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Abstract

Ultrastructural Plasticity of Pallidothalamic GABAergic Terminals in Parkinson’s Disease: A 3D Electron
Microscopy Study in the Parvocellular Ventral Anterior and Centromedian Thalamic Nuclei in MPTP-
Treated Parkinsonian Monkeys

By Hannah Kelly

The internal globus pallidus (GPi) is the main source of basal ganglia GABAergic afferents to the
parvocellular region of the ventral anterior nucleus (VApc) and the centromedian nucleus (CM) in the
thalamus. Models of the basal ganglia-thalamocortical circuitry predict that nigrostriatal dopamine loss
causes abnormally increased GABAergic pallidal outflow to the thalamus in Parkinson’s disease (PD).
However, our understanding of the pathophysiology and underlying anatomical substrates of this
increased pallidothalamic activity remains limited. Electrophysiological studies have reported complex
changes in firing rates of thalamocortical neurons in animal models of parkinsonism and in PD patients.
In the striatum and subthalamic nucleus, altered neuronal activity in the parkinsonian state is associated
with structural changes in GABAergic and glutamatergic synapses. The GPi gives rise to large GABAergic
terminals forming multiple axo-dendritic synapses in the VApc and CM. Functional data gathered from
structurally-similar terminals in other regions suggests that the multi-synaptic morphology of GPi-like
terminals creates favorable conditions for inter-synaptic spillover of GABA, which may enable tonic
inhibition even under conditions of high presynaptic firing rates.

Understanding ultrastructural changes of pallidothalamic terminals will help elucidate the
impact of altered GPi outflow onto thalamocortical neurons in parkinsonism. To address this, we used
serial block-face scanning electron microscopy to quantitatively compare the morphology of GPi
terminals in the VApc and CM of control and MPTP-treated parkinsonian monkeys. Preliminary results
suggest that the following structural changes take place in parkinsonian animals: the volume of GPi
terminals is enlarged in VApc and CM; the average number of synapses per terminal is decreased in
VApc and increased in CM; and the surface areas of synapses formed by terminals are increased in VApc
and CM. These findings indicate that pallidothalamic terminals are endowed with a high level of
structural plasticity possibly contributing to increased tonic regulation of thalamocortical outflow in PD.
Our data also demonstrate target-specific differences in the ultrastructure of GPi terminals that
innervate VApc vs. CM neurons, which may underlie physiological differences in the effects of pallidal
output to these thalamic targets.
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Introduction
Background

Affecting 60,000 new patients each year in the United States, Parkinson’s disease (PD) is
the second most prevalent neurodegenerative disease. Parkinson’s disease is associated with
extensive degeneration of the dopaminergic nigrostriatal system of the basal ganglia, which
causes the cardinal motor symptoms of PD—resting tremor, bradykinesia, rigidity, and akinesia.
Despite considerable advances in understanding the anatomy and functioning of the basal ganglia
throughout the past decades, our current knowledge of processing of information in the basal
ganglia-thalamocortical loop remains incomplete. A more comprehensive understanding of the
functional anatomy and synaptic connectivity of this circuitry in both normal and diseased states
is necessary to elucidate network changes potentially contributing to aspects of Parkinson’s
disease pathophysiology.

General Organization of the Basal Ganglia

Several intertwined subcortical structures consisting of the caudate nucleus and putamen
(the striatum), the internal and external segments of the globus pallidus (GPe and GP1i), the
substantia nigra (SN), and the subthalamic nucleus (STN) constitute the basal ganglia
(Wichmann and DeLong, 1996). Cortical information enters the basal ganglia via topographic,
segregated connections with dendritic spines of GABAergic medium spiny projection neurons
(MSNS) in the striatum (Alexander et al., 1986; Alexander et al., 1990; Hoover and Strick, 1993;
Parent and Hazrati, 1995). From the MSNss, striatal projections are sent to the GPi and the SN
reticulata (SNr), which provide basal ganglia output to the thalamus and brainstem. These output
nuclei tonically inhibit thalamocortical neurons through high rates of GABAergic discharge
(DeLong, 1990; Wichmann and DeLong, 2003; Wichmann and DeLong, 2007).

Connections between the striatum and the GPi/SNr are organized into a direct and
indirect pathway. The direct pathway consists of a monosynaptic connection between striatal
MSNs and the GPi and SNr, whereas the indirect pathway comprises multiple synaptic
connections, the first of which links striatal MSNs to the GPe. Subsequent projections in the
indirect pathway link the GPe to the GPi and SNR, both directly and indirectly via the STN.
Normally, striatal dopamine release increases activity of the direct pathway MSNs by stimulating
dopamine D1 receptors, while decreasing activity of indirect pathway MSNs via D2 receptors.

Thus, under normal conditions, the release of dopamine in the striatum results in a net reduction



of activity in the GPi and SNr through both monosynaptic or polysynaptic connections of the
direct and indirect pathway neurons, respectively. Disruption of activity in these pathways
impacts the functioning of the basal ganglia, including its control over motor behavior. In PD,
depletion of striatal dopamine increases activity of the indirect pathway and decreases output
from direct pathway MSNs. Increased inhibition of GPe neurons via indirect striatal MSNs thus
disinhibits the STN, GPi, and SNr. Consequently, unusually increased inhibitory projections
from the GPi and SNr to thalamic targets may abnormally increase the tonic inhibition of
thalamocortical neurons and decrease motor behavior (see Fig. 1) (Albin et al., 1989; DeLong,

1990; Wichmann and DeLong, 2003; Wichmann and DeLong, 2007).
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Figure 1. Activity in the basal ganglia-thalamocortical loop in the normal and parkinsonian
state.
Black arrows denote inhibitory connections and gray arrows depict excitatory connections. The

thickness of arrows indicates the level of activity (Wichmann and DeLong, 2007).




Organization of the Basal Ganglia-Receiving Thalamic Nuclei

The main thalamic targets of basal ganglia projections from the GPi and SNr are the
ventral motor and caudal intralaminar thalamic nuclei, which are the focus of this thesis. The
dorsal region of the thalamus is divided into several thalamic nuclear groups by the internal
medullary lamina. Among these groups, the ventral anterior (VA) and ventral lateral (VL)
comprise the motor thalamus. Specifically, the parvocellular region of the VA nucleus (VApc)
receives inputs from the GPi and premotor cortex and modest innervation from the cerebellum,
while the posterior ventrolateral nucleus (VLp) predominantly receives afferent connections
from the deep cerebellar nuclei (Ilinsky, 1990; Ilinsky et al., 1993; Ilinsky et al., 1997; Kultas-
Ilinsky et al., 1997). The VApc sends efferent connections preferentially to the premotor,
supplementary motor, and prefrontal cortices, with more modest inputs to the primary motor
cortex, while the opposite is true for VLp, i.e. it innervates mainly the primary motor cortex,
with lighter projections to premotor and supplementary motor cortices (Jones, 2007). The
intralaminar nuclei—an additional thalamic nuclear group—Ilie within the boundaries of the
internal medullary lamina in the thalamus. These diffusely-projecting nuclei are subdivided into
rostral and caudal parts. The caudal group includes the centromedian and parafascicular nuclei
(CM/Pf complex) (Jones, 2007; Smith and Sidibe, 2003), which are major targets of basal
ganglia outputs from the GPi and SNr. In primates, single GPi neurons send axon collaterals to
both the VApc and CM, suggesting that the two thalamic targets receive common inputs from the
basal ganglia (Sidibe et al., 1997; Sidibe et al., 2002; Smith et al., 2004; Parent and Hazrati,
1995).

CM/Pf neurons are the main source of thalamostriatal projections in primates. In rodents,
the caudal intralaminar complex does not comprise a CM per se, but the lateral sector of the Pf
nucleus corresponds to the primate CM, while the medial Pf corresponds to the primate Pf
(Berendse and Groenewegen, 1990; Deschenes et al., 1996a,b; Francois et al., 1991; McFarland
and Haber, 2000; McFarland and Haber, 2001; Lacey et al., 2007; Parent and Parent, 2005; Raju
et al., 2006; Sadikot et al., 1992a,b; Smith and Parent, 1986; Smith et al., 2004, 2009). Tracing
studies in monkeys revealed that CM/Pf neurons provide massive topographically organized
projections to specific striatal areas, while giving rise to lighter inputs to the cerebral cortex
(Galvan and Smith, 2011; Parent and Parent, 2005; Sadikot et al., 1992a). Overall, the CM/Pf in

primates topographically projects to all functional striatal regions and thus comprises a highly



organized circuitry that might impact both motor and non-motor aspects of basal ganglia
functioning (Galvan and Smith, 2011; Smith et al., 2004, 2009, 2010).

The CM receives inputs from motor, premotor, and somatosensory cortices (Catsman-
Berrevoets and Kuypers, 1978; DeVito and Anderson, 1982; Kunzle, 1976, 1978; Kuypers and
Lawrence, 1967). In contrast, the Pf mainly receives innervation from the frontal and
supplementary eye fields (Huerta et al., 1986; Leichnetz and Goldberg, 1988) and associative
parietal areas (Ipekchyan, 2011). The CM/Pf complex, moreover, receives significant input from
subcortical areas, such as the superior colliculus (Grunwerg et al., 1992; Redgrave et al., 2010)
and the cerebellum (Ichinohe et al., 2000; Royce et al., 1991).

