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ABSTRACT 
 

Glutamatergic Inputs to the Monkey Subthalamic Nucleus: 

A Comparison of Relative Abundance, Synaptology and Functional Connectivity in 

Normal versus Parkinsonian Conditions 

 

 

By Abraham Mathai 

 

 

 

Abnormal activity in the subthalamic nucleus (STN) has been linked to motor and non-

motor abnormalities in Parkinson’s disease. In addition to abundant GABAergic inputs 

from the external globus pallidus, the STN also receives significant glutamatergic 

afferents from the cerebral cortex, thalamus and brainstem. Although the sources of these 

excitatory afferents have been recognized, their pattern of synaptic connectivity and 

relative prevalence in normal and pathological conditions are unknown. Hence, we 

undertook an ultrastructural analysis of the abundance and synaptology of glutamatergic 

terminals in the STN of normal and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine treated 

parkinsonian monkeys, using vesicular glutamate transporters 1 and 2 as markers of 

cortical (vGluT1) or sub-cortical (vGluT2) glutamatergic inputs. Because the STN is 

functionally divided into a “motor” sector and a “non-motor” territory, that receive inputs 

from different regions, the distribution and density of vGluT1- and vGluT2-positive 

terminals were compared between these two regions in normal and parkinsonian 

conditions. 

In the normal STN, vGluT1-positive terminals (~14,000/mm
2
) were more abundant than 

vGluT2-positive terminals (~10,300/mm
2
). vGluT1-immunoreactive terminals innervated 

dendritic spines (~30%) and dendritic shafts (~70%); whereas, vGluT2-immunoreactive 

terminals almost exclusively targeted dendritic shafts (~90%). The dendritic shaft 

innervation sites of both glutamatergic inputs were mostly situated on the distal parts of 

STN dendrites. Notably, we found that the relative density of both vGluT1- and vGluT2-

positive terminals significantly decreased by almost half in parkinsonian monkeys 

compared with controls. Still, the innervation patterns of both vGluT1- and vGluT2-

immunopositive inputs on STN dendritic trees were quite similar between the normal and 

parkinsonian states. No major differences were observed in the relative abundance and 

synaptology of these glutamatergic inputs between the motor and non-motor STN. 

Furthermore, preliminary electrophysiology data from 2 monkeys showed that fewer 

pallidal neurons responded to electrical stimulation of the internal capsule with the 

characteristic early excitation (<12ms) typically mediated by corticosubthalamic 

activation. These data suggest that partial degeneration of cortical inputs to the STN may 

affect transmission along the cortico-subthalamo-pallidal network in parkinsonism. 

Whether the loss of glutamatergic inputs to the STN in parkinsonism is a primary 

pathological phenomenon or a compensatory mechanism is unclear. 
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1.  Introduction 

 

1.1.  Functional Circuitry of the Basal Ganglia 

1.1.1.  General Organization of the basal ganglia 

The basal ganglia are a set of tightly interconnected forebrain structures situated deep 

underneath the cerebral cortex, which participate in both motor and non-motor functions. 

Comprised of the striatum, external and internal segments of the globus pallidus (GPe & 

GPi), subthalamic nucleus (STN), substantia nigra pars reticulata (SNr) and substantia 

nigra pars compacta (SNc), the basal ganglia are intricately connected to process complex 

information (Wichmann and DeLong, 1996). The basal ganglia network receives inputs 

from various cortical and sub-cortical sources, and it delivers a tonic inhibitory output to 

its main targets – the thalamus and brainstem via the GPi and SNr. Within its complex 

circuitry, the basal ganglia network processes the information it receives, and then 

generates a corresponding output. This processing is done using several 

neurotransmitters, which adds to the complexity of information processing within the 

basal ganglia. Most widely used among them is the inhibitory neurotransmitter γ-

aminobutyric acid (GABA), which is employed by projection neurons of the striatum, 

GPe, GPi and SNr, whereas, the projection neurons arising from the STN use the 

excitatory neurotransmitter glutamate; and the output neurons of the SNc release the 

neurotransmitter dopamine. In addition to projections neurons, the basal ganglia nuclei 

also contain some interneurons, which use neurotransmitters like GABA and 

acetylcholine. The complex connectivity of basal ganglia nuclei coupled by the usage of 
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distinct neurotransmitters with opposing effects enables the basal ganglia circuitry to 

mediate a wide spectrum of functions (Fig. 1.1). 

 

1.1.2.  Basal ganglia circuits 

Anatomical and functional studies modeling the circuitry of the basal ganglia, have led to 

a strong hypothesis about the role of the basal ganglia in processing information. 

Fundamental to this model is the presence of two main projection systems called the 

“direct” and “indirect” pathways within the basal ganglia (Albin et al., 1989; Mink and 

Thach, 1993; Mink, 1996; Nambu et al., 2002). The direct pathway refers to the 

monosynaptic connection from the striatum to the GPi/SNr; whereas the indirect pathway 

is the polysynaptic pathway where the order of connectivity is striatum – GPe – STN – 

GPi/SNr (Albin et al., 1989) (Fig. 1.1). Subsequently, the GPi/SNr, also called the output 

nuclei of the basal ganglia, project to the thalamus and brainstem. The thalamic neurons 

which receive afferents from the basal ganglia output nuclei further project back to the 

cerebral cortex. 

     The direct and indirect pathways are activated by excitatory inputs from the neocortex 

and thalamus. Activation of the direct pathway results in the inhibition of GPi/SNr 

neurons, whereas triggering of the indirect pathway produces an opposing excitation of 

these neurons. Any imbalance between the functioning of the direct and indirect 

pathways results in a shift in the basal ganglia output and its subsequent regulation of the 

thalamus and brainstem. The polarity of the imbalance determines the direction of the 

activity shift. If the resulting basal ganglia output is more inhibitory than that seen in 
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healthy conditions, it is thought to result in hypokinetic conditions, whereas reduced 

basal ganglia output supposedly causes hyperkinetic movements (Albin et al., 1989; 

Wichmann and DeLong, 1996). 

     In addition to the direct and indirect striatofugal pathways, there are other significant 

pathways in the basal ganglia circuitry such as the corticosubthalamic pathway, also 

called the hyperdirect pathway (Monakow et al., 1978; Nambu et al., 1996), reciprocal 

connections of the GPe and STN (Shink et al., 1996), pallidostriatal projections (Mallet et 

al., 2012), connections from the GPe to GPi/SNr (Hazrati et al., 1990; Hazrati and Parent, 

1991) and the nigrostriatal dopaminergic projections (Albin et al., 1989) (Fig. 1.1). 

 

1.1.3.  Parallel processing in the basal ganglia 

Another notable feature of basal ganglia organization is that there are functionally 

distinct, parallel, non-overlapping channels of the cortico–basal ganglia–thalamo–cortical 

loops devoted to the processing of motor, oculomotor, limbic and prefrontal information 

(Alexander et al., 1986; Alexander et al., 1990; Middleton and Strick, 1994, 2002). Such 

a parallel flow of functionally distinct information is possible due to the presence of 

devoted topographical territories within each basal ganglia nucleus, the thalamus and 

cortex which are sequentially linked along the course of these loops. For example, the 

motor circuit originating in cortical areas involved in the planning and execution of 

movements, such as the primary motor, supplementary motor and premotor cortices, 

target the posterior two-thirds of the putamen. Striatal projection neurons from these 

territories of the putamen further project to the caudal and ventrolateral two-thirds of the 
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pallidum. Pallidosubthalamic projections emanating from the ventrolateral two-thirds of 

the GPe terminate in the dorsolateral STN. The motor territories of the GPi project to the 

ventralis lateralis pars oralis (VLo), the ventralis anterior pars parvocellularis (VApc) and 

centromedian (CM) nuclei of the thalamus. From here, the information is relayed back to 

the motor and pre-motor cortices. 

     Though the basal ganglia network is generally organized along segregated parallel 

circuits that process functionally distinct information, the functional integration of 

information typically occurs at the cortical level. In addition to cortical integration, there 

is also some evidence for the convergence of functionally distinct information within the 

basal ganglia nuclei (Joel and Weiner, 1994; Haber et al., 2000; Miyachi et al., 2006). 

Another feature of the cortico–basal ganglia–thalamo–cortical circuit is that at some 

points in the network, information flows through intricate feedback and feedforward 

loops. For example, in the striatum the less abundant GABAergic interneurons receive 

excitatory inputs from the neocortex and, in turn, directly inhibit medium spiny neurons 

(MSNs), thereby forming a feedforward mechanism (Tepper et al., 2008). On the 

contrary, the interconnections of MSNs by their local axon collaterals constitute a 

feedback circuit (Tepper et al., 2008). In addition to feedback mechanisms by local axon 

collaterals, some of the feedback within the basal ganglia network is enabled by 

reciprocal connections of basal ganglia nuclei, as seen between the striatum and GPe and 

that amongst the GPe and STN (Fig. 1.1). 
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Figure 1.1: Simplified schematic diagram showing the functional circuitry of the 

basal ganglia. 

Figure adapted from (Wichmann and DeLong, 2003). Red arrows indicate excitatory 

connections and black arrows depict inhibitory connections. Note: Some connections 

have been omitted for simplicity. Abbreviations: CM – centromedian nucleus of the 

thalamus, VA/VL – ventral anterior and ventral lateral nuclear complex of the thalamus, 

SNc – substantia nigra pars compacta, SNr – substantia nigra pars reticulata, GPe – 

external segment of globus pallidus, GPi – internal segment of globus pallidus, STN – 

subthalamic nucleus, PPN – pedunculopontine nucleus. 
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1.1.4.  Regulation of basal ganglia function by dopamine: Implications in pathological 

conditions 

Dopaminergic signaling in the brain is involved in the regulation of movements, error 

prediction of reward, motivation, cognition and learning (Arias-Carrion and Poppel, 

2007). SNc dopaminergic neurons project extensively to the striatum (Wichmann and 

DeLong, 1996) and to a lesser degree innervate the extrastriatal basal ganglia nuclei 

(Rommelfanger and Wichmann, 2010). Importantly, the nigrostriatal dopaminergic 

projection regulates the balance between the functioning of the direct and indirect 

pathways, which is necessary for mediating normal basal ganglia function. 

     In Parkinson’s disease, dopaminergic neurons in the SNc progressively degenerate. 

The ensuing loss of striatal dopamine results in a decreased direct pathway drive and 

increased indirect pathway activity, thereby causing an imbalance in the activity of the 

direct and indirect pathways. This imbalance is thought to contribute to the symptoms of 

Parkinson’s disease, such as akinesia, bradykinesia and resting tremor (Wichmann and 

DeLong, 2003). 

 

1.2.  Organization of the STN 

The STN (formerly called ‘corpus Luysi’) is an almond-shaped structure in the basal 

ganglia, which plays a key role in the functional circuitry of the basal ganglia. The STN 

is a rather homogenous nucleus comprised almost exclusively of glutamatergic neurons 

(Yelnik and Percheron, 1979). These glutamatergic neurons receive inputs from the GPe, 
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cortex, thalamus, brainstem and SNc; and they project to the GPe, GPi/SNr and brainstem 

(Fig 1.1). 

 

1.2.1.  Functional topography of the STN 

Based on its reciprocal connections with the GPe, the STN is topographically divided into 

various functional regions concerned with motor, associative and limbic functions (Fig. 

1.2). In primates, the dorsolateral sector of the nucleus is defined as its motor region, 

whereas the ventral region and ventromedial pole of the STN are known as its associative 

and limbic regions, respectively (Shink et al., 1996; Smith, 2011). 
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Figure 1.2: Schematic diagram showing the topographical organization of various 

cortical and sub-cortical glutamatergic afferents with respect to the functional 

territories of the STN 

Figure adapted from (Smith, 2011). Red lines indicate cortical inputs and green lines 

depict sub-cortical inputs. Abbreviations: M1 – primary motor area, SMA – 

supplementary motor area, CM – centromedian nucleus of thalamus, PF – parafascicular 

nucleus of thalamus, PPN – pedunculopontine nucleus, D – dorsal, M – medial. 
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1.2.2.  Morphology of STN neurons 

The STN is a fairly homogenous nucleus comprised almost exclusively of glutamatergic 

projection neurons. The STN neurons have either a radiating or elongated fusiform 

morphology in both primates and rodents (Rafols and Fox, 1976; Yelnik and Percheron, 

1979; Afsharpour, 1985). All Golgi impregnation studies of the primate, cat and rodent 

STNs have reported the presence of Golgi type I neurons, which morphologically depict 

projection neurons (Rafols and Fox, 1976; Iwahori, 1978; Yelnik and Percheron, 1979; 

Afsharpour, 1985). Also, a few studies have reported the existence of Golgi type II local 

interneurons in the STN (Rafols and Fox, 1976; Iwahori, 1978). A recent study of the 

human STN revealed a scarce, but noteworthy presence of GABAergic interneurons 

(Levesque and Parent, 2005). 

     The morphological characteristics of the projection neurons of the STN have been 

studied extensively. Some of these neurons have many dendritic spines, while others have 

a few. Also, the dendrites of these neurons are confined within the boundaries of the 

nucleus in cats and primates (Rafols and Fox, 1976; Iwahori, 1978; Yelnik and 

Percheron, 1979); and therefore, the STN is considered as a closed nucleus. However, in 

the rat STN, dendrites extend beyond the confines of the nucleus; and hence, the rat STN 

is categorized as an open nucleus (Hammond and Yelnik, 1983; Kita et al., 1983; 

Afsharpour, 1985). An interesting feature of STN neurons is that some of their dendrites 

extend to great distances, as far as 750 µm away from the soma (Rafols and Fox, 1976). 

Considering the small size of the nucleus, the radial distances covered by these neurons 

are noteworthy. In fact, the dendritic domain of an individual STN neuron can cover 
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about half, one-fifth, and one-ninth of the STN in the cat, monkey and human, 

respectively (Yelnik and Percheron, 1979). 

 

1.2.3.  Glutamatergic afferents to the STN 

1.2.3.1.  Cortical glutamatergic inputs 

Along with the striatum, the STN is another input station within the basal ganglia 

network which receives cortical glutamatergic inputs (Monakow et al., 1978; Nambu et 

al., 1996; Mathai and Smith, 2011). Corticosubthalamic projections arise from motor, 

associative and limbic cortices and innervate their respective functional domains within 

the STN topographical map (Nambu et al., 1996; Haynes and Haber, 2013) (Fig. 1.2). 

Motor, associative and limbic cortical inputs target the dorsolateral, ventral and 

ventromedial sectors of the primate STN, respectively. These inputs mainly target distal 

dendritic shafts and dendritic spines on STN neurons in the rat (Bevan et al., 1995). Little 

is known about the synaptic organization of the corticosubthalamic inputs in primates and 

this question is one of the main topics of study of this thesis (see chapters 2 & 3). Though 

the cortical inputs innervating the STN are not as profuse as the ones which terminate in 

the striatum, they still deliver a powerful excitatory drive to the STN (Nambu et al., 2002; 

Jahfari et al., 2011; Haynes and Haber, 2013). Compared with transmission from the 

cerebral cortex to the GPi via the direct and indirect pathways, information flow along 

the cortex-STN-GPi pathway has a significantly shorter latency (< 12 ms) (Nambu et al., 

2000). Hence, the cortex-STN-GPi connection has been called the “hyperdirect” pathway 

of the basal ganglia. Electrical stimulation of the cerebral cortex results in a triphasic 
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“excitation-inhibition-excitation” response in pallidal neurons (Kita, 1992; Nambu et al., 

2000) due to the activation of the hyperdirect, direct and indirect pathways, respectively. 

According to some authors, this temporal pattern of activation of the different basal 

ganglia circuits forms the basis for a center-surround model of action selection mediated 

by the cortico-basal ganglia-thalamocortical circuits (Mink, 1996; Nambu et al., 2002). 

