circuitry. It is possible that some of these
mechanisms are adaptive in character, and would only be seen with chronic application of
the group 111 mGIuR agonists, an issue that was not addressed in the present study.
4.5.2 mGluR4 in the striatum: A target for the regulation of extrinsic glutamatergic
and intrinsic GABAergic circuitry

The striatum is another target through which mGIluR4 activation could influence
the activity of basal ganglia neurons, and elicit antiparkinsonian effects. We found that
about half of mGluR4-immunoreactive terminals in the monkey striatum formed
asymmetric synapses, the large majority of which contacted spines, suggesting that the
main source of mGluR4-containing glutamatergic terminals in the primate striatum is the
cerebral cortex (although some may also originate from the thalamus) (Smith et al.,
2004). Taking into consideration evidence for increased corticostriatal glutamatergic
transmission in parkinsonism (Galarraga et al., 1987; Calabresi et al., 1993; Calabresi et
al., 1996; Gubellini et al., 2002), increased activation of mGIluR4 in striatal glutamatergic
afferents by agonist application may help tone down this abnormal corticostriatal
overactivity. Cuomo and colleagues have, in fact, shown that cortically-evoked striatal
excitatory postsynaptic potentials are attenuated by activation of group 111 mGIluRs, and
that intrastriatal injection of group 111 agonist improves akinesia in parkinsonian rats

(Cuomo et al., 2009). Although drugs used in these studies could not discriminate
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between the different subtypes of group Il mGIuRs, there is strong evidence that
mGIuR4 is the most likely receptor involved in these effects (see below).

In addition to the modulation of striatal glutamatergic transmission, activation of
group Il mGIluRs also attenuates inhibitory postsynaptic potentials induced by
intrastriatal stimulation in rat brain slices (Cuomo et al., 2009). In light of our anatomical
data showing that about half of mGluR4-containing terminals in the monkey striatum
form symmetric synapses with the ultrastructural features of GABAergic terminals,
combined with the fact that the most common response of striatal neurons to group 11
activation was an increase in firing rate, the inhibition of intrastriatal GABAergic
transmission may be an important mechanism by which group 11l mGluRs mediate their
functional effects upon the basal ganglia circuitry in normal and parkinsonian states.
4.5.3 mGIluR4 regulation of striatal and pallidal firing rates

Local infusion of L-AP4 increased the firing rate of about one third of GPe cells
and half of striatal neurons in parkinsonian monkeys. These effects were likely due to
mGIluR4-mediated inhibition of overactive GABAergic striatopallidal terminals in the
GPe, and blockade of intrastriatal GABAergic inhibition in the striatum, respectively. It
is important to note that while many striatal and pallidal neurons increased their firing
rates in response to L-AP4, half of striatal neurons and two thirds of pallidal neurons
showed either an opposite response, or did not display any significant effect in response
to L-AP4. Such diverse physiological effects, combined with the fact that presynaptic
mGIuR4 is also heavily expressed in GPi and SNr (Corti et al., 2002), warrant
consideration, and highlight the complex mechanisms through which systemically

administered mGluR4-related compounds could mediate their behavioral and therapeutic
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effects in normal and diseased states (Niswender et al., 2008; East and Gerlach, 2010;
Niswender and Conn, 2010).

4.5.4 Effects of group 111 mGIluRs agonist vs. mGluR4 PAM on striatal and pallidal
activity

Two drugs were used in our study to activate group 111 mGIluRs in the monkey
striatopallidal complex: L-AP4, a classical group 11l mGIuR orthosteric agonist with
strong affinity for mGluR4 and mGIuR8 but much less for mGIuR7, and VU0155041, a
highly selective mGluR4 positive allosteric modulator (Niswender et al., 2008). Because
of the striking differences in the EC50 of L-AP4 for mGIluR4/8 versus mGIuR7, the lack
of significant mGluR8-mediated physiological and behavioral effects in the striatum and
GPe (Valenti et al., 2003; Lopez et al., 2007; Cuomo et al., 2009), the lack of L-AP4
effects in mGIuR4 knockout mice (Valenti et al., 2003; Cuomo et al., 2009), and the
restricted expression of mGIuRG6 in the retina (Nakajima et al., 1993), it is reasonable to
suggest that the main L-AP4-mediated physiological effects described in the present
study were induced by mGIuR4 activation, although minor contributions of mGIuR7 and
mGIuR8 cannot be completely ruled out.