As described above, the CM/Pf complex also receives prominent GABAergic innervation
from collaterals of GPi and SNr neurons that project to the VApc (Sidibe et al., 1997; Sidibe et
al., 2002; Smith et al., 2004; Parent and Hazrati, 1995). Pallidal axons from the sensorimotor GPi
terminate entirely in the CM and form synapses with thalamostriatal neurons that project back to
the sensorimotor striatum. On the other hand, associative inputs from the GPi terminate mostly in
the dorsolateral Pf, while the limbic GPi innervates the rostrodorsal part of Pf, which in turn
projects back to the associative and limbic striatal regions, respectively. Thus, the CM/Pf
complex is part of a functionally separated basal ganglia-thalamostriatal loop in primates that
integrates sensorimotor, associative, and limbic information (Sidibe et al., 2002; Smith et al.,
2004; Smith et al., 2009).

CM/Pf Degeneration in PD

It is important to consider that CM, but not VApc, undergoes profound neuronal
degeneration in PD (Brooks and Halliday, 2009; Halliday, 2009; Halliday et al., 2011;
Henderson et al., 2000a,b, 2005). Postmortem examinations of Parkinson’s disease patient
brains, indeed, revealed that PD pathology involves cell death in systems other than the
nigrostriatal dopaminergic projection (Braak et al., 2003; Fornai et al., 1997a,b, 2007; Gai et al.,
1991; Halliday et al., 1990; Hirsch et al., 1987; Jellinger, 1988; Marien et al., 1993; Masilamoni
et al., 2010, 2011; Rommelfanger et al., 2007; Rommelfanger and Weinshenker, 2007).
Degeneration of non-dopaminergic cell groups is likely involved in the development of non-
motor symptoms characterized by autonomic, psychiatric, and cognitive deficits in PD patients
(Cools et al., 2001; Williams-Gray et al., 2006). In particular, cell loss in the thalamus (including
CM/Pf) may contribute more to the pathophysiology of PD than previously thought. Postmortem



studies have demonstrated a 30-40% loss of CM/Pf neurons in PD patients with either mild or
severe motor deficits, indicating that the degree of neuronal loss in these nuclei is not related to
the severity of parkinsonian motor symptoms (Brooks and Halliday, 2009; Halliday, 2009;
Heinsen et al., 1996; Henderson et al., 2000a,b, 2005; Smith et al., 2011, 2014; Xuereb et al.,
1991).

Significant CM/Pf neuron loss has also been established in monkeys treated with chronic,
low doses of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In this
model, neuronal degeneration is even observed in motor asymptomatic animals with partial loss
of the nigrostriatal dopamine system (Villalba et al., 2014). Thus, in agreement with the
postmortem human data, it appears that CM/Pf degeneration arises relatively early and is not
related to the severity of motor symptoms in both PD patients and chronically MPTP-treated
monkeys (Villalba et al., 2014). Based on evidence that similar degrees of cell loss have been
seen across individual monkeys treated chronically with MPTP (Villalba et al., 2014), the
chronically MPTP-treated monkeys may represent a valuable animal model to evaluate the
functional consequences of CM/Pf degeneration in PD pathophysiology, especially in the
manifestation of early non-motor deficits (Villalba et al., 2014). Interestingly, diffuse CM/Pf
neuronal loss has also been observed in other neurodegenerative diseases, such as progressive
supranuclear palsy and Huntington’s disease (Heinsen et al., 1996; Henderson et al., 2000a,b).
The mechanism underlying CM/Pf neurons’ greater vulnerability to neurodegeneration than
other thalamic nuclei in PD and other disorders remains unknown and warrants further study.
Changes in the Rate and Patterns of Neuronal Activity in the Basal Ganglia-Thalamocortical
Loop in PD

Prior studies have described abnormal firing rates in the STN, GPi, and SNr of animal
models of parkinsonism and PD patients (Brown, 2007). Recordings from thalamic cells in the
VApc of MPTP-treated monkeys (Guehl et al., 2003; Kammermeier et al., 2016; Pessiglione et
al., 2005) and PD patients (Magnin et al., 2000; Molnar et al., 2005; Vitek et al., 1994; Zirh et
al., 1998) also revealed increased irregular firing in the thalamus. Abnormally synchronized
neuronal firing is observed throughout the basal ganglia-thalamocortical circuitry in the
parkinsonian state, which strikingly differs from the lack of synchronized activity and strict
functional segregation within the basal ganglia nuclei and thalamus in the normal state

(Hammond et al., 2007). Studies have demonstrated increased frequency and length of bursts



following dopamine depletion in PD patients and animal models (Hutchison et al., 1994; Magnin
et al., 2000; Wichmann and Soares, 2006). Neural activity in the basal ganglia-thalamocortical
network is therefore significantly impaired in the parkinsonian state. However, the underlying
cellular and neuroplastic substrates of these changes remain largely unknown. The main goal of
this thesis is to examine whether ultrastructural changes in the morphology of synapses
established by GPi terminals on thalamic cells might contribute to the pathophysiology of the
pallidothalamic GABAergic connection in parkinsonian monkeys.

Morphological and Structural Changes in the Pallidothalamic System in PD

A recent study from our lab demonstrated that the prevalence and overall pattern of
synaptic connectivity of GABAergic terminals from the GPi in both the VApc and CM was not
changed in parkinsonian monkeys (Swain et al., 2017), despite extensive CM cell death in
parkinsonian animals (Villalba et al., 2014). However, because the relative GPi terminal density
calculated in this study was based on terminal profile counts from single electron microscopy
(EM) ultrathin sections, these findings did not take into account possible morphological changes
(i.e. changes in terminal volume and shape) GPi terminals may undergo in the parkinsonian state.
Because such structural changes may increase (in the case of increased terminal volume) or
decrease (in the case of decreased terminal volume) the likelihood of randomly counting
individual terminal profiles through single EM sections, it is important to rigorously determine if
the morphology of GPi terminals is affected in parkinsonian animals. It is noteworthy that
ultrastructural alterations in axon terminals have been associated with neuroplastic changes of
the physiological characteristics and transmitter release properties of other terminal subtypes in
various brain regions under normal and diseased conditions (Bell et al., 2014; Bourne and
Harris, 2008; Bromer et al., 2018; Deutch et al., 2007; Fiala et al., 2002; Harris and
Kater, 1994; Ingham et al., 1989, 1998; Kuwajima et al., 2012; Stephens et al., 2005; Suarez et
al., 2016; Villalba et al., 2009, 2015; Villalba and Smith, 2010, 2011a, b, 2013; Yuste and
Bonhoeffer, 2001; Zaja-Milatovic et al., 2005), including various basal ganglia nuclei in rodent
and primate models of PD.

For example, previous studies have found evidence of pruning and morphological
changes in corticostriatal and corticosubthalamic terminals in non-human primate and rodent
models of parkinsonism (Chu et al., 2017; Day et al., 2006; Deutch, 2006; Ingham et al., 1998;
Mathai et al., 2015; Raju et al., 2008; Villalba et al., 2009, 2015; Villalba and Smith, 2010,



2011). Other studies showed structural plasticity in the number of GABAergic synapses from the
external globus pallidus (GPe, in primates) onto single STN neurons in rodent models of PD
(Fan et al., 2012). The authors demonstrated that the increased number of synapses formed by
single GPe terminals was associated with a significant increase in the strength of
pallidosubthalamic GABAergic synapses in the parkinsonian state (Chu et al., 2017; Fan et al.,
2012). Because GPi and GPe GABAergic terminals share common ultrastructural and functional
characteristics, it is possible that similar structural alterations affect GABAergic pallidothalamic
terminals in MPTP-treated parkinsonian monkeys.
Multi-synaptic Arrangement of GPi and Other GABAergic Thalamic Terminals

Data collected from GABAergic terminals that are morphologically similar to
pallidothalamic terminals revealed that these multisynaptic boutons display a high level of
morphological heterogeneity in terminal size and in the arrangement of synapses in the thalamus
(Bodor et al., 2008; Bokor et al., 2005; Halassa and Acsady, 2016; Rovo et al., 2012;
Wanaverbecq et al., 2008). In a recent 3D electron microscopic study, Bodor et al. (2008)
demonstrated key ultrastructural features of nigrothalamic terminals in the ventromedial (VM)
nucleus of the rat thalamus and the motor thalamus of the macaque monkey. Similar to GPi
terminals, these boutons are large in size, contain a large amount of mitochondria and vesicles,
and form multiple synapses with their postsynaptic targets (Bodor et al, 2008). Analysis of single
electron microscopic sections in several other studies have shown that nigrothalamic terminals
establish multiple synapses (Kultas-Ilinsky and Ilinsky, 1990; Kuroda and Price, 1991; Sakai et
al., 1998; Tsumori et al., 2002). By forming multiple symmetric and closely-spaced synapses on
a single postsynaptic target, these terminals create a favorable environment for intersynaptic
spillover of GABA among the many synapses of a single bouton. This unique arrangement of
active zones produces a larger charge transfer due to slower decay of synaptic currents and also
decreases variability in synaptic transmission (DiGregorio et al., 2002). Such efficient
GABAergic signaling endows these terminals with the ability to maintain high tonic inhibitory
drive upon targets in the thalamus (Bodor et al., 2008).