According to this model, cortical activation results in a direct excitation of glutamatergic 

neurons of the STN. In turn, these STN neurons deliver a broad excitation to the basal 

ganglia output nuclei (GPi/SNr) through the diffuse subthalamopallidal projections 

(Smith et al., 1990). Subsequently, the inhibitory output of the basal ganglia inhibits large 

areas of the thalamus and cortex, thereby inhibiting regions pertaining to the desired 

motor program and its competing programs. This chain of transmission via the 

hyperdirect pathway is the fastest conduction route from the cortex to the basal ganglia 

output nuclei. After the surround inhibition is provided by the hyperdirect pathway to the 

thalamus, a specific disinhibition is mediated through the direct pathway, which 

supposedly selects the desired motor programs. Then, a surround inhibition is elicited by 

activation of the indirect pathway. The proposed role of the hyperdirect pathway in the 

action selection model has gained a lot of attention over the past decade or so (Nambu et 

al., 2002). However, it is not clear whether the basal ganglia are even required to select 

actions, let alone the proposed sequential chain of activation of the hyperdirect-direct-

indirect pathways to mediate action selection. In fact, parkinsonian patients with a 

surgical lesion of the GPi, which is the most prominent motor-related output nucleus of 

the basal ganglia network, do not generally report problems with selection of action 

programs (Gross, 2008). 
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1.2.3.2.  Sub-cortical glutamatergic inputs 

Apart from the cortical afferents, the STN also receives glutamatergic inputs from the 

centromedian (CM) and parafascicular (PF) thalamic nuclei (Sadikot et al., 1992), 

pedunculopontine nucleus (PPN) (Lavoie and Parent, 1994a; Bevan and Bolam, 1995) 

(Fig. 1.2). In rats, the STN also receives glutamatergic inputs from axon collaterals of 

local neurons (Kita et al., 1983). In monkeys, afferents from the CM terminate in the 

dorsolateral STN, while the afferents from the PF target the ventral STN (Sadikot et al., 

1992), a pattern consistent with the functional topography of the STN as described 

earlier. In rats, these thalamic inputs to the STN primarily target proximal dendrites and 

dendritic spines (Bevan et al., 1995). Neuronal tracing studies in both rats and monkeys 

have not characterized their exact topographical organization of the 

pedunculosubthalamic connections thus far (Lavoie and Parent, 1994a; Bevan and 

Bolam, 1995). However, it is known that the pedunculosubthalamic inputs target both 

dendritic shafts and spines in the rat STN (Bevan and Bolam, 1995). Also, it must be 

noted that some of the glutamatergic neurons in the PPN also co-express choline 

acetyltransferase (ChAT) (Lavoie and Parent, 1994b). 

     A detailed characterization of the synaptic connectivity of cortical and sub-cortical 

glutamatergic afferents to various functional regions of the monkey STN remains to be 

established (see chapter 3). 
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1.2.3.3. Vesicular glutamate transporters as specific markers of cortical and sub-cortical 

glutamatergic afferents to the basal ganglia 

The predominant excitatory neurotransmitter of the central nervous system, glutamate, is 

packaged into synaptic vesicles by proteins called the vesicular glutamate transporters 

(vGluTs). In mammals, the family of vGluTs consists of three highly homologous 

proteins: vGluT1-3. Throughout the brain, the expression of particular vGluTs is 

complementary (Fremeau et al., 2004). vGluT1 mRNA is richly expressed in the cerebral 

cortex, hippocampus, dentate gyrus and medial amygdala, whereas vGluT2 mRNA is 

predominantly present in the thalamus, hypothalamus, brainstem and basolateral 

amygdala (Fig. 1.3). However, there are few exceptions to this generally complementary 

expression of vGluT1 and vGluT2 mRNA between various brain regions. In the 

thalamus, subsets of neurons co-express both vGluT1 and vGluT2 mRNA (Barroso-

Chinea et al., 2007; Barroso-Chinea et al., 2008). Also, neurons in layer IV of the cortex 

express the vGluT2 mRNA (Fremeau et al., 2001). Lastly, vGluT3 mRNA is less 

abundant and widely expressed throughout the brain, often in non-glutamatergic neurons 

(Gras et al., 2002). 

     Although there are subsets of neurons which co-express vGluT1 and vGluT2 mRNA, 

typically only either of their respective proteins is expressed in the glutamatergic 

terminals within the striatum (Fujiyama et al., 2004; Fujiyama et al., 2006). Thus, 

corticostriatal and thalamostriatal terminals can be distinguished based on the 

complementary expression of vGluT1 and vGluT2 proteins, respectively (Fujiyama et al., 

2004; Fujiyama et al., 2006; Raju et al., 2006; Raju et al., 2008). This complementary 

expression pattern of vGluT1 and vGluT2 proteins is also seen in other regions of the 
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adult nervous system (Hur and Zaborszky, 2005; Kubota et al., 2007; Liguz-Lecznar and 

Skangiel-Kramska, 2007), with a few exceptions where both isoforms are co-expressed 

(Li et al., 2003) (Fig. 1.3). Hence, vGluT1 and vGluT2 are considered the most reliable 

markers to distinguish between glutamatergic inputs of cortical versus sub-cortical origin 

(Liguz-Lecznar and Skangiel-Kramska, 2007). 

     Another important point to consider is whether the almost exclusive expression of the 

vGluT1- and vGluT2-isoform in cortical and sub-cortical afferents, respectively, can 

account for a different influence of these two types of inputs to the basal ganglia. In fact, 

physiological studies indicate that vGluT1-immunopositive neurons tend to have lower 

release probability and less short term depression compared with vGluT2-containing 

neurons (Weston et al., 2011).  
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Figure 1.3: Expression of vGluT1-3 mRNA in neuronal cell bodies across the central 

nervous system 

Figure directly reproduced with permission from (Fremeau et al., 2004). Abbreviations: 

Ctx – cerebral cortex, Hc – hippocampus, Dg – dentate gyrus, Bl – basolateral nucleus of 

amygdala, M – medial nucleus of amygdala, VMH – ventromedial nucleus of 

hypothalamus. Numbers indicate cortical layers and dots illustrate sparse distribution of 

cell bodies. The brainstem is not shown in this figure. 
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1.3.  Pathophysiology of the STN in Parkinson’s disease 

In addition to dopamine loss in the striatum, which is a hallmark characteristic of 

Parkinson’s disease, a lesser-known feature is dopaminergic denervation in the 

extrastriatal nuclei of the basal ganglia (Rommelfanger and Wichmann, 2010). In this 

context, there is a significant loss of the modest nigral dopaminergic inputs to the STN in 

parkinsonian patients (Hornykiewicz, 1998) and in 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced parkinsonian monkeys (Pifl et al., 1990; 

Rommelfanger and Wichmann, 2010). In addition to the loss of dopaminergic afferents of 

the STN, there are wide-ranging aberrations in functional activity of STN neurons. In 

parkinsonism, STN neurons have increased spike rates (Fig. 1.4), and they fire in a more 

correlated, rhythmic and synchronous manner with GPe neurons compared with that seen 

in normal conditions (Bergman et al., 1994; Bevan et al., 2002; Wichmann and DeLong, 

2003). Since prominent changes in STN activity are seen during wide-ranging brain 

oscillations (Magill et al., 2000), it is often assumed that pathological rate and pattern 

changes in STN neuronal activity in Parkinson’s disease may directly contribute to the 

disease symptoms (Bevan et al., 2002; Bevan et al., 2006). 

     The firing pattern of STN neurons is primarily generated intrinsically due to the 

presence of several non-synaptic ion channels, such as voltage-gated Na
+
 channels, 

voltage-gated Ca
2+

 channels and small conductance Ca
2+

 -dependent K
+
 channels 

(Beurrier et al., 1999; Bevan and Wilson, 1999; Do and Bean, 2003; Hallworth et al., 

2003; Do and Bean, 2004). Extrinsic inputs to STN neurons are thought to contribute 

subtly to these largely intrinsically generated STN activity patterns (Bevan et al., 2006). 



17 
 

While changes in the intrinsic membrane properties could cause major changes in STN 

neuronal activity, any pathological changes in the extrinsic inputs to the STN would also 

contribute to changes in its activity (Wilson and Bevan, 2011). It is known that there is a 

proliferation of the GABAergic GPe-STN inputs in the dopamine denervated state (Fan et 

al., 2012). However, a detailed description of pathological changes occurring to cortical 

and sub-cortical glutamatergic inputs to the STN in parkinsonism needs to be done (see 

chapters 2 & 3). 
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Figure 1.4: Raster plots of spontaneous neuronal activity of STN neurons in normal 

and parkinsonian monkeys 

Partial reproduction of a figure taken with permission from (Wichmann and DeLong, 

2003). Each raster generated from 20 consecutive 1000 ms data segments. Obvious 

differences seen in both the firing rates and firing patterns of the neurons recorded in 

normal versus parkinsonian conditions. 
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1.4.  STN deep brain stimulation (DBS) as a treatment for Parkinson’s disease 

Traditionally, dopamine replacement strategies have been the first line of treatment of the 

symptoms of Parkinson’s disease. Levodopa and dopamine receptor agonists have been 

effectively used to treat parkinsonian symptoms for decades (Smith et al., 2012). 

However, as the disease progresses, there are major complications induced by these 

pharmacological interventions. In patients with advanced Parkinson’s disease, the effects 

of these drugs are quite unreliable with extended periods called OFF times, when the 

drugs do not relieve the motor symptoms. Also, even during the ON times when the 

drugs are effective, there can be troublesome side effects such as involuntary movements, 

which are at times more debilitating and hazardous than the disease symptoms. 

Therefore, effective pharmacological management of parkinsonian symptoms is highly 

challenging in advanced parkinsonian patients. 

     Around two decades ago, neuroscientists showed that surgical lesioning of the STN 

could reverse the symptoms of parkinsonism in MPTP-treated monkeys (Bergman et al., 

1990). The basis for this approach was the assumption that silencing an overactive STN 

in parkinsonism would reduce the pathological hyper-inhibitory basal ganglia output, 

thereby, reversing the ensuing hypokinetic symptoms. Moreover, this approach had its 

underpinnings in the pathophysiology of another movement disorder known as 

hemiballismus, in which lesions of the STN in otherwise healthy adults results in large 

amplitude, uncontrolled movements (Guridi and Obeso, 2001). While lesioning the STN 

has been effective in reversing the hypokinetic symptoms of parkinsonian patients 

(Dierssen et al., 1961; Gill and Heywood, 1997), the irreversible nature of the procedure 

gives very limited options for post-operative remediation (Alvarez et al., 2009). An 
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alternative approach of silencing STN activity using high frequency electrical stimulation 

was undertaken, wherein it was initially proposed that the stimulation would inactivate 

the STN neurons by a depolarization block (McIntyre et al., 2004). Later, some studies 

suggested that STN-DBS activates/inhibits surrounding fibers of passage, including the 

antidromic stimulation of inputs from the cerebral cortex (Li et al., 2007), thereby 

causing global network changes. Though the exact mechanism of action of STN-DBS is 

not yet clear (McIntyre et al., 2004), it is a popular treatment for advanced Parkinson’s 

patients since the procedure can be adjusted and even reversed post-operatively. 

However, it must be noted that in addition to its therapeutic benefits, STN-DBS can 

produce some cognitive and limbic side-effects (Bronstein et al., 2011).  

 

1.5.  Specific Aims 

It has been well established that there are major pathophysiological changes occurring to 

STN neurons in parkinsonism (Fig. 1.4). In part, these changes could be attributed to 

changes in the membrane properties of STN neurons (Wilson and Bevan, 2011); while 

some could be due to changes in the activity of extrinsic inputs to the STN. A recent 

study showed that the GPe-STN connection, which is a very prominent input to the STN, 

is substantially strengthened in the dopamine-denervated state, most likely through 

complex morphological changes of GPe terminals (Fan et al., 2012). Moreover, there are 

significant functional changes occurring to the cortical glutamatergic afferents to the STN 

in animal models of PD and the human disease. In 6-hydroxydopamine (6-OHDA) 

treated parkinsonian rats, corticosubthalamic neurons show lower metabolic activity 

(Orieux et al., 2002), and there are exaggerated beta oscillations between the cortex and 
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STN (Mallet et al., 2008). In the human disease, the cortex and STN show increased 

functional connectivity (Baudrexel et al., 2011), and their activities are pathologically 

synchronized (Shimamoto et al., 2013). The functional changes occurring to the 

corticosubthalamic system in parkinsonism could underlie the development of 

pathological oscillations within the STN, which are thought to contribute to the genesis of 

the motor symptoms of PD (Wilson and Bevan, 2011). Also in the case of the sub-

cortical glutamatergic afferents to the STN, inputs originating from the PF and PPN have 

increased metabolic activity in parkinsonian rats (Orieux et al., 2000). However, it is 

unknown whether there are underlying morphological changes occurring to these 

glutamatergic inputs in parkinsonism, as was found for cortical and thalamic inputs to the 

striatum (Villalba and Smith, 2013). Also, some studies have shown that during STN-

DBS, cortical afferents to the STN are antidromically stimulated (Li et al., 2007; Rektor 

et al., 2009). If some of the effects of STN-DBS could be attributed to antidromic 

stimulation of STN inputs, it is important to know the detailed synaptic organization and 

relative abundance of these afferents in normal and parkinsonian states to understand 

better the possible sources of STN pathophysiology in PD and the potential mechanisms 

of action of STN-DBS. To address these problems, I have written this thesis devoted to 

the following specific aims: 

1.5.1.  Specific Aim 1 

To compare the relative abundance, synaptology and functional connectivity of the motor 

corticosubthalamic system in normal versus parkinsonian monkeys. (Chapter 2) 
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1.5.2.  Specific Aim 2 

To compare the relative abundance and synaptology of cortical and sub-cortical 

glutamatergic afferents in the motor and non-motor regions of the STN in normal and 

parkinsonian monkeys. (Chapter 3) 



23 
 

2.  Cortical Innervation of the Subthalamic Nucleus 

Decreases in Experimental Parkinsonism 

 

2.1.  Introduction 

The basal ganglia receive inputs from functionally diverse regions of the cerebral cortex 

via two main stations, the striatum and the subthalamic nucleus (STN) (Mathai and 

Smith, 2011). Both systems originate from wide areas of the cerebral cortex and provide 

topographically organized inputs to various regions of the striatum and STN (Parent and 

Hazrati, 1995; Nambu et al., 1996; Haynes and Haber, 2013).  Compared with the 

corticostriatal system which represents the most prominent afferent to striatal projection 

neurons, and accounts for the largest number of axon terminals in the mammalian 

striatum, the corticosubthalamic projection is more modest. Corticosubthalamic axons 

target dendritic spines and distal dendritic shafts of STN neurons in rats (Bevan et al., 

1995); whereas its dendritic innervation pattern has not been characterized in primates. 

Despite its sparse nature, the corticosubthalamic projection is recognized as a powerful 

source of excitation to STN neurons through which cortical inputs regulate basal ganglia 

output activity in the internal globus pallidus (GPi) and substantia nigra pars reticulata 

(SNr) (Nambu et al., 2000). Because of its rapid transmission (compared to the slower 

trans-striatal “direct” and “indirect” pathways), the corticosubthalamo-pallidal route has 

been called the “hyperdirect” pathway of the basal ganglia.  
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     Although abnormal STN neuronal activity has long been known as a key 

pathophysiological feature of parkinsonism (Bergman et al., 1994; Bevan et al., 2002; 

Wichmann and DeLong, 2003), our understanding of the exact substrate(s) that underlies 

these changes remains incomplete, but most likely involves altered transmission and 

functional interactions between γ-aminobutyric acid (GABA) -ergic inputs from the 

external pallidal segment (GPe) (Fan et al., 2012) and glutamatergic afferents from the 

cerebral cortex.  While activity changes in the corticosubthalamic system are increasingly 

recognized to occur in parkinsonism (Orieux et al., 2002; Mallet et al., 2008; Baudrexel 

et al., 2011; Shimamoto et al., 2013), the network alterations that underlie such 

dysfunctions remain poorly understood. 