In contrast to L-AP4, VU0155041 was much less effective at changing the firing
rates of striatal and pallidal neurons in parkinsonian monkeys. One reason for this
somewhat surprising result could be that the two drugs have different mechanisms of
action. L-AP4 directly activates mGluR4 via the glutamate binding site, while
VUO0155041 is a mixed allosteric agonist/positive allosteric modulator which binds
mGIuR4s at a site distinct from the glutamate binding site, necessitating activation of the

receptor by endogenous glutamate for optimal effects (Niswender et al., 2008; Niswender
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and Conn, 2010). We also cannot rule out the possibility that the concentration of
VU0155041 used in our study (4 mM) was too low to produce electrophysiological
effects in the majority of recorded GPe neurons. Although this remains to be assessed
using compounds that display better solubility properties, it is worth noting that this
concentration of VU0155041 induced significant changes in the firing pattern of some
striatal neurons, thereby suggesting differential properties between GPe and striatal
neurons in their responses to mGIluR4 allosteric potentiators (Fig. 4.7B).

Several individual striatal neurons, indeed, showed significant increases in CV
when treated with L-AP4 or VU0155041, suggesting that activation of mGIuR4 increases
firing irregularity in a subpopulation of striatal neurons. Most GPe neurons did not
display CV changes in response to drug microinjections, but in many cells the incidence
of pauses in discharge was greatly reduced in response to L-AP4 treatment (Table 4.1).
Based on the observation that, at baseline, GPe neurons in MPTP-treated monkeys
showed a significant reduction in indices of pausing (Table 4.1), this effect of L-AP4
might be considered pro-parkinsonian. To our knowledge there are no previous reports
of decreased pausing in GPe neurons in parkinsonism, but an increase in pausing in the
GPe has sometimes been associated with hyperkinetic disorders (Matsumura et al., 1995;
Bronfeld et al., 2010).

4.5.5 Concluding Remarks

In conclusion, our results demonstrate that mGIuR4 receptors are widely
distributed throughout the primate basal ganglia circuitry in both normal and
parkinsonian conditions. Our data suggest that the use of mGluR4-related compounds as

antiparkinsonian agents in primates is not simply explained through an inhibition of



132

GABA release from striatopallidal terminals, but may depend on a more complex and
balanced regulation of glutamatergic and GABAergic transmission at various key
synapses throughout the entire basal ganglia circuitry. Such effects need to be taken into
account in future studies evaluating the efficacy of mGluR4-mediated antiparkinsonian

therapy in MPTP-treated monkeys.
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Chapter 5

Discussion
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5.1 Summary of findings and their implications for Parkinson’s disease

Through this thesis work, we have examined various anatomical,
electrophysiological, and behavioral features of three highly promising non-dopaminergic
drug targets currently under research for the treatment of PD. The main findings of our
studies can be summarized as follows.

First, we showed that the mGIuR5 antagonist MTEP has some modest
antiparkinsonian effects and potentiates some of the antiparkinsonian effects of the D2LR
agonist pramipexole in MPTP-treated monkeys. This potentiation may be in part due to
functional interactions between mGIuR5 and D4R in the striatum (Fig 5.1A; (Ferre et al.,
1999; Popoli et al., 2001; Ferre et al., 2003; Cabello et al., 2009)). Antagonists of
mGIuR5 may help to normalize corticostriatal (Fig. 5.1A) and subthalamofugal (Fig.
5.1A,B) glutamatergic transmission, which are overactive in parkinsonism. Our findings
suggest that mGIuR5 antagonists might be beneficial as an adjunct treatment to extend
the clinical efficacy and decrease the side effects of D2LR agonist therapy in PD patients,
by allowing for lower dosing of these agents.

Second, we provided electron microscopic evidence that mGIuRS5 and Aza
receptors are located in key elements of the nonhuman primate basal ganglia circuits
where their co-modulation could potentially have significant clinical relevance for PD.
Knowing that adenosine Aga receptors synergistically interact with mGIuR5 and D;R in
the striatum (Ferre et al., 1999; Popoli et al., 2001), and that the modulation of Aza
receptors may be able to further potentiate the antiparkinsonian effects of mGIuR5
antagonists and D2LR agonists seen in our first series of studies (see also Coccurello et