Single-section electron microscopic studies of GABAergic pallidothalamic terminals
show that single GPi terminals also innervate their postsynaptic target with multiple synapses
(Ilinsky and Kultas-Ilinsky, 1990; Ilinsky et al., 1997; Kultas-Ilinsky and Ilinsky, 1990). This

synaptic arrangement of pallidothalamic terminals ultimately may contribute to the increased



GABAergic tone imposed upon thalamocortical neurons by GPi inputs in the state of
parkinsonism. Having such knowledge is essential for a deeper understanding of the functional
significance of altered GPi output to thalamocortical neurons in parkinsonism.

Serial Block-Face Scanning Electron Microscopy and 3D Reconstruction to Examine
Ultrastructural Changes in Pallidothalamic Terminals of Parkinsonian Monkeys

The most rigorous approach to carefully assess changes in ultrastructural features of
neuronal elements, including axon terminals, is through the use of three-dimensional electron
microscopy reconstruction of individual neuronal profiles. The resolution of light microscopy is
not adequate to reconstruct synaptic neural circuits and precisely estimate the morphology and
size of certain dendritic and axonal processes. Only EM provides a high-enough spatial
resolution to clearly identify synapses and sufficiently characterize neuronal processes (Denk
and Horstmann, 2004). To reliably examine ultrastructural features of axon terminals, including
the size of synapses formed by GPi terminals, the current study thus necessitates the use of EM
over other microscopy techniques. Furthermore, single-section EM analysis does not provide
sufficient information about terminal morphology or the number, size, and arrangement of
synapses, given that these structural features can span through dozens of serial sections. Because
this information is essential to understand neurotransmitter dynamics and postsynaptic target
responses, serial section EM reconstructions are needed to adequately measure structural
parameters potentially affecting synaptic plasticity and physiology. Methods other than serial
section EM would overlook ultrastructural changes possibly implicated in the altered functioning
of these terminals in the parkinsonian state.

We have therefore applied serial EM reconstruction in this project to reconstruct single
GABAergic terminals from the GPi in the VApc and CM of control and parkinsonian rhesus
monkeys. To do so, we used the cutting-edge technology of serial block-face scanning electron
microscopy (SBF/SEM). This method yields a large quantity of serial images from small regions
of interest and allows for the complete 3D reconstruction of large terminals and their associated
synaptic circuitry (Briggman and Denk, 2006; Fiala, 2005; Harris et al., 2006; Knott et al., 2008).
3D EM reconstruction of neural tissue has traditionally been performed with serial section
transmission electron microscopy (SSTEM) of ultrathin sections. SSTEM is a simple technique

but involves a tedious and error-prone sectioning process with several inherent problems, such as



loss of sections, uneven section thickness, debris on sections, and distortions that interfere with
proper alignment and reconstruction of neuronal structures (Briggman and Denk, 2006).

SBF/SEM is an alternative method with many advantages over SSTEM that make
reconstructing neural structures more precise and feasible. In contrast to SSTEM, images
produced through SBF/SEM are generated from back-scattered electrons off the surface of a
resin-embedded tissue sample. This makes imaging the block face possible and eliminates
problems with section distortion or section loss during tissue handling. Also, images used in
SBF/SEM datasets are already aligned and thus allow for a fully automated sectioning process
that quickly and efficiently generates large volumes of images. Indeed, by incorporating a
custom microtome into an SEM chamber, several hundred serial sections of thicknesses as little
as 30 nm are routinely imaged in a short period of time. On the other hand, most studies using
SSTEM have not been able to generate sections thinner than 50 nm, a resolution not high enough
for the accurate reconstruction of very thin neuronal structures (Briggman and Denk, 2006).

3D EM reconstruction with the SBF/SEM technique therefore provides a unique
opportunity to correlate underlying neural functioning with circuit-specific ultrastructural
features. In this thesis, I will determine if GPi terminals in VApc and CM—the major thalamic
targets in the pallidothalamic system—undergo ultrastructural changes in parkinsonian monkeys.
I will also compare the synaptic microcircuitry of GPi terminals in the normal state and assess
potential differences in ultrastructural changes these terminals undergo in the parkinsonian state
between the two nuclei. Given that VApc and CM are innervated by the same GPi neurons, but
only CM undergoes significant neuronal degeneration in MPTP-treated parkinsonian monkeys
(see above), it is possible that ultrastructural features of GPi terminals in VApc and CM are
affected differently in parkinsonian monkeys. Furthermore, in light of previous data from single
EM sections suggesting that GPi terminals in the monkey VApc and CM display a different
ultrastructure (Sadikot et al., 1992; Sidibe et al., 1997), a detailed comparative analysis of
ultrastructural features of GPi terminals between the VApc and CM of control and parkinsonian
monkeys using 3D EM imaging will set a solid foundation to assess structure-function
relationships of these terminals in the VApc and CM in the normal and parkinsonian state.
Study Goals

This study aims to further understand the anatomical substrates through which GPi

terminals may mediate effects upon thalamic cells in normal monkeys and to determine if this
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connection is structurally altered in the parkinsonian state. Using high-resolution 3D EM
reconstruction, changes in the volume and in the number and size of GABAergic synapses made
by individual GPi terminals in the VApc and CM will be compared between control and
parkinsonian monkeys. Specifically, we will measure and compare the volume of individual
reconstructed GPi terminals and the number and surface area of single synapses made by these
terminals in the VApc and CM of normal and parkinsonian monkeys. In light of the previous
literature suggesting an increased GABAergic outflow from the GPi upon the thalamus in PD,
we predict that the volume and the number and size of synapses formed by single GPi terminals

will increase in the VApc and CM of MPTP-treated parkinsonian monkeys.

Materials and Methods
Animals

Two adult rhesus macaque monkeys (Macaca mulatta; MR240R and MR271L) obtained
from the Yerkes National Primate Research Center were used in the study. All animal procedures
have been approved by the Institutional Animal Care and Use Committee (IACUC) of Emory
University, and were performed according to the Guide for the Care and Use of Laboratory
Animals and the U.S. Public Health Service Policy on the Humane Care and Use of Laboratory
Animals. Various members in the Smith lab performed the surgery, perfusion, behavioral
assessment, and treatment of these animals before I got access to the tissue for my study.
MPTP Treatment and Assessment of Parkinsonism

One monkey used in the study was rendered parkinsonian after weekly MPTP injections
(0.2-0.8 mg/kg i.m.; cumulative doses: 2.8-26.79 mg/kg; Natland International, Morrisville, NC
or Sigma, St. Louis, MO) until it reached a moderate level of parkinsonism. The regimen of
MPTP intoxication and the behavioral approaches used to assess the state of parkinsonian motor
signs in these monkeys are described in detail in previous studies from our laboratory
(Devergnas et al., 2014; Galvan et al., 2010; Masilamoni et al., 2010, 2011; Wichmann et al.,
2001; Wichmann and Soares, 2006). Briefly, the severity of parkinsonian symptoms was
evaluated by weekly testing of the monkey for 15-minute durations in an observation cage and
measuring the number of movements with infrared break-beam sensors. A parkinsonism rating
scale was also used to quantify deficits in the following motor behaviors: speed, incidence and

severity of freezing episodes, extremity and trunk posture, presence and severity of tremor,
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amount of arm and leg movements, finger dexterity, home cage activity, and balance. Each item
was given a score from 0-3 with a maximum total score of 30. The severity of these parkinsonian
motor symptoms was stable for at least 6 weeks after the last MPTP injection before the monkey
was deemed parkinsonian.

Anterograde Labeling of Pallidothalamic Terminals

The control and MPTP-treated monkeys used in the study received viral vector injections
(2-8 ul) of AAV5-hSyn-ChR2-EYFP or AAV5-hSyn-Arch3-EYFP in the GPi to identify
pallidothalamic terminals in the VApc and CM. Labeled pallidothalamic terminals from these
injections and unlabeled putative GPi terminals forming at least two symmetric axo-dendritic
synapses in a single section were used for 3D EM reconstruction.

In the control monkey, the injection was introduced with a microsyringe into the
ventrolateral GPi while the animal was placed in a stereotaxic frame. Pre-operative MRI scans
helped delineate the stereotaxic coordinates. In the MPTP-treated monkey, recording chambers
were stereotactically directed at the pallidum on both sides of the brain and attached to the skull.
After surgery, electrophysiological mapping was conducted to help define the borders of the GPe
and GPi using protocols formerly described from our laboratory. The injection was delivered into
the GPi using a probe combined with a recording microelectrode (Kliem and Wichmann, 2004).
Extracellular recordings were performed while lowering the microsyringe to determine the final
location in the GP1 for the injection (Galvan et al., 2010; Kliem et al., 2007).

Both monkeys survived at least 6 weeks after the virus injections to allow efficient
anterograde transport to GPi terminals in the thalamus.

Tissue Collection and Processing for Microscopy

The monkeys were euthanized with pentobarbital (100 mg/kg, i.v.) and transcardially
perfused with a Ringer’s solution and a mixture of paraformaldehyde (4%) and glutaraldehyde
(0.1%). The brains were removed, post-fixed in 4% paraformaldehyde, and cut in 50 pm serial
sections with a vibratome for immunohistochemical localization of the tag protein, enhanced
yellow fluorescent protein (EYFP). Sections were stored at -20°C in an anti-freeze solution until
further histological processing.