     Thus, we combined ultrastructural and electrophysiological approaches in the non-

human primate model of PD to further characterize the anatomical and physiological 

integrity of the corticosubthalamic system in the parkinsonian state.  Initially, we 

assessed changes in the density and pattern of dendritic innervation of STN neurons by 

cortical terminals (labeled with antibodies against the vesicular glutamate transporter 1-

vGluT1) (Fremeau et al., 2001; Raju et al., 2008) between normal and parkinsonian 

monkeys. Subsequently, we characterized the functional integrity of the cortico-

subthalamo-pallidal system in awake normal and MPTP-treated parkinsonian monkeys 

with electrophysiologic techniques. Our findings revealed a significant loss of the 

corticosubthalamic projection, together with a decreased drive of this system upon 

pallidal neurons, in MPTP-treated parkinsonian monkeys. Preliminary results of this 

study have been presented in abstract form (Mathai et al., 2010; Mathai et al., 2011). 
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2.2.  Methods 

2.2.1.  Animals 

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), the United 

States Public Health Service Policy on Humane Care and Use of Laboratory Animals 

(amended 2002), and were approved by the Biosafety Committee and the Animal Care 

and Use Committee of Emory University. 

     Fourteen adult rhesus monkeys (Macaca Mulatta, 4.4-15.0 kg, 2-11 years old, 8 males 

& 6 females) were used. The monkeys were raised in the breeding colony of the Yerkes 

National Primate Research Center. The animals had ad libitum access to food and water. 

Twelve of the monkeys were used in the anatomical studies. Six of these were rendered 

parkinsonian following chronic administration of MPTP (see below).    

     The remaining two monkeys were used in the electrophysiological studies. Prior to 

experimentation, these animals were acclimated to the laboratory, and trained to permit 

handling by the experimenter and to sit quietly in a primate restraint chair, using positive 

reinforcement techniques (McMillan et al., 2010). Electrophysiology data in the normal 

state were collected from the left hemispheres, while data from the right hemispheres 

were collected after the animals displayed stable parkinsonian motor symptoms (see 

description below). 

 



26 
 

2.2.2.  Induction of Parkinsonism 

Monkeys were rendered parkinsonian by weekly administration of MPTP (0.2-0.8 

mg/kg/week; Sigma-Aldrich, St. Louis, MO, USA; cumulative doses, 3.2-19.4 mg/kg; 

treatment time range, 1-8 months) until moderate parkinsonian motor signs developed. 

As described in previous studies (Wichmann et al., 2001; Kliem et al., 2010; Masilamoni 

et al., 2011; Hadipour-Niktarash et al., 2012), the animal’s behavior was analyzed in an 

observation cage.  One side of the cage was made of Plexiglas to facilitate an 

unobstructed view of the monkey. The cage was equipped with 8 infrared beams, which 

allowed us to assess the severity and stability of the MPTP-induced motor disability by 

recording the monkey’s spontaneous movements using an automated infrared beam break 

counting system (infrared emitters and detectors made by Banner Engineering Corp., 

Minneapolis, MN). In addition, the video records of the animal’s behavior were scored 

using a Parkinsonism Rating Scale (PRS) which rated bradykinesia, freezing, extremity 

posture, trunk posture, the presence and severity of tremor, the frequency of arm 

movements, finger dexterity, home cage activity, and balance, each on a 0-3 scale.  

Monkeys were considered to be stably parkinsonian if their motor deficits remained 

stable for at least 6 weeks after the last administration of MPTP. The extent of MPTP-

induced nigrostriatal dopaminergic denervation was later assessed anatomically (see 

below) (Fig. 2.1). 
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2.2.3.  Animal euthanasia and tissue fixation 

At the time of euthanasia, the monkeys were deeply anesthetized with an overdose of 

pentobarbital (100mg/kg, i.v.) and transcardially perfused with cold, oxygenated Ringer’s 

solution. Following this, the animals were perfused with 2 liters of a fixative – either 4% 

paraformaldehyde + 0.1% glutaraldehyde in phosphate buffer (PB; 0.1M, pH 7.4) or 2% 

paraformaldehyde + 3.75% acrolein in PB. After fixation, the brains were removed from 

the skull, cut into 10 mm thick blocks in the frontal plane and immersed in fixative (2% 

or 4% paraformaldehyde in PB, 0.1M, pH 7.4) overnight at 4 ºC. Both fixative recipes 

and post-fixation procedures provided adequate ultrastructural preservation and antibody 

penetration in the tissue for both light (LM) and electron microscopic (EM) observations. 

 

2.2.4.  Anatomical Experiments 

2.2.4.1.  Tissue processing 

Sixty µm-thick coronal sections were cut from the tissue blocks in cold phosphate-

buffered saline (PBS; 0.01M, pH 7.4) using a vibrating microtome. These sections were 

stored in an anti-freeze solution (30% ethylene glycol and 30% glycerol in PB) at -20 ºC, 

until ready for immunohistochemistry. Prior to light or electron microscopy 

immunohistochemical processing, sections were treated with sodium borohydride (1% in 

PBS) for 20 minutes, followed by washes in PBS.  
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2.2.4.2.  STN volume measurements 

To estimate the volume of the STN, every twelfth section containing the STN (total: 3 

sections/animal) was selected from 3 normal and 3 parkinsonian monkeys. These sections 

were Nissl-stained, mounted onto gelatin-coated slides and coverslipped with Permount. 

The borders of the STN were delineated using a light microscope (DMRB, Leica 

Microsystems, Inc., Bannockburn, IL, USA) at 2.5x magnification. The volume of the 

STN was estimated with the Cavalieri method (StereoInvestigator 10.0 software, MBF 

Bioscience, Williston, VT, USA).  

 

2.2.4.3.  Visualization of vGluT1 with pre-embedding immunoperoxidase staining for LM 

observations 

For LM studies, brain tissue from the monkeys (3 normal, 3 parkinsonian) used to 

determine the STN volume was used. Sections containing the STN were pre-incubated 

for 1 hour at room temperature (RT) in PBS containing 10% normal goat serum (NGS), 

1% bovine serum albumin (BSA), and 0.3% Triton X-100. These sections were then 

incubated for 24 hours at RT in PBS containing 1% NGS, 1% BSA and 0.3% Triton X-

100, and the primary antibody, anti-vGluT1 (raised in guinea pig; 1:5000 dilution; EMD 

Millipore, Billerica, MA, USA) (Raju et al., 2008).  After thorough rinses with PBS, the 

sections were further incubated for 1.5 hours at RT in PBS containing 1% NGS, 1% BSA 

and 0.3% Triton X-100, and the secondary antibody, biotinylated anti-guinea pig IgGs 

(raised in goat; 1:200 dilution; Vector Laboratories, Burlingame, CA).  After three rinses 

with PBS, the sections were incubated for 1.5 hours at RT in avidin-biotin peroxidase 

complex (ABC) solution (1:100; Vectastain standard ABC kit; Vector Laboratories) in 
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PBS, followed by rinses in PBS and Tris buffer (50 mM; pH 7.6). Sections were then 

treated with a solution containing 0.025% 3,3’-diaminobenzidine tetrahydrochloride 

(DAB; Sigma-Aldrich), 10 mM imidazole, and 0.005% hydrogen peroxide in Tris buffer 

for 10 minutes at RT. Later, they were thoroughly rinsed with PBS, placed onto gelatin-

coated slides, and coverslipped with Permount. 

 

2.2.4.4.  Quantitative Analysis of vGluT1 immunostaining at the light microscopic level 

At high magnification (>40x), a large number of immunolabeled pleomorphic processes, 

most likely corresponding to vGluT1-containing terminals were seen in the STN (Fig. 2.2 

C). A Leica DMRB light microscope (Leica Microsystems) and the StereoInvestigator 

software were used to assess the relative prevalence of these labeled terminal-like profiles 

in the dorsolateral part of the STN (Fig. 2.2 B).  While viewing the tissue at low 

magnification (2.5x), we placed a 500 µm x 500 µm region of interest (ROI) in the 

dorsolateral STN (Fig. 2.2 A).  A virtual grid (consisting of 80 x 80 µm square elements) 

was randomly placed in the ROI with StereoInvestigator’s Optical Fractionator probe, 

such that each ROI contained approximately 36-49 grid squares. At the left hand top 

corner of each virtual square, a square dissector frame (10 x 10 µm), with a height of 24 

µm, allowing 3 µm guard zone both above and below the counting frame was positioned 

(Villalba et al., 2013). Under a 100x oil immersed objective, we counted the labeled 

processes in each counting frame. After gently moving the focal plane back and forth, we 

distinctly identified each labeled process, ensuring that no element was overlooked or 

counted twice. Automated software-based control of the microscope’s X-Y stage enabled 

us to sample all counting frames within the ROI. Finally, we calculated the volumetric 
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density of immunolabeled varicosities after dividing the total number of counted 

varicosities by the volume occupied by the counting frames. 

 

2.2.4.5.  Double Immuno EM for vGluT1 and vGluT2  

Glutamatergic inputs to the STN originate from the cerebral cortex (Nambu et al., 1996; 

Haynes and Haber, 2013), the thalamus (Sadikot et al., 1992), the brainstem 

pedunculopontine tegmental nucleus (Lavoie and Parent, 1994a) and local axon 

collaterals of STN neurons (Kita et al., 1983). In light of mRNA data and 

immunohistochemical findings from the striatum and other brain regions, cortical inputs 

can be distinguished  from other sources based on their selective expression for vGluT1 

and lack of vGluT2 immunoreactivity (Fremeau et al., 2001; Kaneko and Fujiyama, 

2002; Fremeau et al., 2004; Raju et al., 2008). To confirm that this is also the case in the 

STN, we assessed the extent of vGluT1/vGluT2 co-localization in the monkey STN. 

Brain sections containing the STN from 3 normal and 3 parkinsonian monkeys (animals 

different from the ones used in LM studies) were selected. The sections were soaked in a 

cryoprotectant solution (PB 0.05 M, pH 7.4, 25% sucrose, and 10% glycerol) for 20 

minutes before being frozen at -80 ºC for 20 minutes, thawed, and placed in a graded 

series of cryoprotectant (100, 70, 50 and 30% in PBS), and then washed in PBS. After 

completion of the cryoprotectant protocol, the sections were pre-incubated for 30 minutes 

at RT in PBS containing 5% dry milk. Sections were then rinsed with a TBS-gelatin 

buffer (0.02 M, 0.1% gelatin, pH 7.6). Following this, the sections were incubated for 24 

hours at RT in TBS-gelatin buffer containing 1% dry milk and a cocktail of the primary 

antibodies, anti-vGluT1 (raised in guinea pig; 1:5000 dilution; EMD Millipore, Billerica, 
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MA, USA) and anti-human vGluT2 (raised in rabbit; 1:5000 dilution; Mab Technologies, 

Atlanta, GA, USA) (Raju et al., 2008). Additional control sections were incubated in 

solutions wherein either of the primary antibodies was omitted in turn to test the 

specificity of the immunoperoxidase and immunogold labeling. After 24 hours, sections 

were rinsed in TBS-gelatin buffer and incubated for 2 hours at RT in TBS-gelatin buffer 

containing 1% dry milk and a cocktail of the secondary antibodies, biotinylated anti-

guinea pig IgGs (made in goat; 1:200 dilution; Vector) and gold-conjugated anti-rabbit 

IgGs (made in goat; 1:100 dilution; 1.4 nm particle size, Nanogold; Nanoprobes, Stony 

Brook, NY). After washing with TBS-gelatin buffer and then with 2% sodium acetate 

buffer, sections were incubated with the HQ Silver Kit (Nanoprobes) for 4-10 minutes at 

room temperature in the dark, to increase gold particle sizes to 30-50nm through silver 

intensification. After rinses with 2% sodium acetate buffer and then with TBS-gelatin 

buffer, the sections were incubated for 1.5 hours at RT in avidin-biotin peroxidase 

complex (ABC) solution (1:100; Vectastain standard ABC kit; Vector Laboratories) 

made in TBS-gelatin, followed by rinses in TBS-gelatin and then with Tris buffer (50 

mM; pH 7.6). Sections were treated with a solution containing 0.025% 3,3’-

diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich), 10 mM imidazole, and 

0.005% hydrogen peroxide in Tris buffer for 10 minutes at RT. Sections were then 

transferred to PB (0.1 M, pH 7.4) for 10 minutes and subjected to 1% OsO4 for 10 

minutes. Following subsequent rinses with PB, the sections were dehydrated through 

solutions containing an increasing gradient of ethanol (50, 70, 90 and 100%). The 70% 

ethanol solution also contained 1% uranyl acetate to increase tissue contrast under the 

EM. During this step, the sections were placed in the uranyl acetate solution for 10 
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minutes and kept in the dark. The sections were then immersed in propylene oxide before 

being embedded in epoxy resin (Durcupan ACM; Fluka, Buchs, Switzerland) overnight. 

Finally, the sections were mounted on microscope slides, dabbed with epoxy resin, 

coverslipped with oil-coated coverslips and placed in a 60 ºC oven for 48 h. After 

removing the slides from the oven, the coverslips were taken off the slides. Blocks of 

tissue from the dorsolateral STN (Fig. 2.2 A,B) were cut out from the slides,  glued on 

top of resin blocks with cyanoacrylate glue, cut into 60-nm ultrathin sections with an 

ultramicrotome (Ultracut T2; Leica, Nussloch, Germany) and collected on single-slot 

Pioloform-coated copper grids. The sections were then stained with lead citrate for 5 

minutes and viewed under an EM (JEM-1011; JEOL, Peabody, MA, USA). Digital 

micrographs were collected with a Gatan CCD camera (Model 785; Gatan Inc., 

Pleasanton, CA) controlled by Digital Micrograph 3.11.1 software (Gatan). 

 

2.2.4.6.  Analysis of EM material 

 

2.2.4.6.1.  Co-localization of vGluT1 and vGluT2 

Superficial sections from the dorsolateral STN tissue were extensively sampled to assess 

whether vGluT1 and vGluT2 were co-expressed. Immunoperoxidase labeled boutons 

were tested for the presence of immunogold labeling in both normal and parkinsonian 

animals. 
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2.2.4.6.2.  Density of vGluT1-containing terminals 

To quantify the relative density of vGluT1-immunopositive terminals (revealed with 

immunoperoxidase) in tissue from normal and parkinsonian animals, we used the same 

double immunolabeled material which was used for the vGluT1&2 co-localization 

studies. We sequentially imaged viewing fields of ultrathin sections taken from the 

surface of STN tissue. In brief, we initially positioned the camera at the superficial edge 

of the tissue with a magnification of 25,000x (Fig. 2.3 A). Beginning at the edge, we 

imaged adjacent fields of view (39.6 µm
2
) in the X direction, while moving towards the 

center of the tissue, until about 10 viewing fields were sampled. At that point, we 

progressed to a neighboring field in the Y direction, and from there on moved backwards 

in the negative X direction towards the edge. Then, we moved to the adjacent field in the 

same Y direction as before and repeated this pattern of sampling. Thus, we ensured that 

only superficial tissue layers where the antibody penetration was optimal were sampled. 

Once 100 viewing fields were imaged, the sampling was stopped. In each micrograph, 

vGluT1-immunopositive vesicle-filled neuronal profiles, with an ultrastructure 

reminiscent of axon terminals (Peters et al., 1991), were counted. The density of vGluT1-

immunopositive terminals was calculated after dividing the total terminal count across 

the 100 micrographs by the total surface area sampled (3960 µm
2
). 