al., 2004; Kachroo et al., 2005), we used immunoperoxidase/immunogold double labeling
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with electron microscopy to show that A;aR and mGIuRS5 colocalize in dendrites and
spines of striatal neurons (Fig. 5.1A). This finding highlights a possible anatomical site
where mGIuR5/A;aAR/D2R interactions might occur. We also used immunoperoxidase
labeling with electron microscopy to show that A,aRs are found in the dendrites and
spines of striatal neurons, as well as in excitatory and inhibitory terminals in the striatum,
GPe, and SNr (Fig. 5.1A,B,C). These findings implicate the striatopallidal complex as a
potential site of action for the antiparkinsonian effects of A,aR antagonists (through
inhibition of indirect pathway striatal MSNSs), in addition to providing a foundation for
better understanding of A,aR function in general. Our immunolabeling and Western
blots showed that the monkey, but not the rat, SNr contains A;aRs (Fig. 5.1C). This may
explain in part why A;aR antagonists have been less effective in primates than in rodents,
because AR antagonist-mediated inhibition of GABA release in the SNr might
counteract antiparkinsonian effects induced through regulation of indirect pathway
neurons. While it is found at highest levels in the striatum and GPe, A;aR expression
extends well beyond the striatopallidal complex, so other structures and circuits may also

be involved in the antiparkinsonian mechanism of action of A;aR modulation.
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Figure 5.1. (A-C) Schematic summary showing expression of mGluRs (mGIuR5,
mGIuR4) and adenosine (Aza) receptors examined in this thesis at key synapses in the
monkey basal ganglia circuitry. Putative excitatory cells, terminals, and receptors are
shown in red, inhibitory elements are depicted in black. The localization of receptors
labeled in bold italic characters has been shown in this dissertation. A) A
corticostriatal terminal (left) is shown forming a synapse with the spine of a MSN
dendrite. We propose that this is a location for possible mGIuR5, D2R, A2aR
interactions. Local MSN collaterals are shown contacting the dendritic shaft (right).
All elements depicted are possible sites of mGluR4 modulation. B) Striatopallidal
(top) and subthalamopallidal (bottom) terminals are shown contacting the dendrite of
a GPe projection neuron. Both of these terminals are possible sites of A,aR- and
mGIluR4-mediated effects. C) Inputs from the direct (top) and indirect (bottom)
pathways, as well as an A,aR-containing collateral of a striatopallidal neuron
(middle), are shown contacting the dendrite of a nigral projection neuron. Aga —
adenosine Ay receptor, | —indirect pathway MSN, D — direct pathway MSN, D1 —
dopamine D1 receptor, D2 — dopamine D2 receptor, GPe — external globus pallidus, I
— indirect pathway MSN, m4 — metabotropic glutamate receptor 4, m5 — metabotropic
glutamate receptor 5, SNr — substantia nigra pars reticulata, STN — subthalamic
nucleus, thal — thalamus. D1 localization (Yung et al., 1995), D2 localization (Hersch
et al., 1995), nigral mGluR4 localization (Corti et al., 2002), Pallidal and nigral
mGIuRS5 localization (Hanson and Smith, 1999; Hubert et al., 2001).

Third, we showed anatomical and electrophysiological evidence for a complex
pattern of localization and function in the monkey striatopallidal complex, that could be
critical in the design and interpretation of future studies aimed at assessing the
antiparkinsonian effects of mGluR4-related drugs in primates. Through the use of
immunoperoxidase labeling with electron microscopy, we showed that mGIluR4 is
located in excitatory and inhibitory terminals in the striatum and GPe, as well as in
postsynaptic structures in the striatum. This widespread localization puts mGIluR4 in
position to broadly modulate transmission across much of the basal ganglia (note

MGIuR4 localization in all terminals depicted in figure 5.1). These anatomical data are in

agreement with our electrophysiological findings gathered from in vivo extracellular
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recording in awake parkinsonian monkeys that received local intrastriatal and
intrapallidal infusions of mGIluR4 agonists. These experiments demonstrated that striatal
and pallidal neurons respond in various ways to mGluR4 activation, showing both
increases and decreases in firing rates, as well as changes in firing patterns. Increases in
firing rate were more common than decreases which, in the GPe, is consistent with an
antiparkinsonian change. However, the widespread localization of mGIluR4 in the basal
ganglia, and its diverse effects on neuronal activity suggest that the antiparkinsonian
mechanism of action of mGIluR4 agonists likely involves more than modulation of the

striatopallidal complex in primates.