Before immunohistochemistry processing, tissue samples from the VApc and CM were
pre-treated with 1% sodium borohydride in a phosphate buffer for 20 minutes and subsequently

washed in phosphate-buffered saline (PBS). Sections were prepared for electron microscopy and
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placed in a cryoprotectant solution (phosphate buffer [PB]= 0.05 M at pH 7.4, with 25% sucrose
and 10% glycerol) for 20 minutes, frozen at -80°C for 20 minutes, thawed, and returned to a
graded series of cryoprotectant solution (100%, 70%, 50%, 30%) diluted in PBS. Sections were
washed in PBS and then pre-incubated in a solution of 10% normal goat serum and 1% bovine
serum albumin in PBS for 1 hour.

Sections were immunostained for Green Fluorescent Protein (GFP), an antibody that
identifies GPi terminals anterogradely labeled in the VApc and CM with the viral vector
described above. This tissue was incubated with a primary rabbit antibody (1:5,000 dilution) for
48 hours at 4°C. Next, sections were rinsed in PBS and transferred for 1.5 hours to a solution
with a secondary biotinylated goat anti-rabbit antibody (1:200 dilution). After, sections were
placed in a solution of 1% avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame,
CA USA), washed in PBS and Tris buffer (0.05 M, pH 7.6), and transferred to a solution
containing 0.01M imidazole, 0.005% hydrogen peroxide, and 0.025% 3,3'-diaminobenzidine
tetrahydrochloride (DAB; Sigma, St. Louis, MO) in Tris for 10 minutes. Several rinses of the
tissue in PBS ended the DAB reaction.

Sections with the maximum amount of GFP immunostaining were put into vials in
phosphate buffer solution and sent to Renovo Inc. (Cleveland, OH, USA) for additional EM
processing (osmium fixation, dehydration, and resin embedding). After embedding, small
regions of interest in the VApc and CM with dense GFP-labeled GPi terminals were removed
from slides for 3D reconstruction using the SBF/SEM method. In this approach, a scanning
electron microscope scans serial images from a block of tissue put on an ultramicrotome and
back-scattered electrons help detect the tissue embedded in resin. The ultramicrotome cuts thin
sections from the face of the block and raises the sample back to the focal plane to image the
sample again. The technology samples thousands of images by scanning and cutting the tissue
with this automatic process (Briggman and Bock, 2012; Denk and Horstmann, 2004)

The MPTP administration, assessment of parkinsonian motor symptoms, intracerebral
injection of viral vectors, and perfusion of the animals were conducted by members of the Smith
lab before I used the brain tissue from these animals for the completion of work presented in this
thesis. My main contribution to this work has been the collection and analysis of 3D EM data

from GFP-immunostained sections in the VApc and CM of the two animals used in this study.
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3D Reconstruction from Serial Section Electron Microscopy

Select areas in the VApc and CM with dense GFP-labeled GPi terminals were used for
3D reconstruction employing the SBF/SEM method. Approximately 200-400 serially-scanned
micrographic images (~70 nm-thick) were collected from each region of interest, and labeled and
unlabeled GP1i terminals were chosen at random from these images to be reconstructed using the
3D software Reconstruct (available at: synapses.clm.utexas.edu). In order to avoid bias in the
selection of elements being reconstructed, I was blinded to the treatment (control vs. MPTP-
treated) of each of the two animals. Identification of axon terminal subtypes in the VApc and
CM was based on ultrastructural features previously reported in EM studies of the mammalian
motor thalamus (Ilinsky et al., 1997; Jones, 2007; Kultas-Ilinsky et al., 1997) and in an EM study
from our laboratory (Swain et al., 2017, 2018). Small (i.e. ~0.5-0.7 um in diameter) terminals
forming asymmetric synapses were categorized as originating from the cerebral cortex (“As”
type); medium-to-large sized (~0.5-1.5 um in diameter) terminals forming single symmetric
synapses were considered as GABAergic terminals from the thalamic reticular nucleus (RTN;
“S1” type); and large terminals enriched in mitochondria (~1-3 um in diameter) forming multiple
symmetric synapses with single postsynaptic targets were categorized as GABAergic terminals
from the GPi (“S2” type). Using these structural criteria, we considered some unlabeled large
multisynaptic terminals in the VApc and CM as putative GPi terminals and added those to the
sample of GPi boutons reconstructed in this study (see Fig. 2 for terminal subtype classification).

TIFF images of single sections were imported into Reconstruct and calibrated with the
section thickness and pixel size provided by Renovo. Finally, labeled and unlabeled terminals,
synapses, and dendrites from each object analyzed were manually traced in each serial electron
micrograph using Reconstruct (Villalba and Smith, 2010, 2011). From these serially identified
elements, the software created a 3D representation of each object from which it calculated the
volume of terminals and the surface area of synapses. The volume of terminals and the size and
number of synapses were randomly recorded in control and MPTP-treated monkeys. The surface
area of synapses was calculated by multiplying the trace length and section thickness. Only
terminals that could be seen through their full extent in serial sections were reconstructed; a
series of 30-100 scanned ultrathin images were used depending on the size of terminals. From
GFP-immunostained VApc sections, 10 randomly-chosen labeled and unlabeled GPi terminals

from 1 normal and 1 MPTP-treated monkey were used for 3D reconstruction. From CM sections,
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13 randomly-chosen labeled and unlabeled GPi terminals from the same MPTP-treated monkey
and 10 from the same control monkey were used for 3D reconstruction. To assess possible
differences in the pattern of synaptic connectivity of GPi terminals in the VApc and CM between
control and parkinsonian animals, the postsynaptic targets contacted by GPi terminals were
categorized as large (>1.0 pm in diameter), medium (0.5-1.0 pm), or small (<0.5 pm) dendrites.
Three random sections from reconstructed dendrites in synaptic contact with each of the
reconstructed GPi terminals in the VApc and CM were chosen to estimate the cross-sectional
diameter of postsynaptic targets and to categorize the dendrite’s size according to the above

criteria.

Figure 2. Classification of terminal subtypes in the VApc and CM of control and MPTP-
treated monkeys.

Electron micrographs displaying the classification of terminals in the VApc and CM used to
identify putative unlabeled GPi-like terminals. Top panel shows two S2 type terminals that
originated from the GPi and make multiple symmetric synapses (indicated by arrowheads) on
a postsynaptic target in the VApc of an MPTP-treated monkey. (A) shows a GFP-labeled GPi
terminal. (B) shows an unlabeled putative GPi-like terminal. (C) identifies an S1 type
terminal that likely originates from the RTN and makes one symmetric synapse on a single
postsynaptic target in the CM of an MPTP-treated monkey. (D) displays an As type terminal
that mainly originates from the cortex and forms a single asymmetric synapse onto a
postsynaptic target in the CM of an MPTP-treated monkey. Scale bar =2 um
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Statistical Analysis

Statistical analysis was performed using SigmaStat (version 2.03; Aspire Software
International, Ashburn, VA). For terminal volume, number of synapses per terminal, and surface
area of synapses, data were compared by a student’s t-test or Mann-Whitney test (depending on
results of the normality test) to determine statistical differences between control and MPTP-
treated monkeys and between the VApc and CM in both the control and MPTP conditions. For

all statistical tests, “n” was chosen as the number of GPi terminals.

Results
Ultrastructural Features of Pallidothalamic Terminals in the VApc of a Control and MPTP-
treated Parkinsonian Monkey

The ultrastructural features of GPi terminals were assessed to determine if terminal
volume, synapse surface area, and the number of synapses differed between normal and MPTP-
treated monkeys and between the VApc and CM in both conditions. In the VApc, a total of 20
GFP-labeled and unlabeled GPi terminals and their respective postsynaptic targets and synapses
were 3D-reconstructed in a control (n=10; 4 GFP-labeled, 6 unlabeled) (Fig. 3a-c) and an MPTP-
treated monkey (n=10; 8 GFP-labeled, 2 unlabeled) (Fig. 4a-c). Occasionally, more than one GPi
terminal formed synapses with a single dendrite (Fig. 4a). The terminal volume, surface area of
synapses, and the average number of synapses per GPi terminal were measured and averaged
from each monkey.

In the control monkey, the median volume of GPi terminals was 10.39 pm? (mean: 10.79
um?; n=10), whereas the median terminal volume was 14.17 pm? in the MPTP-treated monkey
(mean: 13.82 pm?; n =10). Although there was a trend toward increased GPi terminal volume in
the MPTP-treated animal, the difference was not statistically significant (Fig. 5a; p=0.252,
student’s t test). The surface area of the synapses formed by GPi terminals was significantly
increased in the MPTP-treated monkey (Fig. 5b; p=0.021, Mann-Whitney test). In the control
monkey, the median surface area was 0.10 pm? (mean: 0.096 pm?; n=10), whereas the median
was 0.14 ym” in the MPTP-treated monkey (mean: 0.15 pm?; n =10). The average number of
synapses per GPi terminal was significantly lower in the MPTP-treated monkey than in the
control animal (Fig. 5c; control: mean, 16.6; median, 14.0; n =10; MPTP: mean, 10.1; median,

11; n=10; p=0.050, student’s t-test). In the majority of cases, single GPi terminals made multiple
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synaptic connections with the same postsynaptic target. One of the 10 reconstructed terminals in
the control monkey and 3 of 10 terminals in the MPTP-treated monkey formed multiple synapses
onto two or more different postsynaptic targets. The cross-sectional diameters of dendritic
profiles contacted by GPi terminals in the VApc of control and MPTP-treated monkeys were
tabulated. Consistent with data from a previous study from our laboratory (Swain et al., 2017,
2018), they were of the medium and large-sized category (Table 1).