 

2.2.4.6.3.  Density of asymmetric synapses 

To quantify the density of asymmetric synapses in the STN, we used a technique 

previously used by Ingham and others to determine the prevalence of asymmetric 

synapses in the rat striatum (Ingham et al., 1998). First, serial ultrathin sections were 
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collected from the STN. Then, fifty viewing fields (total area 1980 µm
2
) from one 

ultrathin section were sampled in the same manner as was done for quantifying the 

density of vGluT1-positive terminals (see above). Further, we imaged the overlapping 

fields of the formerly sampled viewing fields from the adjacent ultrathin section. Thus, 

we effectively sampled fifty overlapping pairs of viewing fields from adjacent ultrathin 

sections. Finally, we identified the asymmetric synapses that were clearly present in both 

the adjacent ultrathin sections in each pair (Fig. 2.3 B,C) (Ingham et al., 1998). 

 

2.2.4.6.4.  Post-synaptic targets of vGluT1-positive terminals 

To assess possible changes in the synaptic microcircuitry of vGluT1-positive terminals in 

parkinsonian animals, we compared the distribution of post-synaptic targets contacted by 

vGluT1-immunopositive boutons between normal and MPTP-treated monkeys. To do so, 

we collected digital images of STN tissue at 60,000X, and sampled only those vGluT1-

immunopositive terminals whose synapse could be clearly seen in the plane of section 

(Fig. 2.4 A,B). The post-synaptic targets of these glutamatergic terminals were identified 

based on their ultrastructural features (Peters et al., 1991). Dendritic spines were 

differentiated from dendritic shafts based on the absence of mitochondria and in some 

cases, the presence of spine apparatus. If a post-synaptic target was a dendritic shaft, it 

was further classified based on its width at the point where it received the synaptic 

innervation by the terminal. These diameters were measured using NIH’s ImageJ 

software as the shortest diameter passing through the approximate center of its 2D 

representation on the EM image (Fig. 2.4 A). 
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2.2.5.  TH immunostaining 

To assess the degree of nigrostriatal dopamine denervation, series of tissue sections from 

the striatum or the ventral midbrain were immunostained with antibodies against tyrosine 

hydroxylase (mouse anti-TH; 1:1000 dilution; EMD Millipore) (Fig. 2.1). The intensity 

of TH immunoreactivity was then measured at the level of the postcommissural putamen 

from one section in each parkinsonian monkey that was used for the anatomical studies 

and 3 coronal sections from animals used in the electrophysiological studies, using NIH’s 

Image-J software, as described in our previous studies (Galvan et al., 2011; Masilamoni 

et al., 2011; Villalba et al., 2013). The putamenal TH immunostaining of these 

parkinsonian monkeys were compared with controls from our laboratory’s monkey brain 

tissue bank. 

 

2.2.6.  Electrophysiological Experiments 

2.2.6.1.  Surgery 

Under aseptic conditions and isofluorane anesthesia (1-3%), stainless steel cylindrical 

recording chambers (16 mm i.d., Crist Instrument Co., Hagerstown, MD, USA) were 

fastened to the skull over trephine holes. Using stereotaxic coordinates (Paxinos et al., 

1999), the chambers were targeted to the putamen/pallidum and STN regions with a 36º 

angle from the vertical in the coronal plane in one monkey, and with a 40º angle in the 

other. The chambers were affixed to the skull with dental acrylic and stainless steel 

screws. Metal head holding bolts (Crist Instrument) were also embedded in the acrylic. 

Post-surgery, the monkeys were given prophylactic antibiotic treatment, and were 
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allowed to recuperate for at least a week before the start of the electrophysiological 

experiments. 

 

2.2.6.2.  Electrophysiological recordings 

All recording sessions were conducted with the monkeys awake and quietly seated in a 

primate chair with the head restrained. We first electrophysiologically mapped the 

locations of the internal capsule (IC), putamen, GPe, GPi and STN, with standard 

tungsten microelectrodes (impedance 0.5-1 MΩ at 1 kHz; Frederic Haer Co., Bowdoin, 

ME, USA). After conclusion of the electrophysiological mapping, a stimulation electrode 

(impedance 40-50 kΩ at 1 kHz; Rhodes Medical, Summerland, CA) was positioned in the 

posterior limb of the IC  (Fig. 2.5 A), followed by insertion of a tungsten microelectrode 

into the ventrolateral region (i.e., sensorimotor territory) of the GPe and GPi (Fig. 2.5 A).  

Spiking activity of pallidal cells was accepted for recording if the signal to noise ratio 

was >= 3.  Baseline signals were recorded for 60s, followed by recordings during internal 

capsule stimulation with 100 randomly spaced single biphasic square wave pulses (500 

µA, 200 µs/phase, minimum spacing between consecutive pulses 250ms, monopolar 

stimulation). We estimate that stimulation with these parameters affected myelinated 

axons up to 1.7 mm away from the stimulation site (Ranck, 1975).  The stimulation did 

not induce movements in the animals.  

At the beginning of each experimental session, the dura was punctured with a guide tube, 

while the stimulation and recording electrodes were lowered into the brain, directed at 

pre-determined anteroposterior and mediolateral coordinates, using a multi-probe 
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microdrive (NAN Instruments Ltd., Nazareth, Israel). The depth of the tip of each 

electrode during its advancement was controlled by the microdrive’s software.  

Extracellular neuronal activity was recorded from the tungsten microelectrode, filtered 

(Butterworth band-pass filter; 400Hz-6kHz) and amplified (DAM80 pre amplifier, WPI 

Inc., Sarasota, FL, USA, and model 3364 filter and amplifier, Krohn-Hite, Brockton, 

MA). The resulting signal was then digitized using an A-D interface (sampling rate, 50 

kHz; Power1401/Spike2; Cambridge Electronic Design, Cambridge, UK) and stored to 

computer disk for off-line processing.  The analog signal was also displayed on a digital 

oscilloscope (DL 1540; Yokogawa, Tokyo, Japan) and audio-amplified. The timing and 

size of stimuli was controlled via the Power1401 interface and stimuli generated by a 

constant-current stimulus isolation unit (A395R, WPI). 

 

2.2.6.3.  Analysis of electrophysiological data 

The electrophysiological data were pre-processed with a Matlab (Mathworks, Natick, 

MA, USA) based stimulus artifact removal program (Fig. 2.5 B). Due to clipping of 

stimulation artifacts, the neuronal activity occurring during the initial 2 ms post-

stimulation could not be recovered.  The resulting records were subjected to waveform 

matching spike-sorting in Spike2.  Inter-spike interval (ISI) distribution histograms were 

generated for each cell to examine the quality of recording and spike sorting.  

All subsequent analysis steps were carried out in the Matlab environment.  We generated 

peri-stimulus histograms (PSTHs) (bin size 1 ms; pre-stimulus period 100 ms; post-

stimulus period 20 ms) (Fig. 2.5 B). The mean and standard deviation (SD) of the PSTH 
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bins of the pre-stimulus period were calculated, and a threshold (mean + 2SD) was 

established to identify excitation events. If at least 2 consecutive PSTH bins were above 

the threshold, with the first bin occurring no later than 12 ms after the stimulus, the 

neuron was identified as showing an early excitatory response (Fig. 2.5 B).  This 

selection criterion was based on earlier studies of the responses of pallidal neurons to 

activation of the corticosubthalamic pathway (Nambu et al., 2000).  The entire duration 

encompassed by the consecutive supra-threshold PSTH bins was considered as the period 

of the early excitatory response.  If there were multiple excitatory responses (as defined) 

within the 12 ms window, only the first one was considered. Finally, we compared the 

proportion of pallidal neurons showing a characteristic early excitatory response to IC 

stimulation between normal and parkinsonian states (Fig. 2.6 A). 

We also calculated Z-scores of each PSTH bin with respect to the pre-stimulus period 

mean and SD. For neurons with early excitatory responses, the mean Z-score of all bins 

constituting the excitation response was calculated as a measure of the strength of 

excitation (Fig. 2.6 B). 

 

2.2.6.4.  Post-mortem identification of electrode tracks 

After conclusion of the recording experiments, the monkeys were killed, and their brains 

perfused, fixed and processed, as stated previously.  In this case, brain sections were cut 

into 50 µm thick coronal sections using a freezing microtome. Out of every 12 sections, 

one was Nissl-stained and another was immunolabeled for LM observations to reveal the 

neuronal marker microtubule associated protein 2 (mouse anti-MAP2; 1:1000 dilution; 
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EMD Millipore), using protocols described earlier (Galvan et al., 2010, 2011). The slides 

were scanned with a ScanScope CS scanning light microscope system (Aperio 

Technologies, Vista, CA, USA) at 20x magnification, and their digital representations 

were analyzed. Appropriate interaural co-ordinates were ascribed to the sections after 

confirming their anteroposterior locations by comparing the images with standard 

monkey atlas coronal plates (Paxinos et al., 1999). The relatively thick stimulation 

electrode tracks were easily reconstructed. The recording sites were within the 

ventrolateral two-thirds of the GPe and GPi. Most of the recording electrode tracks which 

were formed by the electrodes traversing towards the recording sites were identified. 

 

2.3.  Results  

2.3.1.  State of Parkinsonian Motor Symptoms and Nigrostriatal Dopaminergic Pathology 

in MPTP-treated Monkeys 

All MPTP-treated monkeys used in the anatomical and electrophysiological experiments 

presented in this study displayed moderate to severe parkinsonian motor symptoms, as 

assessed using beam break counts in a behavioral cage and the PRS described in the 

Methods section, and used in many of our previous studies (Kliem et al., 2010; Hadipour-

Niktarash et al., 2012; Bogenpohl et al., 2013). Consistent with these behavioral 

observations, all parkinsonian animals displayed more than 80% dopaminergic 

denervation of the postcommissural putamen, based on reduced densitometry 

measurements of TH immunoreactivity (Fig. 2.1). 
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Figure 2.1: Nigrostriatal dopaminergic innervation of the monkeys used in the 

anatomical and electrophysiological studies 

(A-D) Light micrographs of coronal monkey brain sections showing immunostaining for 

tyrosine hydroxylase (TH) in the post-commissural putamen. Examples of control and 

MPTP-treated parkinsonian monkeys used in the anatomical experiments are depicted in 

A and B, respectively. C and D depict the dopaminergic innervation of monkeys used for 
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electrophysiologic experiments at the conclusion of the studies. Abbreviations: Put – 

putamen, IC – internal capsule, GPe – external globus pallidus, GPi – internal globus 

pallidus. Scale bar: 1mm. 
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2.3.2.  Lack of vGluT1 and vGluT2 co-localization in the Monkey STN 

In order to examine whether the segregation of vGluT1 and vGluT2 described in the 

striatum (Fujiyama et al., 2004; Fujiyama et al., 2006; Raju et al., 2006; Raju et al., 2008) 

and other forebrain regions (Hur and Zaborszky, 2005; Kubota et al., 2007; Liguz-

Lecznar and Skangiel-Kramska, 2007) also applies to the STN, we carried out co-

localization EM studies of vGluT1 and vGluT2 at the single terminal level using 

immunoperoxidase or immunogold labeling for either vGluTs (Fig. 2.3 A). Of 255 

vGluT1-immunoreactive terminals, none displayed vGluT2 immunostaining. Together 

with the known localization of vGluT1 and vGluT2 mRNA (and protein) in the various 

sources of glutamatergic afferents to the STN (i.e., thalamus, brainstem, STN collaterals 

and cortex), these data show that vGluT1 is a reliable marker of corticosubthalamic 

terminals in monkeys. 
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Figure 2.2: VGluT1-immunostained varicosities in the STN.  

(A) Light micrograph of the monkey STN in coronal plane showing immunostaining for 

vGluT1. The gray square indicates the size and approximate position of the region of 

interest placed in the dorsolateral territory of the STN to quantify the density of vGluT1-

positive pleomorphic varicose processes. Scale bar: 0.5 mm. Abbreviations: ZI – zona 

incerta, IC – internal capsule. (B) Schematic coronal view depicting the topographical 

organization of functionally segregated cortical afferents to various domains in the STN 

[Adapted from (Mathai and Smith, 2011; Smith, 2011)]. The dorsolateral sector 
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corresponds to the sensorimotor region of the STN. Abbreviations: SMA – 

supplementary motor area, M1 – primary motor cortex, D – dorsal, L – lateral (C) Light 

micrograph showing vGluT1-immunopositive pleomorphic varicose processes in the 

dorsolateral STN of a normal monkey. Scale bar: 10 µm. (D) Density of vGluT1-

immunoreactive varicosities in the dorsolateral STN of normal versus parkinsonian 

monkeys. The density of vGluT1-positive varicosities in the dorsolateral STN is 

significantly lower in parkinsonian monkeys compared with normal animals (*p = 0.012, 

Student’s t-test). (E) No significant difference was found in the STN volume between 

normal and parkinsonian animals. Columns (D & E) represent means ± standard error of 

the mean across 3 normal and 3 parkinsonian monkeys. 
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2.3.3.  Changes in vGluT1-immunopositive innervation of the dorsolateral STN in 

MPTP-treated monkeys 

2.3.3.1.  Light microscopic observations 

At the LM level, the whole extent of the STN in normal and MPTP-treated monkeys 

contained a moderate level of vGluT1 immunoreactivity (Fig. 2.2 A) which, at higher 

power, was found to be confined to pleomorphic varicose processes of different sizes 

(Fig. 2.2 C). To determine if there was a significant change in the prevalence of vGluT1-

positive elements between normal and parkinsonian monkeys, we generated unbiased 

quantitative estimates of the relative density of vGluT1-positive profiles in the 

dorsolateral ‘motor’ territory of the STN (Fig. 2.2 A,B) in normal and MPTP-treated 

monkeys.  In normal monkeys, we found that the dorsolateral STN contained 

approximately 3.85 ± 0.15 million vGluT1-immunopositive varicosities per cubic mm, 

while this density was reduced by 26.1% (Student’s t- test; p = 0.012), to about 2.84 ± 

0.18 million vGluT1-immunoreactive varicose profiles per cubic mm, in parkinsonian 

animals (Fig. 2.2 D). 
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Figure 2.3: Electron microscopic observations: Density of vGluT1-positive terminals 

in the dorsolateral STN 

(A) Electron micrographs showing vGluT1-positive (V1-immunoperoxidase) and 

vGluT2-labeled (V2-immunogold) terminals in the dorsolateral STN. Scale bar: 0.5 µm. 

(B & C) Electron micrographs depicting an asymmetric synapse (putatively 
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glutamatergic) in consecutive serial ultrathin sections of the dorsolateral STN in 

monkeys. The asymmetric synapse is indicated by arrowheads. Scale bar: 0.2 µm. (D) 

Density of vGluT1-immunopositive terminals in the dorsolateral STN of normal versus 

parkinsonian monkeys. The density of vGluT1-containing terminals is significantly lower 

in parkinsonian monkeys than in healthy controls (*p = 0.02, Student’s t-test). Total 

surface area analyzed: 3960 µm
2
/animal. (E) Density of asymmetric synapses in the 

dorsolateral STN of normal and parkinsonian monkeys. The number of asymmetric 

synapses per square mm is significantly lower in parkinsonian monkeys than in normal 

animals (*p = 0.029, Student’s t-test). Total surface area analyzed: 1980 µm
2
/animal. 

Columns (D & E) represent means ± standard error of the mean across 3 normal and 3 

parkinsonian monkeys. 
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2.3.3.2.  Electron microscopic Observations: Density of vGluT1-positive Terminals 

To confirm and extend these light microscopic observations, we compared the density of 

vGluT1-positive terminal profiles between the dorsolateral STN of normal and MPTP-

treated monkeys (Fig. 2.3 A). At the light microscopic level, it is not possible to ascertain 

whether a vGluT1-immunolabeled varicosity is a vGluT1-containing terminal. Hence, we 

analyzed the tissue under the electron microscope to ultrastructurally identify only those 

elements which were vGluT1-immunopositive terminals. In line with the light 

microscopic data, our EM studies showed a 55.1% (Student’s t- test; p = 0.02) reduction 

in the density of vGluT1-positive terminals in parkinsonian monkeys compared with 

controls (compare 14,814 ± 1,846 vGluT1-containing terminals per square mm in normal 

monkeys to 6,649 ± 1,178 in parkinsonian animals) (Fig. 2.3 D). 