5.2 A critical look at methodology

We have used a variety of methods in this dissertation, and each has its own set of
strengths and weaknesses. By and large, we have chosen methods that have been well
validated through repeated use in scientific endeavors over the years. However, it is
important to consider possible limitations of our work. In this section, we take a critical
look at the methodology used in this dissertation, pointing out limitations and measures
taken to counteract them.

5.2.1 Immunohistochemistry

Immunohistochemical labeling is only as good as the specificity of the antibody
used. We have used only antibodies that are proven to be highly specific for the desired
antigen. We performed control experiments to show that immunolabeling is truly
antigen-specific: Western blots and antibody pre-adsorption with synthetic antigen

peptide to test specificity of primary antibodies, and omission of primary antibodies from
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immunohistochemical reactions to test specificity of secondary antibodies. Background
labeling can be a problem, especially when using the immunogold labeling technique.
One way we have tried to avoid false-positive classification of unlabeled elements is to
look at electron micrographs and compare the density of gold particles in the element of
interest with the density in elements known to be devoid of the antigen protein. If the
element of interest contains a significantly higher density of gold particles, it can be
considered as positively labeled for the antigen protein. On the other hand, whenever
knowledge of the exact ultrastructural/subsynaptic location of receptors is not needed, we
use the immunoperoxidase technique to determine receptor localization which, due to a
large degree of signal amplification, is a more reliable and sensitive
immunohistochemical technique.

Fixation of the tissue is another important issue to consider. Weak fixation can
lead to degradation of the ultrastructure of the tissue and difficulty in reliably classifying
the different types of neuronal elements on the electron microscope. Too much fixation
can lead to excessive protein cross-linkage throughout the tissue, which can hamper
antibody penetration, leading to false-negative classification of elements. Very strong
fixation can also destroy antigen sites. For these reasons, we have used a specific blend
of fixatives (4% paraformaldehyde with 0.1% glutaraldehyde) for EM labeling, which
has been shown to be quite effective by our lab. We also use other techniques to improve
antibody penetration, such as treatment with sodium borohydride to break some of the
cross-linkages, as well as temperature-shocking the tissue. For unknown reasons, the
AR antibody used in our studies did not work in glutaraldehyde-fixed tissue, so we had

to switch to the more noxious fixative acrolein. This was a new procedure for our
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laboratory, but with some testing and experimentation, we were able to get good
ultrastructure and reliable A,aR labeling.

As alluded to above, antibody penetration is another important concern in
immunohistochemistry, especially when using double-labeling to determine
colocalization of receptors, as was done in Chapter 2. Secondary antibodies for
immunoperoxidase labeling penetrate tissue much more efficiently than secondary
antibodies for immunogold labeling, which are conjugated to a bulky gold particle.
Therefore, we had to undertake certain measures to ensure that we were examining
ultrathin sections that had been penetrated by both types of antibody, otherwise
colocalization would be underestimated. First, ultrathin sections for EM analysis were
only taken from the very surface of the tissue block, where antibody penetration was
maximal. Second, we switched the secondary antibody labeling techniques between the
two receptors and ran a second immunohistochemical reaction and EM analysis. Because
this switch in antibody localization methods did not lead to any significant change in the
percentages of double labeled elements, we interpreted these data as evidence that our
double labeling approach was not a major source of false negative data.

5.2.2 Electrophysiology

Performing intracerebral drug infusions with in vivo extracellular recordings in
awake monkeys is a difficult technique, and some parts require careful attention. Perhaps
the most obvious difficulty of recording in awake monkeys is that they move. However,
anesthesia can cause alterations in firing rates and patterns (Mahon et al., 2006; Gatev
and Wichmann, 2009) that could confound the effects of mGluR4 modulation, so it is

necessary for the monkeys to be awake. While the head is restrained during awake
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recordings, violent movements made by the monkeys can shake the entire rig enough to
cause small movements in the electrode and loss of the cell that is being recorded. To
counteract this problem, monkeys were trained for several weeks to sit calmly in the
recording chair with head restrained, which makes them much calmer and stiller during
recordings. However, problems can arise if the animal is too calm and falls asleep.
Sleep, much like anesthesia, causes alterations in basal ganglia firing rates and patterns
(Mahon et al., 2006; Gatev and Wichmann, 2009). So, monkeys were monitored via
video surveillance to assure that they were awake. If monkeys fell asleep, they were
awakened with noise.