This preliminary quantitative analysis of 3D-reconstructed pallidothalamic terminals in
the VApc suggests that the volume of GPi terminals and the area of synapses formed by these
terminals may be larger, while the average number of synapses formed by individual terminals
may be smaller in the MPTP-treated monkey than in the control (Fig. 5a-c). Future studies that
include more animals in both groups and additional terminals from the same monkeys should be

achieved to confirm these preliminary observations.

Figure 3. Pallidothalamic terminals forming multiple synapses with a large dendrite in the
VApc of a control animal.

(A) Serial electron micrographs of two GPi terminals (T1-orange, T2-yellow) in contact with a
large dendrite (Den-purple) in the VApc of the control monkey. T2 displays GFP
immunoreactivity indicating that it was anterogradely labeled by the AAV injection in the GPi.
(B) 3D reconstructed images of T1, T2, the postsynaptic dendrite, and the symmetric synapses
(red shapes) formed by the two terminals. In (C), only the symmetric axo-dendritic synapses (red
shapes) formed by T1 and T2 are shown. Scale bar =2 pm in (A).
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Figure 4. Pallidothalamic terminals in contact with a large dendrite in the VApc of an MPTP-treated monkey.

(A) Serial electron micrographs of four GFP-immunostained GPi terminals (T1-yellow, T2-orange, T3-blue, and
T4-pink) in contact with a single large dendrite (Den-purple) in the VApc. (B-C) 3D reconstruction of the four
terminals and their postsynaptic dendrite. The multiple symmetric synapses formed by single terminals can be
seen in partially transparent images of the terminals in (B). In (C), terminals have been removed from the image

to better illustrate the morphology and density of the symmetric synapses formed by T1, T2, T3, and T4. Scale
bar =2um in (A).
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Ultrastructural Features of Pallidothalamic Terminals in the CM of a Control and MPTP-
treated Parkinsonian Monkey

In the CM, a total of 23 GFP-labeled and unlabeled GPi terminals and their respective
postsynaptic targets and synapses were 3D-reconstructed in a control (n=10; 2 GFP-labeled, 8
unlabeled) (Fig. 6a’-b’) and MPTP-treated monkey (n=13; 6 GFP-labeled, 7 unlabeled) (Fig. 6¢’-
d’). The terminal volume, surface area of synapses, and the average number of synapses per GPi
terminal were measured and averaged from each monkey.

The GPi terminal volume was significantly increased in the parkinsonian monkey (Fig.
7a; p=0.014, Mann-Whitney test). In the control monkey, the median volume of GPi terminals
was 2.61 pum? (mean: 2.96 um?; n =10), while in the MPTP-treated monkey, the median terminal
volume was 4.38 um?® (mean: 5.85 pm?; n =13). The surface area of the synapses of GPi
terminals was also significantly increased in the MPTP-treated monkey (Fig. 7b; p=0.010, Mann-
Whitney test). In the control monkey, the median surface area was 0.13 pm? (mean: 0.14 pm?®, n
=10), whereas the median was 0.21 pm” in the MPTP-treated monkey (mean: 0.21 um*; n =13).
Also, the average number of synapses per GPi terminal was significantly higher in the MPTP-
treated monkey than in the control (Fig. 7¢; control: mean, 5.5; median, 6; n =10; MPTP: mean,
9.62; median, 9; n =13; p=0.013, Mann-Whitney test). In the majority of cases (11/13 terminals),
GPi terminals made multiple synaptic connections on the same postsynaptic target in the MPTP-
treated monkey. Two terminals simultaneously formed multiple synapses onto two or more
different postsynaptic targets. On the other hand, 6/10 terminals in the control monkey
simultaneously converged on more than one postsynaptic target. The cross-sectional diameters of
dendritic profiles contacted by GPi terminals in the CM of control and MPTP-treated monkeys
were tabulated. Consistent with data presented from a previous study from our laboratory (Swain
et al., 2017, 2018), they were of the medium and large-sized category (Table 1).

This preliminary quantitative analysis of 3D-reconstructed pallidothalamic terminals in
the CM suggests that the volume of GPi terminals as well as the number and area of synapses
formed by these terminals may be larger in MPTP-treated monkeys than in controls (Fig. 7a-c).
Studies with additional animals and terminals in each group must be completed to confirm these

preliminary observations.
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Figure 6. Pallidothalamic terminals forming synapses with a dendprite in the CM of a control and MPTP-treated

monkey.

(A-B; C-D) Electron micrographs of anterogradely labeled GPi terminals (T-yellow) in contact with a dendrite (Den-

blue) in the CM of a control (T1 and T2 at top) and MPTP-treated (T3 and T4 at bottom) monkey. Each terminal

displays GFP immunoreactivity indicating anterograde labeling by the AAV injection in the GPi. Green arrowheads
point at symmetric axo-dendritic synapses. (A’-B’; C’-D”) 3D reconstruction of the four anterogradely

labeled terminals (yellow), their postsynaptic dendritic targets (blue), and the axo-dendritic symmetric synapses

(green) in a partially transparent image of the GPi terminals to allow visualization of the symmetric synapses. Scale

bar =2 pm
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Figure 7. Quantification of
ultrastructural features of
pallidothalamic terminals in the CM of
control and MPTP-treated monkeys.

(A-C) Box-whisker plots comparing the
morphometric measurements (GPi
terminal volume, synapse surface area,
and average number of synapses per GPi
terminal) of structural elements at
pallidothalamic GABAergic synapses
using 3D reconstruction of single GPi
terminals from serial ultrathin images. A
total of 10 terminals from one control
and 13 terminals from one MPTP-treated
animal were used. The units used for
these measurements are indicated in the
Y-axis within parenthesis. (A) In an
MPTP monkey, the mean GPi terminal
volume is significantly larger than the
control (*, P <0.05, Mann-Whitney test,
n=number of GPi terminals). (B) In an
MPTP monkey, the mean synapse
surface area is significantly larger than
the control (*, P <0.05, Mann-Whitney
test, n= number of GPi terminals). (C) In
an MPTP monkey, the mean number of
synapses per GPi terminal is significantly
larger than the control (*, P < 0.05,
Mann-Whitney test, n= number of GPi
terminals).




Table 1. Postsynaptic target distribution of GPi terminals in the VApc (top) and CM (bottom) of a

control and MPTP-treated monkey.
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VApc Average Dendrite Diameter (um) Dendrite Category
T1 1.00 Medium
T2 1.99 Large
Control T3 1.22 Large
T4 0.68 Medium
T5 1.36 Large
T6 2.10 Large
T7 2.70 Large
T8 2.98 Large
T9 0.96 Medium
T10 1.71 Large
T1,T3,T4 1.69 Large
T2 1.53 Large
T5 1.04 Large
MPTP T6 1.30 Large
T7 0.93 Medium
T8 1.22 Large
T9 1.73 Large
T10 0.83 Medium
cM Average Dendrite Diameter (um) Dendrite Category
T1 2.62 Large
T2 0.87 Medium
Control T3 0.76 Medium
T4 0.68 Medium
T5 0.53 Medium
T6 0.58 Medium
T7 0.75 Medium
T8 0.73 Medium
T9 1.25 Large
T10 0.58 Medium
T1 2.31 Large
T2 2.95 Large
MPTP T3 1.87 Large
T4 2.25 Large
T5 2.74 Large
T6 1.54 Large
T7 0.97 Medium
T8 1.66 Large
T9 1.16 Large
T10 0.83 Medium
T11 0.62 Medium
T12 0.76 Medium
T13 1.84 Large
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Comparison of Ultrastructural Features of Pallidothalamic Terminals between the VApc and
CM of a Control and MPTP-treated Monkey

From a total of 20 GPF-labeled and unlabeled GPi terminals and their respective
postsynaptic targets and synapses that were 3D-reconstructed in a control monkey from both the
VApc (n=10 terminals) and the CM (n=10 terminals), the average terminal volume, surface area
of synapses, and the number of synapses per GPi terminal were compared between nuclei. The
volume of GPi terminals was significantly larger (Fig. 8a) in the VApc (median: 10.39 pm?;
mean: 10.79 um?; n =10) than in the CM (median: 2.61 pm?; mean: 2.96 um?*; n =10); (p=0.002,
Mann-Whitney test). The surface area of synapses formed by GPi terminals was significantly
larger (Fig. 8b) in the CM (median: 0.13 pm?*; mean: 0.14 pm?; n=10) than in the VApc (median:
0.10 pm?; mean: 0.096 pm?; n=10) (p=0.006, student’s t-test). However, the average number of
synapses per GPi terminal was significantly higher (Fig. 8c) in the VApc (mean: 16.6; median:
14; n=10) compared to the CM (mean: 5.5; median: 6; n =10) (p=0.001, student’s t-test).