 

2.3.3.3.  Electron Microscopic Observations: Loss of Asymmetric Synapses 

The reduced density of vGluT1-immunopositive terminals in the STN of parkinsonian 

monkeys shown in Fig. 2.3 D may not be due to the loss of glutamatergic terminals, but 

could be the result of reduced expression of vGluT1 immunoreactivity in 

corticosubthalamic boutons.  To determine if the STN of parkinsonian monkeys 

displayed genuine glutamatergic synaptic loss, we quantified the density of asymmetric 

synapses in the dorsolateral STN of normal and parkinsonian animals (Fig. 2.3 B,C). 

These data showed a 27.9% reduction (Student’s t-test; p = 0.029) in the density of 

asymmetric synapses between parkinsonian monkeys and controls (i.e., a reduction from 
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13,323 ± 446 asymmetric synapses per square mm in normal monkeys to 9,613 ± 1,012 

in parkinsonian animals) (Fig. 2.3 E). 

 



50 
 

 

Figure 2.4: Electron microscopic observations: Post-synaptic targets of vGluT1-

immunopositive terminals in the dorsolateral STN 

(A & B) Electron micrographs showing vGluT1-containing terminals (V1) forming 

asymmetric synapses (indicated by arrowheads) with a dendritic shaft (dend) (A) and a 

dendritic spine (sp) (B). The black line with double ended arrows on the dendritic shaft 
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(A), illustrates the measurement of its cross-sectional diameter, defined as the shortest 

diameter passing through the approximate center of its 2D representation on the EM 

image. Scale bar: 0.2 µm. (C) Post-synaptic targets of vGluT1- immunopositive terminals 

in the dorsolateral STN. No significant difference was found in the proportion of vGluT1-

immunoreactive terminals forming asymmetric synapses with dendritic shafts and spines 

in normal versus parkinsonian monkeys (Left panel). Right panel shows the size 

distribution of all the post-synaptic dendritic shafts which were contacted by vGluT1-

immunoreactive terminals, which is not significantly different between normal and 

parkinsonian animals. Abbreviations: Lg – large, Md – medium, Sm – small, Dend – 

dendritic shafts. Columns represent means ± standard error of the mean across 3 normal 

and 3 parkinsonian monkeys. 
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2.3.3.4.  Lack of Volumetric Changes of the STN in Parkinsonian Animals 

To ensure that the density values presented above for vGluT1-positive terminals and 

asymmetric synapses between normal and parkinsonian animals were collected from STN 

of comparable sizes, we measured the volume of the nucleus from 3D reconstructed 

images of the STN built from equally spaced coronal LM sections in 3 control and 3 

MPTP-treated monkeys, and found no significant STN volume difference between 

normal and MPTP-treated monkeys (Student’s t- test; p = 0.858) (Fig. 2.2 E). 

 

2.3.4.  The pattern of innervation of STN neurons by vGluT1-positive terminals is 

unchanged between normal and parkinsonian monkeys 

In order to determine if the remaining vGluT1-positive terminals in the STN of 

parkinsonian monkeys displayed changes in their overall pattern of synaptic connectivity, 

we compared the distribution of postsynaptic targets in contact with vGluT1-positive 

terminals (N=50 terminals per animal) in the dorsolateral STN between normal and 

MPTP-treated monkeys. In both groups of animals, vGluT1-immunopositive terminals 

formed asymmetric synapses, primarily with dendritic shafts (70 ± 4% in normal and 76 

± 5% in parkinsonian animals) and, to a lesser extent, dendritic spines (30 ± 4% in 

normal and 24 ± 5% in parkinsonian animals) of STN neurons (Fig. 2.4 A,B), without 

any significant difference between normal and MPTP-treated monkeys (two-way 

ANOVA; p = 0.223).  
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The axo-dendritic synapses were further categorized as distal or proximal based on the 

sizes of the dendritic shafts being contacted. This was done by measuring the diameter of 

dendritic shafts at their vGluT1 terminal innervation site (Fig. 2.4 A), and classifying 

these dendrites as large (>1.0 µm), medium (0.5-1.0 µm) or small (<0.5 µm). In normal 

monkeys, 21.8 ± 7.0%, 47.9 ± 6.5% and 30.3 ± 1.7%, of axo-dendritic synapses formed 

by vGluT1-immunoreactive terminals targeted large, medium and small dendrites, 

respectively; a pattern that was not significantly different (two-way ANOVA; p = 0.173) 

from that seen in parkinsonian monkeys (i.e., 27.6 ± 3.3%, 51.7 ± 1.1% and 20.6 ± 3.7% 

onto large, medium and small sized dendritic shafts, respectively). 
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Figure 2.5: Effects of corticosubthalamic system activation upon pallidal neurons.  

(A) Schematic showing the electrophysiological study design with respect to basal 

ganglia circuitry. Electrical stimulation (blue) is applied in the internal capsule (IC) to 
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activate corticosubthalamic axons. Extracellular single neuron activity in response to the 

IC stimulation is recorded (green) in the internal and external segments of the globus 

pallidus. (B) Response of a pallidal neuron to IC stimulation. Six overlaid traces of 

neuronal activity (top panel) shows that the neuron often fires around 6-8 ms post-

stimulation. Arrowhead directed towards the left points to a neuronal spike occurring 

along with the stimulation artifact, which was successfully recovered after processing by 

the stimulus artifact removal program. Peri-stimulus histogram (PSTH) depicting the 

firing rate of the neuron during the first 20ms post-stimulation (bottom panel) shows an 

early excitation response (red) to IC stimulation. PSTH generated from 100 consecutive 

stimuli. Bin size – 1ms. Mean and standard deviation (SD) calculated from the -100ms to 

0ms pre-stimulation period firing rate. Early excitation event of the neuron is defined as 

the time period when at least 2 consecutive bars cross the mean + 2SD threshold, with the 

first bar occurring within 12ms post-stimulation. Overlaid neuronal traces and peri-

stimulus histograms are aligned on identical time axes. Vertical dotted line indicates the 

stimulation instance. Abbreviations: STN – subthalamic nucleus, GPe – external globus 

pallidus, GPi – internal globus pallidus, SNr – substantia nigra pars reticulata, BG – basal 

ganglia, IC – internal capsule, SD – standard deviation. 
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2.3.5.  Physiological impact of corticosubthalamic activation on pallidal neurons between 

normal and parkinsonian monkeys 

Because most vGluT1-positive terminals in the STN originate from the cerebral cortex 

(see above), we assessed the functional consequences of the loss of vGluT1-positive 

terminals in the dorsolateral STN on the electrophysiological effects of electrical 

stimulation of corticosubthalamic fibers upon pallidal neurons between normal and 

MPTP-treated monkeys, using extracellular single unit recordings in two monkeys (Fig. 

2.5 A,B).  IC stimulation was done in similar portions of the IC before and after induction 

of parkinsonism, and pallidal neurons were sampled from (roughly) equivalent portions 

of the ventrolateral (ie sensorimotor) globus pallidus. Preliminary results of these 

experiments are presented below.  

Based on previous studies, early excitatory responses of pallidal neurons with latencies of 

up to 12 ms were considered to be likely due to activation of the cortico-subthalamo-

pallidal sequence of connections (Nambu et al., 2000) (Fig. 2.5 B). In monkey I, such 

short-latency excitatory responses were recorded  in 26.5% (total – 9/34; GPe – 8/23; GPi 

– 1/11) and 7.7% (total – 2/26; GPe – 2/20; GPi – 0/6) of pallidal neurons, in the normal 

and parkinsonian states, respectively (Fig. 2.6 A), while in monkey O, the corresponding 

proportions of responding pallidal neurons were 35.3% (total – 12/34; GPe – 7/21; GPi – 

5/13) in normal animals compared with 28.6% (total – 6/21; GPe – 5/13; GPi – 1/8) in 

parkinsonian monkeys (Fig. 2.6 A).  
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In monkey I, the latencies of the early excitatory responses were 4.89 ± 0.35 ms 

and 5.50 ± 0.50 ms in the normal and parkinsonian states, respectively, while in monkey 

O, the corresponding latencies were 6.00 ± 0.69 ms in normal conditions and 7.33 ± 1.26 

ms in parkinsonian conditions. 

We also measured the intensity of the early excitation responses by calculating the 

average Z-score of the PSTH bins constituting the excitation response, and found no 

significant difference between the normal and parkinsonian state in either monkey (Fig. 

2.6B).  Thus, the proportion of neurons responding to the internal capsule stimulation was 

reduced, but the average amplitude of the physiological responses remained the same 

between normal and parkinsonian animals. 
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Figure 2.6: Physiological responses of pallidal neurons to corticosubthalamic system 

activation.  

(A) Proportion of pallidal neurons responding with early excitation (occurring within 

12ms of stimulation) to internal capsule stimulation in normal and parkinsonian states. 

Total number of neurons recorded in each condition in both monkeys depicted by the 
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numbers within the columns. (B) Intensity of early excitatory events in pallidal neurons 

showing an early excitatory response (occurring within 12ms of stimulation), in normal 

and parkinsonian states. No significant difference was found between the intensity of the 

early excitatory response between normal and parkinsonian states. Intensity of response 

defined as the average Z-score of peri-stimulus histogram bars constituting the early 

excitation event, with respect to the -100ms to 0ms pre-stimulation mean and standard 

deviation. Columns represent means ± SEM across the neurons with an early excitatory 

response. 
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2.4.  Discussion 

Our results demonstrate pathological changes of the glutamatergic corticosubthalamic 

system in MPTP-treated parkinsonian monkeys. These changes are characterized by a 

significant reduction in the prevalence of vGluT1-containing cortical terminals and total 

asymmetric synapses in the STN of parkinsonian monkeys. Preliminary 

electrophysiology data showed a trend towards a decrease in the number of pallidal 

neurons responding to corticosubthalamic activation in these monkeys. Together with 

previous data showing profound pathological and functional alterations of the 

corticostriatal system in parkinsonism (see Introduction), our findings provide evidence 

that the “hyperdirect” corticosubthalamic system is also significantly affected in 

parkinsonism. 

 

Decreased Prevalence of Corticosubthalamic Terminals in Parkinsonian Monkeys 

One of the main observations of our study is that the density of vGluT1-positive 

terminals is significantly decreased in the sensorimotor territory of the STN in 

parkinsonian monkeys. Because of potential changes in the expression level of the 

vGluT1 protein, we must consider the possibility that the changes seen in the relative 

density of vGluT1-positive profiles might have been the result of a reduced sensitivity of 

the antibodies to detect subthreshold levels of vGluT1 in putative cortical terminals. 

However, although this cannot be completely ruled out, the fact that such loss was found 

using both light and electron microscopy unbiased counting methods, and that the 

intensity of immunostaining in positive terminals was relatively strong and comparable 
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between control and parkinsonian monkeys suggest that the decreased density of vGluT1-

positive terminals reported in our study indicates genuine loss of putative 

corticosubthalamic terminals. Furthermore, the fact that a smaller number of asymmetric 

synapses were also found in the dorsolateral STN of parkinsonian monkeys adds 

credence to the possible loss of vGluT1-immunoreactive cortical terminals in 

parkinsonian animals. Another important point to consider is that the values of the 

reduced density of vGluT1-positive terminals in parkinsonian monkeys compared with 

controls is different between EM (55.1%) and LM (26.1%) observations. It is noteworthy 

that the EM data were collected from counts of terminals with clearly defined 

ultrastructural features; while such was not the case in the LM studies, which might have 

resulted in the quantification of immunoreactive axonal profiles in addition to 

immunopositive terminals. Despite this difference in the data collection, both LM and 

EM observations strongly suggest a significant degeneration of the sensorimotor 

hyperdirect corticosubthalamic projection in MPTP-treated monkeys. 

 The corticostriatal system also undergoes complex morphological and functional 

changes in animal models of Parkinson’s disease (Calabresi et al., 1993; Onn and Grace, 

1999; Calabresi et al., 2000; Onn et al., 2000; Calabresi et al., 2007; Villalba et al., 2009; 

Villalba and Smith, 2011). However, in contrast to the STN, the prevalence of vGluT1-

immunoreactive cortical terminals is increased in the striatum of MPTP-treated 

parkinsonian monkeys (Raju et al., 2008), and the amount of striatal vGluT1 protein is 

significantly increased in postmortem brains of PD patients (Kashani et al., 2007). 

Consistent with these changes at the terminal level, the amount of extracellular glutamate 

is increased, and there is strengthening of cortical synapses in the striatum of rodent 
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models of PD (Lindefors and Ungerstedt, 1990; Calabresi et al., 1993; Meshul et al., 

2000). Based on our data, it appears that opposite changes may occur at the 

corticosubthalamic synapse, ie a decreased number of cortical terminals may lead to a 

reduced cortical glutamatergic drive of STN neurons in parkinsonism (Ingham et al., 

1989; Zaja-Milatovic et al., 2005; Raju et al., 2008; Villalba et al., 2009; Mathai and 

Smith, 2011). However, this remains to be directly tested. It is also not known whether 

there are any changes in the synaptic transmission, long term plasticity, and functional 

specificity of the corticosubthalamic pathway similar to those described regarding the 

corticostriatal pathway. A recent study in rats has shown that some of the 

corticosubthalamic inputs are collaterals of corticofugal systems (Kita and Kita, 2012). 

With changes occurring to both the major cortical input systems to the basal ganglia, it is 

worth considering if the denervation of the corticosubthalamic system is a corollary of 

pathological insult to cortical projection neurons innervating both the striatum and STN. 

However, as of now there is no clear evidence for single cortical projection neurons 

innervating both the striatum and STN in primates (Parent and Parent, 2006). 

Furthermore, although it is well known that dopamine and dopamine receptor agonists 

can elicit physiological effects on STN neuronal firing (Campbell et al., 1985; Hassani 

and Feger, 1999; Shen and Johnson, 2000), the functional link between the 

nigrosubthalamic dopaminergic inputs and the corticosubthalamic afferents is not clear. 

In light of the loss of corticosubthalamic inputs in dopamine-denervated conditions, the 

influence of dopamine on the integrity and functioning of individual corticosubthalamic 

inputs needs to be explored. Also, it is not clear if there are any associated morphological 

changes occurring to the remaining corticosubthalamic terminals in parkinsonism.  
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Changes in the proportion of pallidal neurons activated by cortico-subthalamo-pallidal 

axons in parkinsonian animals 

Our preliminary electrophysiology data suggest that a lower proportion of pallidal 

neurons respond to internal capsule stimulation in MPTP-treated parkinsonian monkeys 

than in controls.   Although we cannot fully rule out that this decreased responsiveness of 

pallidal neurons to corticosubthalamic activation might be due to changes affecting 

transmission along the subthalamopallidal projection, when considered jointly with our 

anatomical findings, these functional data suggest that there is a functionally relevant 

denervation of the corticosubthalamic system in MPTP-induced parkinsonism in 

primates. While understanding the electrophysiological results, we must consider the 

possibility that the stimulation could have influenced other non-corticosubthalamic 

projections (see section 4.1.4.). However, we believe that the placement of the 

stimulation electrodes and the criteria we used to identify the early excitatory responses 

caused by activation of the corticosubthalamic pathway limit the possibility of such an 

occurrence. 

     Another point to consider is that the reduction in the proportion of pallidal neurons 

with characteristic early excitatory responses seen in the parkinsonian state is starkly 

different between the two monkeys used in this study. Although the proportion of pallidal 

neurons showing an early excitatory response was comparable between monkeys I 

(26.5%) and O (35.3%) in the normal state, these values in the parkinsonian state were 

clearly different between monkeys I (7.7%) and O (28.6%). From these values, one might 
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deduce that monkey I was significantly more parkinsonian than monkey O. Surprisingly, 

it was monkey O which was significantly more parkinsonian than monkey I. Another 

reason why these differences are so remarkable could be due to the inherent inter-animal 

variability. Even in the normal state, monkey I was clearly more active than monkey O; 

and it took a significantly longer time and amount of MPTP to render monkey I 

parkinsonian than monkey O. Also, even after a higher cumulative dosage of MPTP, 

monkey I did not reach the same degree of parkinsonism. While it is not clear as to why 

some monkeys are more susceptible to develop parkinsonian symptoms after MPTP 

intoxication, anecdotal evidence (from personal communications with Dr. Gunasingh 

Masilamoni, Emory University) suggest that factors such as age, gender and body weight 

may contribute to MPTP susceptibility in rhesus macaques. Additional experiments with 

more monkeys would give us a clear picture whether indeed there are fewer pallidal 

neurons which respond with an early excitatory response to corticosubthalamic activation 

in parkinsonian conditions. 