In addition, it is very important, but not always easy, to know the location of the
electrode tip. In the absence of MRI guidance, one must empirically map the locations of
brain structures underlying the recording chamber. This is done by making several
electrode penetrations and examining the locations and characteristic firing patterns of
cells in different areas. Some structures are easy to tell apart, but some are not. For
instance, with the vertical or lateral approaches used in our studies, the electrode first
reaches the putamen, which contains cells with low firing rates. Then, it passes into the
GPe, providing a stark contrast with its high density of cells with high firing rates.
However, as the electrode is lowered deeper, it reaches the GPi, which contains a similar
density of high-frequency cells that fire with less intermittent pauses. This transition
between the two pallidal segments is not always easy to recognize, but one can
sometimes find “border cells,” which have different characteristic firing properties and

are found at the edge of the structure.
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Once a desirable cell in the correct structure is found, it is important to position
the sharp electrode so that the cell is well isolated from neighboring cells. If action
potentials from a nearby neuron are picked up at similar amplitude to those from the
desired cell, it can be difficult to sort the two apart in the data analysis stage. Improper
sorting of action potential data can lead to erroneous conclusions about firing properties.
To properly achieve this sorting, recordings were individually analyzed using
sophisticated waveform matching software (Spike2). To ensure that cells were properly
isolated and sorted, our findings were examined and confirmed by colleagues in my
laboratory with expertise in these analyzes.

Additionally, the drugs and drug infusions can be a source of limitations for these
experiments. The outflow of drug solution near the tip of the electrode can sometimes
push the cell away, causing its waveform to shrink and possibly become confused with
other cells in the background. To avoid such confound in our data interpretation, such
recordings were discarded from the analysis. Another point to consider in the
interpretation of such studies is the spread and variable concentration of drugs that affect
the recorded cells. For instance, our experiments showed that the mGIluR4 allosteric
potentiator VU0155041 had little effect on neuronal firing rates in the globus pallidus,
but because this drug had poor solubility in the vehicle used for intracerebral infusion, the
maximum concentration we could administer was limited. Due to these limitations, we
cannot rule out the possibility that cells didn’t respond to VU0155041 simply because the
drug concentration was too low. However, the drug did seem to induce some changes in
firing patterns, suggesting that it had at least some effects on neuronal activity when used

at this concentration. Another potential pitfall of the drug infusions pertains to the spread
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of drug infusions from one cell to the next. In many cases, more than one drug infusion
was made during the same recording session, or even during the same electrode
penetration. In order to avoid effects of previous drug infusions on subsequent
recordings, drug infusions were spaced physically by 1 mm and temporally by 30 min.
The group Il mGIuR agonist L-AP4 was more effective than VU0155041, but its
non-selective nature is another source of limitations in our electrophysiological studies.
Albeit to a much lower degree, L-AP4 has some affinity for mGluR7, another abundant
group Il mGIuRs in the striatopallidal complex (Lopez et al., 2007). Thus, although
unlikely, the possibility that some of the L-AP4-mediated effects result from modulation
of mGIuR7 cannot be completely ruled out. Another group Il mGIuR that L-AP4 could
affect is mGIuR8. However, because the striatal and pallidal effects of L-AP4 on
synaptic transmission in rat brain slices cannot be reproduced by an mGIuR8 selective
agonist (Valenti et al., 2003; Lopez et al., 2007; Cuomo et al., 2009), and because L-AP4
has no effect in mGluR4-null mice (Valenti et al., 2003; Cuomo et al., 2009), we believe
mGIuRA4 is responsible for most of the effects of L-AP4 described in our experiments.
Other potential analytical pitfalls exist for this set of experiments. For example,
the method of defining a drug effect must be somewhat arbitrarily chosen. We chose
fairly stringent parameters to define a drug effect (effect must pass outside of the 90" or
10™ percentile of the baseline data and remain outside for at least 90 sec, beginning
within 2 min of the start of drug infusion), in order to avoid confusion of drug effects
with normal fluctuations in cell firing. Drug effects that were small in amplitude, had
less than 90 sec duration, or that occurred with greater than 2 min latency would not have