From a total of 23 GPF-labeled and unlabeled GPi terminals and their respective
postsynaptic targets and synapses that were 3D-reconstructed in an MPTP-treated monkey from
both the VApc (n=10 terminals) and the CM (n=13 terminals), a similar inter-nuclear
comparison was completed for the MPTP-treated monkey. The volume of GPi terminals was
significantly larger (Fig. 9a) in the VApc (median: 14.17 pym?3; mean: 13.82 um?; n=10) than in
the CM (median: 4.38 um?; mean: 5.85 um?; n=13) (p=0.002, student’s t-test). The surface area
of synapses formed by GPi terminals was significantly larger (Fig. 9b) in the CM (median: 0.21
um?; mean: 0.21 um?*; n=13) than in the VApc (median: 0.14 pm?; mean: 0.15 pm?*; n =10)
(p=0.024, Mann-Whitney test). No significant differences were found for the average number of

synapses per GPi terminal (Fig. 9c) between the VApc and CM (p=0.801, student’s t-test).
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Figure 8. Comparison of ultrastructural
features of pallidothalamic terminals
between the VApc and CM of control
monkeys.

(A-C) Box-whisker plots comparing the
morphometric measurements (GP1
terminal volume, synapse surface area,
and average number of synapses per GPi
terminal) of structural elements at
pallidothalamic GABAergic synapses
between the VApc and CM using 3D
reconstruction of single GPi terminals
from serial ultrathin images. The units
used for these measurements are
indicated in the Y-axis within
parenthesis. (A) The mean GPi terminal
volume is significantly larger in the
VApc than in the CM (*, P <0.05,
Mann-Whitney test, n= number of GPi
terminals). (B) The mean synapse surface
area is significantly larger in the CM than
in the VApc (*, P <0.05, student’s t-test
or Mann-Whitney test, n= number of GPi
terminals). (C) The mean number of
synapses is significantly larger in the
VApc than in the CM (*, P <0.05,
student’s t-test, n= number of GPi
terminals).
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Figure 9. Comparison of ultrastructural
features of pallidothalamic terminals
between the VApc and CM of MPTP-
treated monkeys.

(A-C) Box-whisker plots comparing the
morphometric measurements (GP1
terminal volume, synapse surface area,
and average number of synapses per GPi
terminal) of structural elements at
pallidothalamic GABAergic synapses
between the VApc and CM using 3D
reconstruction of single GPi terminals
from serial ultrathin images. The units
used for these measurements are
indicated in the Y-axis within
parenthesis. (A) The mean GPi terminal
volume is significantly larger in the
VApc than in the CM (*, P <0.05,
student’s t-test, n= number of GPi
terminals). (B) The mean synapse surface
area is significantly larger in the CM than
in the VApc (*, P <0.05, student’s t-test
or Mann-Whitney test, n= number of GPi
terminals). (C) The mean number of
synapses per terminal is not significantly
different between the VApc and CM.
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Figure 10. Comparison of 3D-Reconstructed Synapses in the VApc and CM of control and MPTP-
treated monkeys.

For the control monkey (left column), 3D reconstructions show the morphology of 15 synapses in the
VApc (mean #/terminal=16.6; mean surface area=0.096 um?) and 6 synapses in the CM (mean
#/terminal=5.5; mean surface area=0.14 um?). For the MPTP-treated monkey (right column), 3D
reconstructions show the morphology of 11 synapses in the VApc (mean #/terminal=10.1; mean surface
area=0.15 um?) and 9 synapses in the CM (mean #/terminal=9.6; mean surface area=0.21 um?). Note
the major structural differences between synapses formed by GPi terminals in the VApc vs. CM.

Discussion

The preliminary data presented in this thesis suggest that ultrastructural changes of GPi
GABAergic terminals take place in both the VApc and CM of MPTP-treated monkeys, which
may underlie functional differences in the pallidothalamic system between normal and
parkinsonian conditions. Another important observation made from our study is that the
structural features of GPi terminals in the VApc are strikingly different from those in the CM in
both the control and parkinsonian monkey, despite the common origin of these terminals from
the same GP1i neurons (Sidibe et al., 1997; Sidibe et al., 2002; Smith et al., 2004; Parent and
Hazrati, 1995). The observed structural changes suggest that pallidothalamic terminals are
endowed with a high level of structural plasticity that may contribute to their increased tonic

regulation of thalamocortical outflow in PD. Furthermore, the target-specific differences in the
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ultrastructure of GPi terminals that innervate VApc vs. CM neurons may underlie physiological
differences in the effects of pallidal output to these two thalamic targets in the control and
parkinsonian state.

3D Reconstruction Utilizing SBF/SEM

To our knowledge, data from this and a recent study from our laboratory (Swain et al.,
2018) present the first 3D reconstruction of pallidothalamic terminals in the VApc and CM of
control and parkinsonian monkeys. Because of the large size of GPi terminals and the complex
arrangement of active zones, single section transmission electron microscopy analysis cannot
fully characterize the morphology of these elements. The need for 3D EM reconstruction of
single terminals through serial sections is essential to rigorously assess and quantify the
morphometry of these terminal boutons. 3D EM reconstruction through serial sections is
routinely achieved through regular ultrathin sectioning and serial section transmission electron
microscopy; however, technical limitations inherent to the sectioning process involved in these
methods (section loss, uneven section thickness, and distortions) hamper the use of such an
approach. SBF/SEM is a more precise and efficient method that quickly collects large amounts
of already-aligned ultrathin (30-70nm) sections. This cutting-edge methodology allows for the
complete reconstruction of complex synaptic circuits and their connectivity in the primate brain.
Combined with immunolabeling techniques, 3D serial EM reconstruction offers the unique
opportunity to determine circuit-specific changes in the structure of axon terminals and their
associated synaptic circuitry and provides insight into the 3D morphology and distribution of
synapses, which would otherwise remain undetected with other microscopy methods. Fully
reconstructing synaptic networks with this approach thus rigorously addresses ultrastructural
changes of GPi terminals in the VApc and CM and may help elucidate the functional
significance of synaptic microcircuitry plasticity in the development and progression of
Parkinson’s disease pathophysiology.

Preliminary findings suggest that GABAergic pallidothalamic terminals undergo
morphological changes in volume and in the number and size of synapses in the parkinsonian
state. 3D serial electron microscopic reconstruction showed that single GPi terminals innervate
their postsynaptic target with multiple synapses, consistent with previous observations of single
and 3D electron microscopic studies of GPi or SNr GABAergic pallido- or nigro-thalamic

terminals (Bodor et al., 2008; Bokor et al., 2005; Ilinsky and Kultas-Ilinsky, 1990; Ilinsky et al.,
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1997; Kultas-Ilinsky and Ilinsky, 1990). Because terminal volume and the number and size of the
multiple synapses formed by GPi terminals can modulate synaptic neurotransmitter release,
synaptic strength, and/or neurotransmitter uptake (Bodor et al., 2008), data from this work may
help understand the role of GABAergic inputs from the GP1i to the thalamus and how this
circuitry is altered in PD.

Specifically, one can speculate that GPi terminals of a larger volume may provide the
space necessary to produce a greater number of synapses and/or form synapses of a greater area,
which could result in greater total GABA release. These changes can potentially facilitate
prolonged high-frequency transmission and increase pallidothalamic synaptic efficacy by
enabling simultaneous activation of postsynaptic receptors. GPi terminals might also increase in
volume to accommodate growing metabolic demands associated with enhanced synaptic
transmission resulting from individual terminals forming synapses of a greater size or greater
number. 3D reconstruction and quantitative analysis comparing the size and density of
mitochondria in GPi terminals of normal vs. parkinsonian monkeys should be performed to
explore this hypothesis. Moreover, individual synapses of GPi terminals might increase in
surface area in parkinsonian monkeys to accommodate a greater density of GABA-A receptors
and therefore create a stronger synapse.

Functional Consequences of Anatomical and Morphological Features of Axon Terminals in
GABAergic and Glutamatergic Systems

Combined anatomical and physiological data have revealed the presence of large,
multisite GABAergic terminals in the thalamus that exert a strong inhibitory influence on their
targets (Bartho et al., 2002; Bokor et al., 2005; Halassa and Acsady, 2016; Lavallée et al., 2005;
Rovo et al., 2012). Postsynaptic responses depend on the type of presynaptic terminal and the
number, size, and arrangement of synapses (Cathala et al., 2005). For example, large terminals
and multiple active zones are associated with large amplitude synaptic currents and faithful
synaptic transmission in several brain areas (Bokor et al., 2005), including in various
GABAergic thalamic afferents. For example, tract-tracing studies have identified large multisite
GABAergic terminals in the rat thalamus arising from the zona incerta (Bartho et al., 2007) and
anterior pretectal nucleus (APT) (Bokor et al., 2005) which were found to exert powerful control

on the activity of thalamic postsynaptic targets.
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The ultrastructural features of APT terminals—including their large size and multiple
release sites—enable these terminals to maintain synaptic transmission at high presynaptic firing
rates and to have a strong influence on neuronal activity in the thalamus (Xu-Friedman and
Regehr, 2004). Indeed, a 3D EM reconstruction study of GABAergic inputs in the posterior
thalamic nucleus of the rat suggests that the interaction between multiple synapses of individual
APT GABAergic terminals contributes to this powerful impact on thalamocortical activity
(Wanaverbecq et al., 2008). In contrast to the monosynaptic reticular thalamic nucleus (nRT)
terminals, which failed to maintain tonic inhibition, activation of the multi-synaptic APT
terminals generated a larger charge transfer and greater persistent current, even at high
stimulation frequencies, in thalamocortical cells (Wanaverbecq et al., 2008). Results from
quantal analysis indicated that cross talk among the many closely-spaced synapses of APT
terminals tailors these boutons to maintain strong inhibition, whereas nRT terminals, which form
single synapses onto their postsynaptic targets in the thalamus, did not show a corresponding
prolonged GABA release (Wanaverbecq et al., 2008). These data offer possible explanations for
the efficacy of extrareticular inhibition in controlling relay cell activity in the sensory and motor
thalamus (Wanaverbecq et al., 2008). Knowledge gained from these systems can help understand
the potential significance of structural changes in the morphology and synaptic incidence of GPi
terminals in the VApc and CM of parkinsonian monkeys.