 

Degeneration of vGluT1-containing terminals in the STN of parkinsonian monkeys: How 

does it compare to the vGluT1-positive corticostriatal system?  

     Taking into account that pallidal inputs to the STN are strengthened in rodent models 

of parkinsonism (Fan et al., 2012) and our observations about the loss of the 

corticosubthalamic system in parkinsonian animals, an investigation about the status of 

other input systems to the STN, like the glutamatergic afferents from the thalamus and 

PPN, is warranted. Both the corticosubthalamic and corticostriatal system seem to be 
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pathologically affected in parkinsonism, although the number of vGluT1-immunopositive 

terminals seem to be reduced in the STN compared to their increase in the striatum (Raju 

et al., 2008; Villalba and Smith, 2013). Remarkably, though there is a pathological 

increase in the number of vGluT1-immunoreactive terminals within the striatum in 

parkinsonism, there is also a significant loss of the putatively glutamatergic asymmetric 

synapses in the striatum occurring concomitantly (Ingham et al., 1989; Zaja-Milatovic et 

al., 2005). Though there are clearly some differences in the way the corticosubthalamic 

system responds in pathological conditions compared with the corticostriatal system, it 

would be important to assess whether the corticosubthalamic system also undergoes any 

changes in the synaptic transmission, long term plasticity, and functional specificity, as is 

seen in the corticostriatal pathway (Lindefors and Ungerstedt, 1990; Calabresi et al., 

1993; Onn and Grace, 1999; Calabresi et al., 2000; Onn et al., 2000). A recent study in 

rats has shown that some of the corticosubthalamic inputs are collaterals of corticofugal 

systems (Kita and Kita, 2012). With changes occurring to both the major cortical input 

systems to the basal ganglia, it is worth considering if the denervation of the 

corticosubthalamic system is a corollary of pathological insult to cortical projection 

neurons innervating both the striatum and STN. However, as of now there is no clear 

evidence for single cortical projection neurons innervating both the striatum and STN in 

primates, as was shown in a single axon tracing study done in monkeys (Parent and 

Parent, 2006). However, as is seen with single axon tracing studies, the study done by 

Parent and Parent did not have a large number of neurons which were traced. Hence, it 

would be worth doing some more studies to clearly establish whether there are any 

cortical neurons which project to both the striatum and STN.  
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     Furthermore, although it is well known that infusion of dopamine and dopamine 

receptor agonists can physiologically affect STN neuronal firing (Campbell et al., 1985; 

Hassani and Feger, 1999; Shen and Johnson, 2000), the role of nigrosubthalamic 

dopaminergic inputs in maintaining the integrity and functioning of individual 

corticosubthalamic inputs is not known. 3D reconstruction studies of the morphology of 

individual corticosubthalamic terminals and their post-synaptic targets, in particular the 

post-synaptic dendritic spines, could help us detect any morphological plastic changes 

occurring to the corticosubthalamic terminal – postsynaptic target complexes in 

parkinsonism (Villalba and Smith, 2011). It is not clear whether the reduction of 

corticosubthalamic inputs in parkinsonism is also accompanied by changes in the 

expression of glutamate receptors within the surviving corticosubthalamic synapses, 

whose synaptic activity may be impacted by such underlying changes. Ultra-high 

resolution freeze substitution or freeze fracture EM studies of corticosubthalamic 

synapses could help ascertain whether such changes are endemic in parkinsonism (Nusser 

et al., 1998; Masugi-Tokita et al., 2007). Moreover, whether corticosubthalamic 

denervation occurs in patients with Parkinson’s disease is unclear.  

 

Cortico-subthalamic degeneration: Potential impact upon basal ganglia functions? 

     The temporal interplay of the corticosubthalamic and corticostriatal pathways is a 

critical element in ‘action selection’ models of basal ganglia function (Nambu et al., 

2002) or in models that ascribe response inhibition to the hyperdirect pathway (Jahfari et 

al., 2011) (see section 4.1.4. for more details).  Central to arguments in favor of these 
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models is the apparent restriction of action selection in PD patients (Mink and Thach, 

1993; Nambu et al., 2000; Nambu et al., 2002; Helmich et al., 2009; Wylie et al., 2010). 

It will be important to consider the prominent reduction of the ‘hyperdirect’ pathway 

when modeling action selection mediated by the basal ganglia in parkinsonism. 

     Knowing that STN neurons pathologically increase their firing rate in parkinsonism 

(Bergman et al., 1994; Wichmann and DeLong, 2003), the potential impact of a partly 

degenerated corticosubthalamic system on these STN firing changes is an interesting 

question to address. Increased motor cortex-STN functional connectivity (Baudrexel et 

al., 2011) and greater entrainment of STN neurons to cortical activity (Mallet et al., 2008; 

Shimamoto et al., 2013) occur in the parkinsonian state. Whether the degeneration of the 

corticosubthalamic system in parkinsonism is independent of, or compensatory to these 

pathological changes is not known. Another important problem to evaluate is the effect of 

corticosubthalamic denervation in parkinsonism on the probability of antidromic cortical 

activation during STN-DBS. Also, it would be interesting to know whether the 

corticosubthalamic degenerative process in parkinsonism is restricted only to the motor 

cortical afferents, or if it likewise affects associative and limbic cortical inputs to the 

STN. 

     In summary, we have shown that the corticosubthalamic pathway partly degenerates 

in parkinsonism, which could have a major impact on the current understanding of basal 

ganglia functioning in pathological conditions. 
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3.  Loss of Motor and Non-motor Glutamatergic Inputs 

to the Subthalamic Nucleus in MPTP-treated 

parkinsonian monkeys  

 

3.1.  Introduction 

In addition to its main GABAergic input from the external globus pallidus (GPe), the 

subthalamic nucleus (STN) also receives a significant contingent of glutamatergic inputs 

from the cerebral cortex, thalamus and pedunculopontine nucleus (PPN) (Wichmann and 

DeLong, 1996, 2003). Cortical glutamatergic afferents arise from the motor, associative 

and limbic cortical areas and mainly target their respective functional territories within 

the STN (Nambu et al., 1996; Haynes and Haber, 2013), as defined on the basis of STN’s 

reciprocal connections with different functional regions of the GPe (Shink et al., 1996; 

Smith, 2011). Inputs from the centromedian nucleus of the thalamus (CM) innervate the 

dorsolateral ‘motor’ sector of the nucleus; whereas the parafascicular nucleus of the 

thalamus (PF) projects to the ventral ‘associative’ part of the nucleus (Sadikot et al., 

1992). While the sources of glutamatergic afferents to the STN are well known, the 

relative abundance of cortical versus sub-cortical glutamatergic inputs to the motor and 

non-motor regions of the STN is unknown. In rodents, corticosubthalamic terminals 

mainly target distal dendrites and dendritic spines on STN neurons; whereas 

thalamosubthalamic terminals innervate proximal dendrites and dendritic spines on STN 
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neurons (Bevan et al., 1995). In primates, the innervation pattern of the cortical and sub-

cortical glutamatergic afferents to the dendritic trees of STN neurons is not known. 

     STN neurons show increased spiking activity and fire in correlated, rhythmic and 

synchronous mode with GPe neurons in parkinsonism (Bergman et al., 1994; Bevan et 

al., 2002; Wichmann and DeLong, 2003). Though this abnormal pattern of STN neuronal 

activity is considered a key pathophysiological feature of parkinsonism, its origin(s) 

is/are not completely known. It is thought that both intrinsic factors (Wilson and Bevan, 

2011) and extrinsic inputs (Fan et al., 2012) could influence the activity of STN neurons. 

In fact, a recent study showed that the pallidosubthalamic GABAergic projection, a 

prominent, and most likely sole, source of GABAergic inputs to STN neurons, is 

strengthened in parkinsonism (Fan et al., 2012). There is mounting evidence suggesting 

that activity of corticosubthalamic inputs is affected in parkinsonism (Orieux et al., 2002; 

Mallet et al., 2008; Baudrexel et al., 2011; Shimamoto et al., 2013). In the 6-OHDA 

rodent model of Parkinson’s disease (PD), neurons within the PF and PPN, which project 

to the STN are metabolically hyperactive compared to controls (Orieux et al., 2000). 

However, the underlying anatomical changes occurring to these glutamatergic inputs to 

the STN in parkinsonism are not known. 

     To determine whether functional changes in the glutamatergic afferents to the STN 

activity could be attributed to underlying anatomical alterations, we used electron 

microscopy immunocytochemistry procedures to determine the relative abundance and 

dendritic innervation pattern of cortical (vGluT1-positive) and sub-cortical (vGluT2-

positive) glutamatergic terminals in the motor and non-motor regions of the STN between 

normal and parkinsonian monkeys.  
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     Preliminary results of this study have been presented in abstract form (Mathai et al., 

2009; Mathai et al., 2010; Mathai et al., 2011). 

 

3.2.  Methods 

3.2.1.  Animals 

Twelve adult rhesus monkeys (Macaca Mulatta, 4.4-15.0 kg, 2-11 years old, 7 males & 5 

females) were used. The monkeys were raised in the breeding colony of the Yerkes 

National Primate Research Center. The animals had ad libitum access to food and water.  

 

3.2.2.  Induction of Parkinsonism 

Six monkeys were rendered parkinsonian following chronic administration of MPTP as 

described in section 2.2.2. The extent of MPTP-induced nigrostriatal denervation was 

assessed anatomically as illustrated in Fig. 2.1 A,B. 

 

3.2.3.  Animal euthanasia and tissue fixation 

The euthanasia method and tissue fixation procedures used in this study are the same as 

those described in detail in section 2.2.3. 
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3.2.4.  Tissue processing 

The tissue processing procedures used in this study are the same as those described in 

detail in section 2.2.4.1. 

  

3.2.5.  STN volume measurements 

The procedures to measure the STN volume used in this study are the same as those 

described in detail in section 2.2.4.2. 

 

3.2.6.  Double Immuno EM for vGluT1 and vGluT2  

Pairs of adjacent brain sections containing the STN from 3 normal and 3 

parkinsonian monkeys (animals different from the ones used to assess STN volume) were 

processed for double immuno EM for vGluT1 and vGluT2 as described in section 

2.2.4.5., except that a cocktail of secondary antibodies were used to reveal each vGluT. 

One section from each pair was treated with a cocktail of secondary antibodies such that 

vGluT1 was revealed using immunogold and vGluT2 was visualized with 

immunoperoxidase (See table 3.1). Then, the adjacent sections were processed using an 

inversed cocktail of secondary antibodies such that vGluT1 was revealed with 

immunoperoxidase and vGluT2 was labeled with immunogold (See table 3.1). This 

approach was employed to avoid any potential bias in the quantification of vGluT1 

versus vGluT2 terminals due to differences in the tissue penetration of secondary 

antibodies used for immunogold versus immunoperoxidase histochemical methods. 
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Blocks of tissue from both the dorsolateral (DL) ‘motor’ and ventromedial (VM) ‘non-

motor’ sectors of the STN (Shink et al., 1996; Smith, 2011) (Fig. 1.2) were analyzed. 
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Table 3.1: Primary and secondary antibodies used to detect vGluT1 and vGluT2 

Type Reactions Set 1 (vGluT1 – immunogold; vGluT2 – immunoperoxidase) 

Primary 

Antibody 

anti-vGluT1 (raised in guinea pig) 

[1:5000 dilution; EMD Millipore, 

Billerica, MA, USA] 

anti-human vGluT2 (raised in rabbit) 

[1:5000 dilution; Mab Technologies, 

Atlanta, GA, USA] 

Secondary 

Antibody 

gold-conj. anti-guinea pig IgGs 

[raised in goat; 1:100 dilution; 1.4nm 

particle size; Nanogold; Nanoprobes, 

Stony Brook, NY, USA] 

biotinylated anti-rabbit IgGs 

[raised in goat; 1:200 dilution; Vector 

Laboratories, Burlingame, CA, USA] 

Type Reactions Set 2 (vGluT1 – immunoperoxidase; vGluT2 – immunogold) 

Primary 

Antibody 

anti-vGluT1 (raised in guinea pig) 

[1:5000 dilution; EMD Millipore, 

Billerica, MA, USA] 

anti-human vGluT2 (raised in rabbit) 

[1:5000 dilution; Mab Technologies, 

Atlanta, GA, USA] 

Secondary 

Antibody 

biotinylated anti-guinea pig IgGs 

[raised in goat; 1:200 dilution; Vector 

Laboratories, Burlingame, CA, USA] 

gold-conj. anti-rabbit IgGs 

[raised in goat; 1:100 dilution; 1.4nm 

particle size; Nanogold; Nanoprobes, 

Stony Brook, NY, USA] 

Abbreviations: conj. - conjugated 
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3.2.7.  Analysis of EM material 

3.2.7.1.  Co-localization of vGluT1 and vGluT2 

Ultrathin STN sections were sampled under the EM to assess whether vGluT1 and 

vGluT2 were co-expressed, as described in detail in section 2.2.4.6.1. 

3.2.7.2.  Density of vGluT1- and vGluT2-containing terminals 

Using the sampling procedure described in section 2.2.4.6.2., both series of sections 

double-labeled for vGluT1&2 (ie set 1: vGluT1-immunogold, vGluT2-

immunoperoxidase and set 2: vGluT1-immunoperoxidase, vGluT2-immunogold) were 

sampled. Then, the number of terminals immunopositive exclusively for either of the 

vGluTs was quantified from both sets of sections. Using the resulting two values from 

both sets of tissue sections, the average number of terminals was calculated for each 

vGluT. To illustrate further, if we were to sample the number of vGluT1 terminals in a 

given area of the STN, first the number of vGluT1 terminals (immunogold-labeled) in 

that area would be determined from tissue set 1 (vGluT1-immunogold, vGluT2-

immunoperoxidase). Then the number of vGluT1 terminals (immunoperoxidase-labeled) 

would be quantified in the same area from tissue set 2 (vGluT1-immunoperoxidase, 

vGluT2-immunogold). An average value would then be calculated from these two values 

(area sampled: each set – 3960 µm
2
; total area – 7920 µm

2
/STN region/animal). Finally, 

the density of the terminals immunoreactive for vGluT1 would be calculated. A similar 

approach would be repeated for vGluT2. 
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     It must be noted that all the antibody solutions used to reveal vGluT1 and vGluT2 

produced robust immunolabeling of the transporters, thereby allowing us to 

unambiguously identify labeled elements (Figs. 3.1, 3.2). 

3.2.7.3.  Post-synaptic targets of vGluT1- and vGluT2-positive terminals 

In order to characterize the synaptic microcircuits that underlie glutamatergic 

transmission from vGluT1 and vGluT2 afferents to the STN, we quantified the 

distribution of the postsynaptic targets of vGluT1- and vGluT2-containing terminals in 

different functional regions of the STN in normal and parkinsonian monkeys using the 

procedure described in section 2.2.4.6.4. 

 

3.2.8.  TH immunostaining 

The TH immunostaining procedures used in this study are the same as those described in 

detail in section 2.2.5. 