been caught by our analysis.
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There are also limitations surrounding the classification of PANs and TANS.
PANSs and TANs have sometimes been equated to striatal MSNs and cholinergic
interneurons, respectively, but this distinction cannot always be simply made. As was the
case in our data, there is not always a clear division between a group of slow-firing PANs
and a group of fast-firing TANSs. Instead, striatal cells showed a continuum of different
firing rates. Most previous studies have used the firing rate, in addition to the width of
the action potential waveforms to make the distinction between TANs and PANs (Kimura
et al., 1996; Sardo et al., 2000; Blazquez et al., 2002; Lee et al., 2006). However, our
data showed a continuum of spike widths, rather than two clusters, which is why we used
the CV to help us make the distinction. Differences between rodents and primates
(Apicella 2002; Berke et al., 2004), as well as reported large increases in striatal firing
rates after MPTP treatment (Liang et al., 2008) further confuse the issue. In any case,
extracellular recordings, as were done in our study, cannot be used to definitively classify
striatal neuron subtypes. The only way to do this is to perform intracellular recording,
followed by juxtacellular labeling and neurochemical identification of neurons through
immunocytochemistry, as has been recently done in rodents (Sharott et al., 2012).
5.2.3 Behavioral experiments

In the battery of tests we used to quantify the parkinsonian motor symptoms in
our studies, it is important to avoid experimenter bias, especially since some of the
measurements have subjective components. This is especially true for the parkinsonism
rating scale, which is clearly the most subjective measure used. To avoid bias, the two
observers scoring each video were blinded to the drug treatment, and the two scores for

each video were averaged to minimize subjective differences between the two observers.
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However, blinding the observer was not always possible, as was the case for the
quantification of movements. While this is a less subjective measure of quantifying
parkinsonism than the rating scale, some bias can still be introduced at the level of
deciding what constitutes a movement. To ensure that little bias was introduced, the
movement data were compared with the infrared beam break data, which is a completely
objective measure. The pattern of motor activity seen in the movement quantification
was almost always mirrored by similar patterns in the infrared beams data.

The determination of eye blink rate also presented some challenges. Mainly, it
was often difficult to find extended periods of time when the eyes were visible to the
video camera, as the monkey moved around its cage. To overcome this problem, shorter
periods throughout the 15-min observation had to be pieced together to get an entire
minute of eye blink observation. However, sampling eye blink rate throughout the entire
observation in this manner is probably preferable to only sampling during one contiguous

minute at the beginning.

5.3 Future directions

This dissertation has provided valuable information about the anatomical,
electrophysiological, and behavioral properties of three promising antiparkinsonian drug
targets, but much work still remains to be done. Probably the most important future
direction of this work involves testing the antiparkinsonian effects of a triple combination
of D2LR agonist, mGIuR5 antagonist, and AR antagonist in parkinsonian monkeys or
humans. These three receptors interact synergistically in the striatum (Popoli et al.,

2001), and the combination of mGIuR5 and A,aR antagonists has antiparkinsonian
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effects in rodents, even in the absence of a dopaminergic agent (Coccurello et al., 2004;
Kachroo et al., 2005). Research from this work, and from previous studies, has shown
that mGIuR5 and A;aR individually can potentiate the effects of dopamine replacement
drugs in parkinsonian monkeys (Grondin et al., 1999; Kanda et al., 2000). Both of these
classes of drugs appear to have anti-dyskinetic and neuroprotective properties in primates
and rodents, as well (Ikeda et al., 2002; Bibbiani et al., 2003; Johnston et al., 2010;
Masilamoni et al., 2011). Thus, combined mGIuR5/D2LR/A2aR pharmacotherapy
represents an exciting strategy for future testing of anti-PD medications.

Another future direction of the work presented here involves the development of
mGIuR4 agonists as an antiparkinsonian treatment. The antiparkinsonian activity of
mGIuR4 activators has never been shown in primates. However, the recent development
of orally bioavailable mGluR4-active compounds has set the stage for testing of their
antiparkinsonian properties in primates (Celanire and Campo, 2012). Additionally, an
mGIuR4 antagonist has recently been shown to enhance the ability of an A,aR antagonist
to relieve haloperidol-induced catalepsy in rats (Jones et al., 2012), which provides
further avenues for future examination of drug combinations.

Thus, it appears that the upcoming years may open up highly exciting paths for
the development of novel pharmacotherapeutic approaches for PD. The combination of
basic preclinical work and a solid knowledge of the localization and function of potential
new targets for non-dopaminergic antiparkinsonian drugs, like studies performed in this
thesis, remain the foundation for significant advances in the development of new

symptomatic therapies for brain disorders.
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