It is known that nigrothalamic terminals, which have a very similar morphology to APT
and GPi terminals, also display a multi-synaptic morphology with closely-spaced synapses
(Bodor et al., 2008). Synapses formed by GPi terminals in the CM and VApc examined in this
study also tended to be closely spaced and thus, like nigrothalamic and APT terminals, may
produce a favorable environment for transmitter spillover (Bodor et al., 2008). Transmitter
spillover among multiple synapses of a single terminal generates a larger charge transfer
resulting from slower decay of synaptic currents and reduced variability inherent in the
probabilistic nature of synaptic transmission (DiGregorio et al., 2002). At the cerebellar mossy
fiber-granule cell connection, for example, single AMPA receptor EPSCs are mediated by direct
glutamate release and rapid spillover of glutamate from neighboring synapses. Spillover-
mediated components of the EPSC show little variability in amplitude, which likely strengthens
the reliability of synaptic transmission and firing rate for a given input frequency (DiGregorio et

al., 2002).
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Additional evidence from glutamatergic systems reveals that the specific arrangement of
synapses formed by individual terminals has a strong influence on the degree of spillover and
synaptic cross-talk. For instance, during development of the cerebellar cortex, synapses of the
mossy fiber-granule cell connection become more separated (Cathala et al., 2005), which
increases intersynaptic distance, and, combined with a decreased chance that neighboring
postsynaptic densities are on the same granule cell, thereby reduces the potential impact of
transmitter spillover on components of the EPSCs (Cathala et al., 2005). On the other hand, data
from cerebellar Purkinje neurons in mice demonstrates that intersynaptic cross-talk between
synapses of single axon terminals—mediated through GABA spillover—can maintain faithful
synaptic transmission even at high-frequency firing rates (Telgkamp et al., 2004) that would
normally be associated with synaptic depression when vesicle fusion exceeds the rate of vesicle
replenishment (Zucker and Regehr, 2002). A 3D EM reconstruction of these Purkinje terminals
showed large boutons with multiple active zones and large amounts of synaptic vesicles,
suggesting that structural features of Purkinje boutons are adapted for efficient spillover-
mediated transmission. This spillover-enhanced synaptic transmission maintains high frequency
inhibition by allowing postsynaptic receptors to rapidly bind GABA (Telgkamp et al., 2004).
Changes in the Number and Size of GABAergic Pallidothalamic Synapses in Parkinsonian
Monkeys: Potential Functional Significance

GABA release from multi-site GPi boutons in the VApc and CM may similarly limit
depletion-based depression, allowing for the maintenance of prolonged, high-frequency
inhibition at pallidothalamic synapses. Forming multiple synapses of a greater size may allow for
even greater inter-synaptic spillover of GABA and result in prolonged inhibition of
thalamocortical outflow in the parkinsonian state. Studies in rodent models of PD have indicated
that GABAergic synapses from the GPe on STN neurons (Chu et al., 2017; Fan et al., 2012)
undergo structural plasticity in the number of synapses that is associated with changes in the
strength of pallidosubthalamic synapses. Because GPe and GPi GABAergic terminals share
common features, including a large size, large number of mitochondria, and the formation of
multiple synapses with postsynaptic targets (Ilinsky et al., 1997; Kultas-Ilinsky and Ilinsky,
1990; Kultas-Ilinsky et al., 1997), structural changes in the number of pallidothalamic synapses
may also be associated with changes in the strength of the pallidothalamic connection in

parkinsonism.
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Multiple synapses on single GPi terminals may allow for cross-talk amongst synapses,
which can limit vesicle depletion in a similar way as described for GABAergic synapses in the
cerebellum during prolonged high-frequency simulation (Telgkamp et al., 2004). Multisite
terminals may mediate this effect; the cerebellar Purkinje cells mentioned above exhibited a
mean number of synapses (9.2) that is similar to previous studies in rat and monkey SNR
terminals (8.5) (Bodor et al., 2008). In the present study, the multisite pallidothalamic terminals
in the monkey form a comparable number of synapses—10.1 in in the VApc and 9.6 in the CM
of the MPTP-treated monkey.

These structural changes are consistent with data from previous studies examining
changes in the firing rate of GPi and thalamic neurons, thalamic metabolic activity, and thalamic
GABA release in the parkinsonian state. In agreement with predictions from functional models
of the basal ganglia circuitry in control and parkinsonian states (Fig. 1), the firing rate of GPi
neurons is increased in parkinsonian monkeys (Soares et al., 2004; Wichmann et al., 1999) and
PD patients (Hutchison et al., 1994). Effects of abnormally increased basal ganglia GABAergic
output on thalamic firing rates have been assessed in a few studies. In normal monkeys, the firing
rate of many neurons in basal ganglia-receiving areas of the thalamus was reduced after electrical
stimulation of the GPi (Anderson et al., 2003). Similarly, high-frequency stimulation of the GPi
in MPTP-treated monkeys resulted in lower firing rates in the ventral motor thalamus
(Kammermeier et al., 2016).

Additional studies have examined neuronal activity in the ventral motor thalamus of PD
patients and parkinsonian monkeys. Studies in MPTP-treated monkeys have found increased
burst firing in the motor thalamus (Guehl et al., 2003; Pessiglione et al., 2005), and similarly
high levels of bursting have been shown in corresponding thalamic areas in PD patients (Magnin
et al., 2000; Molnar et al., 2005; Zirh et al., 1998). In addition, neurons in basal ganglia-receiving
areas of the thalamus have shown a decreased firing rate in PD patients compared to recordings
from healthy controls (Molnar et al., 2005). Furthermore, studies of MPTP-treated monkeys
suggest an increased metabolic activity in the ventral motor thalamus (Mitchell et al., 1989;
Rolland et al., 2007), possibly reflecting increased basal ganglia input. It is also known that
mRNA expression of the al subunit of GABA-A receptors is decreased in basal ganglia-

receiving areas of the thalamus in rodent models of PD (Caruncho et al., 1997; Chadha et al.,
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2000), which may result from unusually increased synaptic release of GABA in the parkinsonian
condition.

Our ultrastructural data offer insight into potential anatomical changes underlying the
altered activity of pallidal and thalamic cells observed in the above studies. One can speculate
that individual GPi terminals of a larger volume that form synapses of a greater surface area
and/or a greater number of closely-spaced synapses possess structural features particularly
amenable to efficient, prolonged GABAergic signaling. For example, larger GPi terminals with
more and larger synapses could allow abnormally-increased firing of GPi neurons to mediate and
maintain stronger tonic inhibition of thalamic cells. Specifically, greater transmitter spillover and
cross-talk among the many closely-spaced synapses of these larger terminals might produce
abnormally increased inhibitory output to the thalamus that underlies the observed reduction in
thalamic firing rates and increased metabolic activity in the motor thalamus of MPTP-treated
monkeys. Decreased GABA-A receptor mRNA expression may also arise from prolonged GPi
GABA release, possibly facilitated by a greater number of GABAergic pallidothalamic synapses
and/or synapses of a greater surface area that can accommodate additional GABA-A receptors.
However, the functional consequences of this mRNA down regulation on the expression of
GABA-A receptors in thalamic areas remains to be established.

Differences in Ultrastructural Features of Pallidothalamic Terminals in the VApc and CM of
Normal and Parkinsonian Monkeys: Potential Functional Implications

Serial electron microscopy analysis confirmed observations from previous single section
studies suggesting that GPi terminals in the VApc and CM have characteristically different
ultrastructural features in normal monkeys (Sadikot et al., 1992; Sidibe et al., 1997). Given these
differences, it is possible that the synaptic properties and physiological effects of GPi terminal
activation on VApc or CM neurons differ in both control and parkinsonian states. Most
interestingly, because pallidal axonal projections to the VApc and CM originate from the same
GP1i neurons (Sidibe et al., 1997; Sidibe et al., 2002; Smith et al., 2004; Parent and Hazrati,
1995), our findings suggest target-specific ultrastructural differences in GPi terminals.

GPi terminals in normal monkeys are, indeed, larger in volume and form more synapses
onto single targets in the VApc than in the CM. The volume of GPi terminals in the VApc of
MPTP-treated monkeys is increased and remains larger than that of CM terminals in the

parkinsonian state, possibly suggesting that the prolonged inhibition of thalamocortical outflow
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by the GPi can be more powerful and of longer duration in the VApc than in the CM of
parkinsonian monkeys. However, preliminary results also suggest that the number and surface
area of synapses per terminal are decreased in the VApc, but increased in the CM of
parkinsonian monkeys. One may speculate that the formation of fewer closely-spaced synapses
may act as a compensatory mechanism to reduce the prolonged inhibition of thalamocortical
cells in the parkinsonian state. In the CM, on the other hand, forming a larger number of
synapses of a greater size may allow for greater inter-synaptic spillover of GABA that
exacerbates GABAergic inhibition of thalamic activity in the basal-ganglia-thalamocortical loop
in this nucleus. Given that the VApc and CM are innervated by the same GPi neurons, but that
the VApc does not undergo significant neuronal degeneration in MPTP-treated parkinsonian
monkeys, it is possible that ultrastructural features of GPi terminals are affected differently in the
VApc and CM of parkinsonian monkeys in response to this CM cell loss. Furthermore, because
GPi terminals in the VApc and CM display different ultrastructural characteristics, these findings
raise the possibility of a target-specific regulation of terminal morphology during brain
development.