 

3.3.  Results  

3.3.1.  vGluT1 and vGluT2 co-localization in the monkey STN 

In order to examine whether the segregation of vGluT1 and vGluT2 described in the 

striatum (Fujiyama et al., 2004; Fujiyama et al., 2006; Raju et al., 2006; Raju et al., 2008) 

and other forebrain regions (Hur and Zaborszky, 2005; Kubota et al., 2007; Liguz-

Lecznar and Skangiel-Kramska, 2007) also applies to the STN, we carried out co-

localization EM studies of vGluT1 and vGluT2 at the single terminal level using 

immunoperoxidase or immunogold labeling for either vGluTs (Fig. 3.1 A,B). In normal 



76 
 

monkeys, only 0.58% (3/529) of vGluT1/2-immunoreactive terminals co-expressed both 

transporters in DL STN; whereas this value was 0.48% (3/621) in the VM STN. There 

was no major change in the terminal co-expression of vGluT1/2 within the STN in the 

parkinsonian state [0.38% (1/264) of terminals in DL STN, 0.00% (0/297) of terminals in 

VM STN]. Together with the known localization of vGluT1 and vGluT2 mRNA (and 

protein) in the various sources of glutamatergic afferents to the STN (i.e., thalamus, 

brainstem, STN collaterals and cortex), these data show that vGluT1 and vGluT2 are 

specific markers of glutamatergic inputs to the STN from cortical and sub-cortical 

sources, respectively in monkeys. 

 

3.3.2.  Relative abundance of vGluT1- and vGluT2-containing terminals in the ‘motor’ 

and ‘non-motor’ territories of the STN 

Both vGluT1- and vGluT2-containing terminals were found in varying sizes with some 

terminals packed with mitochondria (Fig. 3.2 C,F) and others having few mitochondria 

(Fig. 3.2 A,D). The density of both vGluT1- and vGluT2-immunopositive terminals was 

not significantly different between the DL STN and the VM STN in in normal monkeys 

(Fig. 3.1C, 3.1D). The density of vGluT2-containing terminals was significantly lower 

than that of vGluT1-containing terminals in the DL STN (Student’s t-test, p = 0.002) 

(Fig. 3.1 C,D), whereas there was no significant difference in the corresponding values in 

the VM STN (Student’s t-test, p = 0.565) (Fig. 3.1 C,D). 
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Figure 3.1: Electron microscopic observations: Density of vGluT1- and vGluT2-

immunopositive terminals in the STN 

(A) Electron micrograph showing vGluT1-positive (v1-immunogold) and vGluT2-

labeled (v2-immunoperoxidase) terminals in the STN. (B) Electron micrograph showing 

vGluT1-positive (v1-immunoperoxidase) and vGluT2-labeled (v2-immunogold) 
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terminals in the STN. Scale bar: 0.5 µm (applies to both A & B). (C) Density of vGluT1-

immunopositive terminals in the dorsolateral (DL) and ventromedial (VM) STN of 

normal versus parkinsonian monkeys. The density of vGluT1-containing terminals was 

significantly lower in the DL STN (***p < 0.001, Student’s t-test) and VM STN (*p < 

0.05, Student’s t-test) of parkinsonian monkeys compared to healthy controls. Total 

surface area analyzed: 7920 µm
2
/region/animal. Number of terminals sampled: DL STN 

(normal – 329, MPTP – 141), VM STN (normal – 332, MPTP – 162). (D) Density of 

vGluT2-immunoreactive terminals in the dorsolateral (DL) and ventromedial (VM) STN 

of normal versus parkinsonian monkeys. The density of vGluT2-containing terminals was 

significantly lower in the DL STN (*p < 0.05, Student’s t-test) of parkinsonian monkeys 

compared to healthy controls. Total surface area analyzed: 7920 µm
2
/region/animal. 

Number of terminals sampled: DL STN (normal – 200, MPTP – 123), VM STN (normal 

– 289, MPTP – 132). Columns (C & D) represent means ± standard error of the mean 

across 3 normal and 3 parkinsonian monkeys. 
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3.3.3.  Dendritic innervation patterns of vGluT1- and vGluT2-containing terminals in the 

monkey STN 

vGluT1- and vGluT2-containing terminals innervated dendritic shafts and spines in the 

STN (Fig. 3.2). In the DL STN, 70 ± 4% and 30 ± 4% of the vGluT1-immunoreactive 

terminals innervated dendritic shafts and spines, respectively (n = 150) (Fig. 3.3 A1), 

whereas in the VM STN, they contacted dendritic shafts and spines in 71.3 ± 3.7% and 

28.7 ± 3.7% of the instances (n = 150), respectively (Fig. 3.3 B1). On the other hand, 90 

± 3.1% and 10 ± 3.1% of the targets of vGluT2-immunopositive terminals in the DL STN 

(n = 150) were dendritic shafts and spines, respectively (Fig. 3.3 A1), whereas in the VM 

STN, vGluT2-immunoreactive terminals were found appositioned to dendritic shafts and 

spines in 96 ± 1.2% and 4 ± 1.2% of the occasions (n = 150), respectively (Fig. 3.3 B1). 

     We found a significant difference between the dendritic innervation patterns of 

vGluT1- and vGluT2-containing terminals in both the DL STN (two way ANOVA, 

vGluT-type × post-synaptic target, F1 = 31.6, p < 0.001) and VM STN (two way 

ANOVA, vGluT-type × post-synaptic target, F1 = 80.5, p < 0.001). Pairwise Bonferroni 

multiple comparisons test revealed that dendritic spines constituted a significantly greater 

proportion of the post-synaptic targets of vGluT1-positive terminals compared with that 

of vGluT2-positive terminals (DL STN: p = 0.004, VM STN: p < 0.001), and that 

dendritic shafts were significantly less frequent post-synaptic targets of vGluT1-positive 

terminals compared with that of vGluT2-positive terminals (DL STN: p = 0.004, VM 

STN: p < 0.001) in both STN regions. 
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     Furthermore, the axo-dendritic synapses were categorized as distal or proximal based 

on the sizes of the dendritic shafts being contacted. This was done by measuring the 

diameter of dendritic shafts at their vGluT1 terminal innervation site, and classifying 

these dendrites as large (>1.0 µm), medium (0.5-1.0 µm) or small (<0.5 µm). Of the axo-

dendritic synapses formed by vGluT1-immunopositive terminals, 21.8 ± 7.0%, 47.9 ± 

6.5% and 30.3 ± 1.7%, targeted large, medium and small dendrites, respectively in the 

DL STN (Fig. 3.3 A2); while 10.0 ± 5.6%, 44.4 ± 4.7% and 45.6 ± 4.3% of them 

innervated large, medium and small dendrites, respectively in the VM STN (Fig. 3.3 B2). 

With respect to the axo-dendritic synapses formed by vGluT2-immunoreactive terminals, 

18.3 ± 3.4%, 60.0 ± 4.2% and 23.8 ± 3.9% of them contacted large, medium and small 

dendrites, respectively in the DL STN (Fig. 3.3 A2); whereas in the VM STN 26.4 ± 

7.7%, 52.8 ± 5.9% and 20.8 ± 2.3% of them terminated onto large, medium and small 

dendrites, respectively (Fig. 3.3 B2). 

     The size distributions of the post-synaptic dendritic shafts contacted by vGluT1- 

versus vGluT2-containing terminals forming axo-dendritic synapses in the DL STN is 

significantly different (two way ANOVA, vGluT-type × post-synaptic dendritic shaft-

size, F2 = 4.1, p = 0.044). Pairwise Bonferroni multiple comparisons test showed that 

amongst the various size classifications of post-synaptic dendritic shafts formed by axo-

dendritic synapses: the medium-sized dendrites represented a significantly lower 

proportion of the post-synaptic dendritic shaft population of vGluT1-positive terminals 

compared to that of vGluT2-positive terminals (p = 0.003), but not the corresponding 

large-sized (p = 0.800) and small-sized (p = 1.000) dendritic proportions. Similarly, in the 

VM STN, the size distributions of the post-synaptic dendrites contacted by vGluT1- 
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versus vGluT2-containing terminals forming axo-dendritic synapses was significantly 

different (two way ANOVA, vGluT-type × post-synaptic dendritic shaft-size, F2 = 7.6, p 

= 0.007). Pairwise Bonferroni multiple comparisons test showed that amongst the various 

sizes of post-synaptic dendritic shafts formed by axo-dendritic synapses: both the large-

sized (p = 0.018) and medium-sized (p = 0.012) dendrites constituted significantly lesser 

proportions of the post-synaptic dendritic shaft population of vGluT1-positive terminals 

compared to that of vGluT2-positive terminals, but not the corresponding small-sized 

dendritic proportion (p = 0.077). 
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Figure 3.2: Electron micrographs showing the post-synaptic targets of vGluT1- and 

vGluT2-containing terminals in the STN 

(A-C) vGluT1 (v1) containing terminals forming asymmetric synapses (indicated by 

arrowheads) with dendritic shafts (dend) (A,C) and dendritic spine (sp) (B,C). vGluT1 

revealed with immunogold in panels A & C and immunoperoxidase in panel B. The black 

line with double ended arrows on the dendritic shaft (A), illustrates the measurement of 

its cross-sectional diameter, defined as the shortest diameter passing through the 

approximate center of its 2D representation on the EM image. (D-F) vGluT2 (v2) 

containing terminals forming asymmetric synapses (indicated by arrowheads) with 

dendritic shafts (dend) (D,F) and a dendritic spine (sp) (E). vGluT2 revealed with 

immunogold in panels D & E and immunoperoxidase in panel F. 

Scale bar: 0.2 µm (applies to all panels A-F).  
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Figure 3.3: Post-synaptic targets of vGluT1- and vGluT2-immunopositive terminals 

in the DL STN and VM STN of normal monkeys 

Significant differences were seen the proportions of the post-synaptic targets of vGluT1-

versus vGluT2-immunoreactive terminals in both the DL STN (A1) and VM STN (B1). 

Also, in both the DL STN (A2) and VM STN (B2), significant differences were found 

between the size distributions of all the post-synaptic dendritic shafts which were 
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contacted by vGluT1- and vGluT2-immunoreactive terminals. Abbreviations: Lg – large, 

Md – medium, Sm – small, Dend – dendritic shafts. Columns represent means ± standard 

error of the mean across 3 normal and 3 parkinsonian monkeys. Significance levels: *p < 

0.05; **p < 0.01; ***p < 0.001. 
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3.3.4.  Relative abundance and synaptology of vGluT1- and vGluT2-containing terminals 

in normal versus parkinsonian monkeys 

 

3.3.4.1.  State of parkinsonian motor symptoms and nigrostriatal dopaminergic pathology 

in MPTP-treated monkeys 

All MPTP-treated monkeys used in this study displayed moderate to severe parkinsonian 

motor symptoms at the time of euthanasia, as assessed using beam break counts in a 

behavioral cage and the PRS described in the Methods section, and used in many of our 

previous studies (Kliem et al., 2010; Hadipour-Niktarash et al., 2012; Bogenpohl et al., 

2013). Consistent with these behavioral observations, all parkinsonian animals displayed 

more than 80% dopaminergic denervation of the postcommissural putamen, based on 

reduced densitometry measurements of TH immunoreactivity (Fig. 2.1 A,B).   

 

3.3.4.2.  Loss of both vGluT1- and vGluT2-containing terminals in the STN of 

parkinsonian animals 

     We compared the density of vGluT1-positive terminal profiles in the DL STN and 

VM STN of normal versus MPTP-treated monkeys (Fig. 3.1 A,B). In the DL STN, there 

was a 57.1% (Student’s t- test; p < 0.001) reduction in the density of vGluT1-positive 

terminals in parkinsonian monkeys (5,934 ± 263 per mm
2
, n = 141 terminals) compared 

with controls (13,846 ± 653 per mm
2
, n = 329 terminals) (Fig. 3.1 C). Similarly, in the 

VM STN, the density of vGluT1-containing terminals decreased by 50.3% (Student’s t- 

test; p = 0.017) in the parkinsonian state compared to normal conditions (normal 
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condition – 13,972 ± 1,688 per mm
2
, n = 332 terminals; parkinsonian state – 6,944 ± 583 

per mm
2
, n = 165 terminals) (Fig. 3.1 C). 

     Moreover, the density of innervation of vGluT2-positive inputs to the STN was lower 

in the parkinsonian state compared to normal conditions (Fig. 3.1 A,B). In the DL STN, 

there was a 38.5% (Student’s t- test; p = 0.038) reduction in the density of vGluT1-

positive terminals in parkinsonian monkeys (5,176 ± 1,020 per mm
2
, n = 123 terminals) 

compared with normal animals (8,417 ± 303 per mm
2
, n = 200 terminals) (Fig. 3.1 D). 

However, in the VM STN, the density of vGluT2-containing terminals was not 

significantly different (Student’s t-test; p = 0.075) between the parkinsonian and normal 

states (normal condition – 12,162 ± 2,343 per mm
2
, n = 289 terminals; parkinsonian state 

– 5,555 ± 1,456 per mm
2
, n = 132 terminals) (Fig. 3.1 D). 

 

3.3.4.3.  Lack of volumetric changes of the STN in parkinsonian animals 

To ensure that the density values presented above for vGluT1- and vGluT2-positive 

terminals between normal and parkinsonian animals were collected from STNs of 

comparable sizes, we reconstructed, in 3D, the volume of the STN, from equally spaced 

coronal LM representations of the nucleus from 3 control and 3 MPTP-treated monkeys.  

There was no significant difference (Student’s t- test; p = 0.858) in the volume of the 

STN between these animals (Fig. 2.2 E). 
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Figure 3.4: Post-synaptic targets of vGluT1 immunopositive terminals in the DL 

STN and VM STN of normal versus parkinsonian monkeys 

No significant differences were seen the proportions of the post-synaptic targets of 

vGluT1 immunoreactive terminals between normal and parkinsonian monkeys, in both 

the DL STN (A1) and VM STN (B1). Also, in both the DL STN (A2) and VM STN (B2), 

no significant differences were found in the size distributions of all the post-synaptic 
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dendritic shafts which were contacted by vGluT1 containing terminals between normal 

and parkinsonian conditions. Abbreviations: Lg – large, Md – medium, Sm – small, Dend 

– dendritic shafts. Columns represent means ± standard error of the mean across 3 normal 

and 3 parkinsonian monkeys. 
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Figure 3.5: Post-synaptic targets of vGluT2 immunopositive terminals in the DL 

STN and VM STN of normal versus parkinsonian monkeys 

No significant differences were seen the proportions of the post-synaptic targets of 

vGluT2-immunoreactive terminals between normal and parkinsonian monkeys, in both 
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the DL STN (A1) and VM STN (B1). Also, no significant differences were found in the 

size distributions of all the post-synaptic dendritic shafts which were contacted by 

vGluT2 containing terminals in the VM STN between normal and parkinsonian 

conditions (B2). However, in the DL STN, there was a significant difference in the size 

distributions of all the post-synaptic dendritic shafts which were contacted by vGluT2 

containing terminals between normal and parkinsonian conditions (A2). Abbreviations: 

Lg – large, Md – medium, Sm – small, Dend – dendritic shafts. Columns represent means 

± standard error of the mean across 3 normal and 3 parkinsonian monkeys. Significance 

levels: *p < 0.05. 
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3.3.4.4.  No change in the pattern of synaptic innervation of STN neurons by both 

vGluT1- and vGluT2- containing terminals between normal and parkinsonian monkeys 

To assess whether there were any changes in the pattern of synaptic innervation of 

vGluT1- and vGluT2-containing terminals in parkinsonism, we compared the post-

synaptic targets of these two inputs between normal (data described earlier) and 

parkinsonian conditions. In the parkinsonian state, vGluT1-immunoreactive terminals 

innervated dendritic shafts and spines in 76.0 ± 5.0% and 24.0 ± 5.0% of the instances (n 

= 150), respectively in the DL STN (Fig. 3.4 A1); whereas, in the VM STN they 

contacted dendritic shafts and spines in 75.3 ± 1.8% and 24.7 ± 1.8% of the occasions (n 

= 150), respectively (Fig. 3.4 B1). On the other hand, in parkinsonian condition, vGluT2-

immunopositive terminals targeted dendritic shafts and spines of the DL STN in 94.0 ± 

4.2% and 6 ± 4.2% of the cases (n = 127), respectively (Fig. 3.5 A1); and they innervated 

dendritic shafts and spines of the VM STN in 93.6 ± 1.2% and 6.4 ± 1.2% of the 

instances (n = 128), respectively (Fig. 3.5 B1). 