The possibility of functional differences in the VApc and CM remains to be directly
tested via electrophysiological studies that activate the GPi and compare the resulting effect of
these stimulations on thalamic cells in the VApc and CM. While a previous study has done so in
the ventral motor thalamus of MPTP-treated monkeys (Kammermeier et al., 2016), none to our
knowledge have assessed the effect of GPi stimulation on the activity of CM neurons or have
compared the impact of electrical stimulation of the GPi on the activity of CM vs. VApc
neurons. Such studies will provide important information about possible behavioral
consequences of anatomical changes of pallidothalamic terminals and their associated synaptic
microcircuitry in the thalamus and how these changes may underlie different compensatory or
pathophysiological changes of the pallidothalamic GABAergic inputs to VApc vs. CM in
parkinsonism.

Potential Consequences of Neuronal Degeneration on the Synaptic Innervation of CM

Although CM undergoes significant neuronal degeneration in parkinsonian monkeys
(Villalba et al., 2014), a recent study from our lab found no change in the number and pattern of
synaptic innervation of GPi terminals in the CM of MPTP-treated monkeys, based on single

section EM counts of terminal profiles (Swain et al., 2017). In light of findings of the present
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study showing that the volume of GPi terminals in CM is significantly increased in the
parkinsonian monkey, we suggest that this increase in size may account for the lack of a
significant difference in the density of GPi terminals assessed from single EM section
observations in our recent study (Swain et al., 2017). A greater GPi terminal volume may have,
indeed, increased chances of randomly counting single terminal profiles through single EM
sections. It is noteworthy that increased terminal volume has also been observed in other areas
undergoing significant degeneration in the parkinsonian state. For example, striatal MSNs of
MPTP-treated monkeys undergo extensive spine loss. However, the remaining spines and pre-
synaptic glutamatergic terminals display complex ultrastructural changes—including a larger
spine volume, larger postsynaptic density, larger spine apparatus, and a larger pre-synaptic
terminal. These structural changes are thought to underlie the increased synaptic activity of
corticostriatal synapses in the parkinsonian state (Villalba and Smith, 2011). It is thus possible
that GPi terminals innervating CM neurons spared from degeneration in parkinsonian monkeys
become larger in volume to compensate for neuronal degeneration by enhancing the strength of
pallidothalamic GABAergic inhibition.

As another compensatory mechanism, remaining CM neurons in MPTP-treated monkeys
may also receive additional inputs from terminals that originally innervated the CM neurons that
underwent degeneration. To examine this, the synaptic connectivity of individual dendrites and
cell bodies of CM neurons of normal and parkinsonian monkeys must be 3D reconstructed to
measure and compare the density of different types of terminals (As, S1, and S2) in contact with
CM neuron dendritic and somatic profiles. This data will help determine if CM neurons spared
from degeneration in the parkinsonian state undergo a reorganization of their pattern of synaptic
innervation. Finding a greater density of inhibitory RTN and GPi terminals and/or a reduced
density of excitatory cortical terminals forming synaptic contacts with remaining CM neurons
may allude to increased thalamic inhibition and thus reduced excitatory thalamic output in
dopamine-depleted animals.

Future Directions

To complete this study, additional pallidothalamic terminals (that allow for around 25
terminals per group) will be analyzed from the same control and parkinsonian monkeys. A
comparable number of terminals per group from 1-2 more control and MPTP-treated monkeys

that have received injections of viral vectors in the GPi will also be analyzed. The addition of
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this material will increase the statistical power and allow us to confirm (or not) the preliminary
findings presented in this thesis.

Because postsynaptic responses evoked in specific neurons rely on the number and size
of synapses that the activated afferents provide to their target neurons (Cathala et al., 2005), it is
possible that the pathophysiology of GPi inputs to the VApc and CM in parkinsonism is due to
altered expression of synaptic GABA-A receptor and reuptake sites in parkinsonian animals. To
directly address this issue, future studies should assess changes in the expression of GABA
receptor subunits at individual pallidothalamic synapses and relate those changes to the
functional properties of these synapses under normal and parkinsonian conditions.

To further address the functional significance of the structural changes described in this
study on thalamic cell activity, single cell patch clamp recordings of VApc and CM neurons
should be done to explore the underlying mechanisms through which these changes affect the
intrinsic physiological properties and responses of these neurons to extrinsic afferents. For
example, through the use of optogenetic activation of GPi terminals in the VApc and CM, in
vitro patch clamp recording studies could assess changes in the number of release sites,
probability of release, and quantal content of pallidothalamic synapses in the two thalamic nuclei
between control and parkinsonian animals, as previously reported for thalamic GABAergic
inputs from the RTN or APT in rodents (Wanaverbecq et al., 2008). However, because of the
limited tools available to study synaptic physiology in primates and the large number of animals
needed to achieve such studies, the feasibility of these experiments in primates is limited. Some
of those could be performed in rodent models of PD, with the caveat that the organization of the
pallidothalamic system differs between rodents and primates and that CM/Pf neurons do not
degenerate in rodents (Smith et al., 2004, 2009).

Only a few in vivo electrophysiological studies have addressed the impact of GPi
stimulation on the ventral motor thalamus in normal (Anderson et al., 2003) and MPTP-treated
monkeys (Kammermeier et al., 2016), and none, to our knowledge, have examined this in CM.
Electrophysiological data of CM activity in primate models of PD remains sparse, while a few
investigators have conducted such studies in the Pf of dopamine-depleted rats. One study found a
transient decrease in spontaneous firing rates of Pf neurons in 6-OHDA treated rats (Ni et al.,
2000). It is important to consider that possible changes in CM/Pf neuronal activity in PD may
arise from both altered inputs from the GPi and the fact that CM/Pf neurons degenerate early in
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parkinsonism, in both PD patients (Brooks and Halliday, 2009; Halliday, 2009; Heinsen et al.,
1996; Henderson et al., 2000a,b, 2005) and in MPTP-treated monkeys (Villalba et al., 2014).
Because such degeneration is not seen in the 6-OHDA-treated rodent model of PD, the
translation of data from this animal model to the state of human PD must be done with caution
(Villalba and Smith, 2018).

Furthermore, it will be important to experimentally test if the ultrastructural changes
reported in this thesis are causal or compensatory to the pathophysiology of the pallidothalamic
system in the parkinsonian state. One way to address this issue would be to examine the temporal
development of these ultrastructural changes and determine if they are correlated with the
development of parkinsonian motor signs. To do so, two groups of MPTP-treated monkeys
should be used. A first group of “motor asymptomatic” MPTP-treated monkeys should include
monkeys with partial (~30-40%) striatal dopamine depletion that do not display parkinsonian
motor symptoms. A second group of “motor symptomatic” monkeys should be MPTP-treated
monkeys that display 60-70% striatal dopamine depletion and exhibit parkinsonian motor
symptoms (as was the case for the parkinsonian monkey used in the present study).
Morphological and ultrastructural changes in terminal volume and the number and size of
synapses could be compared between these two groups and with control untreated animals. If
structural changes similar to the ones observed in the present study arise in the symptomatic
group, but not in asymptomatic animals, it would suggest that these plastic changes are likely to
be associated with the development of parkinsonism and PD pathophysiology. On the other
hand, if animals in the asymptomatic group display structural changes similar to those described
in the present study for symptomatic animals, it will indicate that these changes are not directly
linked to parkinsonian motor symptoms, but may rather be seen as changes that appear during
the course of the disease to compensate for other pathophysiological insults the basal ganglia-
thalamocortical circuitry undergoes.

Yet, data from such experiments remains correlational. A more causal relationship could
stem from experiments testing whether dopaminergic therapies reverse some aspects of these
structural changes. Pharmacological therapies will likely not reverse them, however, as structural
changes most likely develop slowly and are long-lasting. Moreover, the fact that dopaminergic
therapies effectively treat PD symptoms implies that the therapeutic effect of these drugs may

override the potential pathological impact of structural changes. It is possible that once
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dopaminergic treatments are stopped, structural changes contribute to pathology again and create
a more permanent disease state by rewiring the pallidothalamic system at the synaptic level. An
additional experiment could involve increasing the severity of parkinsonian symptoms by
administering a higher dose or prolonging MPTP treatment and examining if structural changes
become more pronounced. If these changes appear more striking with increasing disease
severity, structural changes are likely causal to pathophysiology and arise with the development
of motor symptoms. Ideally, if there were methods to reverse these structural changes without
altering other systems, this could allow for the examination of a causal link between these plastic
events and the occurrence of motor symptoms.

Overall, neuroanatomical data from the rigorous serial section EM analysis done in the
present study provides critical information about the number, size, and spatial arrangement of
synapses and the morphological heterogeneity of axon terminals in the primate thalamus. Having
this quantitative analysis lays the foundation for future electrophysiological studies that will
examine transmitter dynamics and postsynaptic responses to eventually elucidate the functional
consequences of ultrastructural changes in terminal volume and the number and size of synapses

of pallidothalamic terminals in Parkinson’s disease pathophysiology.
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