     We found no significant difference in the dendritic innervation patterns of vGluT1-

containing terminals in normal versus parkinsonian states in the DL STN (two way 

ANOVA, vGluT-type × post-synaptic target, F1 = 1.7, p = 0.223) and VM STN (two way 

ANOVA, vGluT-type × post-synaptic target, F1 = 1.9, p = 0.206). Similarly, there was no 

significant difference in the dendritic innervation patterns of vGluT2-containing 

terminals in normal versus parkinsonian states within the DL STN (two way ANOVA, 

vGluT-type × post-synaptic target, F1 = 0.3, p = 0.615) and VM STN (two way ANOVA, 

vGluT-type × post-synaptic target, F1 = 1.5, p = 0.257). 
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     Additionally, we calculated the proportion of axo-dendritic synapses targeting large 

(>1.0 µm), medium (0.5-1.0 µm) or small (<0.5 µm) dendritic shafts (see description 

earlier). Of the axo-dendritic synapses contacted by vGluT1-immunopositive terminals in 

the parkinsonian state, 27.6 ± 3.3%, 51.7 ± 1.1% and 20.6 ± 3.7%, were located on large, 

medium and small dendrites, respectively in the DL STN (Fig. 3.4 A2); while 12.3 ± 

3.7%, 40.7 ± 1.1% and 47.0 ± 3.9% of them were found on large, medium and small 

dendrites, respectively in the VM STN (Fig. 3.4 B2). With respect to the axo-dendritic 

synapses innervated by vGluT2-immunoreactive terminals in parkinsonian conditions, 

33.9 ± 3.0%, 55.8 ± 2.9% and 10.3 ± 0.5% of them targeted large, medium and small 

dendrites, respectively in the DL STN (Fig. 3.5 A2); whereas in the VM STN 14.4 ± 

2.2%, 70.3 ± 3.3% and 15.2 ± 2.3% of them were formed on large, medium and small 

dendrites, respectively (Fig. 3.5 B2). 

     The size distributions of the post-synaptic dendritic shafts contacted by vGluT1-

containing terminals forming axo-dendritic synapses in the STN were not significantly 

different between normal and parkinsonian conditions (two way ANOVA, vGluT-type × 

post-synaptic dendritic shaft-size; DL STN, F2 = 2.0, p = 0.173; VM STN, F2 = 0.2, p = 

0.845). Similarly, with respect to vGluT2-containing terminals forming axo-dendritic 

synapses in the VM STN, the size distributions of their post-synaptic dendritic shafts 

were not significantly different between normal and parkinsonian conditions (two way 

ANOVA, vGluT-type × post-synaptic dendritic shaft-size; F2 = 1.5, p = 0.273). However, 

the size distributions of the post-synaptic dendritic shafts contacted by vGluT2-

containing terminals forming axo-dendritic synapses in the DL STN were significantly 

different between normal and parkinsonian conditions (two way ANOVA, vGluT-type × 



93 
 

post-synaptic dendritic shaft-size, F2 = 4.9, p = 0.035). Pairwise Bonferroni multiple 

comparisons test showed that amongst the various size classifications of post-synaptic 

dendritic shafts contacted by vGluT2-containing terminals in the DL STN, the proportion 

of small-sized dendrites in the post-synaptic dendritic shaft population was significantly 

higher in normal animals compared with parkinsonian animals (p = 0.047); but there were 

no significant differences in the corresponding values for large-sized (p = 0.101) and 

medium-sized (p = 0.175) dendrites. 

 

3.4.  Discussion 

Our results show that both cortical (ie vGluT1-positive) and sub-cortical (ie vGluT2-

positive) glutamatergic afferents equally innervate the motor and non-motor territories of 

the monkey STN in normal and parkinsonian monkeys.  Furthermore, in line with data 

presented in chapter 2, these findings confirm a significant loss of vGluT1-positive 

terminals in the DL sector of the monkey STN in parkinsonism. In addition, our data 

demonstrate that this loss of vGluT1 terminals also occurs in the VM STN, and that the 

prevalence of vGluT2-containing terminals is also significantly reduced throughout the 

STN in parkinsonian animals. Thus, both the motor and non-motor territories of the STN 

undergo a significant degeneration of their cortical and sub-cortical glutamatergic drive 

in MPTP-treated parkinsonian monkeys. This homogeneous glutamatergic denervation of 

the motor versus non-motor STN territories suggests that this pathology may have 

widespread effects upon STN activity. Considering the increased interest in the STN as a 

target for deep brain stimulation (DBS) for alleviating addiction (Pelloux and Baunez, 

2013) and neuropsychiatric diseases (Bourne et al., 2012), the pathological changes in 
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glutamatergic inputs to the non-motor territory of the STN reported in our study  certainly 

merit consideration. 

     We found that sub-cortical glutamatergic inputs almost exclusively targeted dendritic 

shafts, rarely contacting dendritic spines; whereas their cortical counterparts formed 

synapses with both dendritic shafts and spines in approximately 70% and 30% of the 

instances, respectively. Because dendritic spines are considered the most plastic elements 

of dendritic trees in the mature adult brain (Alvarez and Sabatini, 2007), it would be 

reasonable to conclude that cortical glutamatergic afferents to the STN are more 

amenable to plastic changes compared with those of sub-cortical origin. In cases where 

glutamatergic inputs terminated onto dendritic shafts of STN neurons, we estimated the 

proximity of the innervation site to the soma by measuring the approximate diameter of 

the 2D representation of the dendritic shaft. Since we know that STN dendrites taper off 

as they extend out away from the soma (Rafols and Fox, 1976), we can assume that the 

dendritic shaft would have a larger diameter when closer to the soma than it would when 

further away from the soma. We found that cortical and sub-cortical glutamatergic inputs 

target the dendritic shafts of STN neurons at different locations, with the sub-cortical 

inputs contacting dendritic shafts at sites closer to the soma than the cortical ones.  This 

finding is in line with the previous report that anterogradely labeled thalamosubthalamic 

afferents innervate STN neurons at sites closer to the soma than corticosubthalamic 

inputs in rodents (Bevan et al., 1995). If all other factors governing the tendency  of a 

neuron to respond to a target are similar, the relative proximity of a terminal to the soma 

of a target neuron determines the propensity of that neuron to respond to the input (Stuart 

and Spruston, 1998). Hence, it is reasonable to consider that the relative tendencies of 
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STN neurons to fire in response to cortical versus sub-cortical glutamatergic afferents 

might be different, on account of the differential pattern of STN dendritic innervation by 

these two inputs. It would be exciting to explore this question using electrophysiological 

techniques to measure the likelihood of activation of the post-synaptic STN neuron in 

response to cortical versus sub-cortical glutamatergic stimulation. 

 

Changes of the glutamatergic inputs to the STN in parkinsonism 

Our data demonstrate a significant loss of glutamatergic inputs of cortical and sub-

cortical origin to the STN in MPTP-induced parkinsonian monkeys. Significant changes 

in the pattern of synaptic innervation, functional connectivity, synaptic transmission and 

long term plastic properties of other major glutamatergic inputs to the basal ganglia, such 

as the corticostriatal and thalamostriatal projections, have been extensively described in 

animal models of PD (Ingham et al., 1989; Stephens et al., 2005; Zaja-Milatovic et al., 

2005; Raju et al., 2008; Smeal et al., 2008; Villalba et al., 2009; Galvan and Smith, 2011; 

Mathai and Smith, 2011; Shepherd, 2013; Villalba et al., 2013). Whether similar changes 

also affect the glutamatergic inputs to the STN is an important question to consider. It 

would be interesting to compare the common thread underlying the changes in the 

integrity of glutamatergic inputs to the basal ganglia in dopamine-denervated conditions.  

     It is necessary to understand whether the changes occurring to glutamatergic inputs to 

both the striatum and STN in parkinsonian condition can be ascribed to pathological 

insults of vGluT1- or vGluT2-positive neurons projecting concurrently to both of these 

nuclei or to different neuronal populations. Because there is no evidence that single 
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glutamatergic neurons in the cortex, thalamus or PPN, simultaneously project to both the 

striatum and STN in primates (Mathai and Smith, 2011; Smith et al., 2013), the 

likelihood that these changes are due to the pathology of a single neuronal population is 

limited. However, the situation may be different in rodents, at least for corticofugal 

neurons, which appear to be highly collateralized, thus giving rise to both corticostriatal 

and corticosubthalamic projections (Kita and Kita, 2012; Shepherd, 2013).  Further 

characterization of the potential species differences in the degree of axonal 

collateralization of individual glutamatergic neurons projecting to both the striatum and 

the STN between primates and non-primates is essential. A clear map of the trajectories 

taken by afferents to the STN and their axon collaterals would help us better model the 

stimulation effects of an electrode placed within the STN, as usually done in STN-DBS. 

With this knowledge, we could probably understand some of the network-wide effects 

seen after STN-DBS, which is a major unresolved problem of the procedure (Humphries 

and Gurney, 2012). Finally, these anatomical maps could also help us understand better 

the functional significance of a dual gateway for glutamatergic inputs to reach the basal 

ganglia circuitry (Mathai and Smith, 2011). 

     Dopamine and dopamine receptor agonists are known to induce physiological changes 

in STN neuronal activity (Campbell et al., 1985; Hassani and Feger, 1999; Shen and 

Johnson, 2000). However, the precise functional effects of nigrosubthalamic 

dopaminergic projections onto STN glutamatergic afferents to the STN are not clear. The 

role of dopamine in maintaining the integrity of individual glutamatergic inputs to the 

STN is an important scientific problem to address especially since our data shows a major 

loss of these inputs to the STN in parkinsonism. Also, we could study the plastic changes 
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occurring to the remaining glutamatergic synapses in the parkinsonian STN. In this 

regard, one could study the expression of glutamate receptors in glutamatergic synapses 

within the parkinsonian STN using ultra-high resolution EM methods (Nusser et al., 

1998; Masugi-Tokita et al., 2007). 

     Over the past few years, a dual target DBS approach of stimulating both the STN and 

PPN has been used in PD patients with major gait problems, where it is thought that 

STN-DBS and PPN-DBS work synergistically to deliver a much better therapeutic 

outcome than STN-DBS alone (Ferraye et al., 2011). In the case of the supposed 

synergistic effects of concurrent STN- and PPN-DBS, the connections between these two 

nuclei may play an important role. While we don’t know whether the observed loss of 

sub-cortical glutamategic afferents to the STN also includes the ones originating in the 

PPN, it must be noted that the abundance of PPN afferents to the STN might determine in 

part the outcome of simultaneous STN- and PPN-DBS. Moreover, some of the effects of 

STN-DBS are thought to arise from antidromic activation of cortical afferents (Li et al., 

2007), and hence, the density of these cortical inputs may underlie the efficacy of STN-

DBS. In light of our data which shows that both the cortical and sub-cortical 

glutamatergic inputs are affected in parkinsonism, it is important to weigh this loss while 

modeling the effects of STN-DBS and PPN-DBS in PD patients. 

     Apart from their loss in parkinsonism, we did not detect any morphological changes 

occurring to individual glutamatergic terminals innervating the STN in parkinsonism. 

However, one cannot rule out the possibility of such changes. A thorough three-

dimensional reconstruction study of these glutamatergic boutons in normal versus 
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parkinsonian states may give us more insight into possible structural plastic changes 

affecting them (Villalba and Smith, 2011). 

     The cortical and sub-cortical glutamatergic afferents to the STN undergo major 

functional changes in parkinsonism. Cortical and sub-cortical glutamatergic inputs show 

a lower and higher metabolic activity, respectively, in 6-OHDA treated rats (Orieux et al., 

2000; Orieux et al., 2002). Also, beta oscillations in the corticosubthalamic connection 

are enhanced in 6-OHDA treated rats (Mallet et al., 2008). Moreover, the cortex and STN 

are functionally more connected and pathologically synchronized with each other in 

Parkinson’s patients (Baudrexel et al., 2011; Shimamoto et al., 2013). It would be 

important to know if these functional changes occurring to the glutamatergic afferents of 

the STN are responsible for the more famous pathology of the STN in parkinsonism – 

increased oscillations. Another noteworthy point is that the CM/PF thalamic nuclei, 

which give rise to a major component of sub-cortical glutamatergic afferents to the STN, 

undergo a massive cell loss in MPTP-treated monkeys (Villalba et al., 2013), and in PD 

patients (Henderson et al., 2000). It is not known whether the CM/PF neurons which 

degenerate also include some which project to the STN, which could explain in part the 

loss of sub-cortical glutamatergic afferents to the STN.  
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4.  Conclusions and Future Directions 

 

     The STN receives significant glutamatergic inputs from cortical and sub-cortical 

sources. However, much of our knowledge about these glutamatergic afferents to the 

primate STN is limited to anatomic and functional studies done in the normal state. Not 

much is known about changes occurring to these inputs in pathological conditions. Using 

anatomic techniques, I have studied the underlying structural changes occurring to these 

inputs in a primate model of PD. Further, I started exploring some aspects of the 

functional consequences of my anatomical findings on the functional integration of the 

corticosubthalamic pathway in the basal ganglia circuitry. The key conclusions of this 

thesis and future directions for exploration are summarized below: 

 

4.1.  Conclusions 

4.1.1.  Both the motor and non-motor territories of the STN receive significant cortical 

and sub-cortical glutamatergic afferents  

There have been several anatomical tract-tracing studies and some functional 

connectivity studies which clearly demonstrate the innervation of both non-motor and 

motor STN regions by glutamatergic afferents arising from either cortical or sub-cortical 

sources (Monakow et al., 1978; Sadikot et al., 1992; Lavoie and Parent, 1994a; Bevan et 

al., 1995; Nambu et al., 1996; Chudasama et al., 2003; Haynes and Haber, 2013). 

However, there has been no study exploring whether both the non-motor and motor 
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territories of the STN are innervated to the same extent by these inputs. In fact, the 

existence of significant corticosubthalamic projections originating in non-motor cortical 

areas have only recently been shown conclusively in primates (Haynes and Haber, 2013). 

Also, until recently, conducting a study to compare the degree of innervation of the non-

motor and motor STN by total glutamatergic inputs was technically challenging due to 

the limitations in applying neuronal tracers in huge regions such as the cerebral cortex. 

However, with the introduction of vGluT1 or vGluT2 as specific markers of 

glutamatergic inputs from cortical and sub-cortical sources, respectively (Fremeau et al., 

2004; Liguz-Lecznar and Skangiel-Kramska, 2007), one can efficiently quantify the 

relative propensity of innervation of these inputs in both the non-motor and motor STN. 

Thus, taking advantage of these markers, we showed that cortical and sub-cortical 

glutamatergic afferents equally innervate motor and non-motor regions of the monkey 

STN. 

Technical considerations: We have relied heavily on vGluT1 and vGluT2 as the markers 

to identify all the cortical and sub-cortical glutamatergic afferents, respectively. 

However, it must be noted that of all the putatively glutamatergic terminals forming 

asymmetric synapses in the monkey striatum about 15-20% do not express either vGluT1 

or vGluT2 (Raju et al., 2008).  A comparable finding was seen in the rat striatum with 

around 30% of terminals forming asymmetric synapses devoid of any immunolabeling 

for vGluT1 or vGluT2 (Lacey et al., 2005). While the exact reason for this discrepancy in 

the striatum is unclear, the same issue may also apply to the STN. Importantly, if this 

inconsistency occurs due to an inadequate immunolabeling of vGluT1/vGluT2 or due to 

weak immunohistochemical signals caused by the dynamics of vGluT1/vGluT2 
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expression in glutamatergic terminals, one could say that the estimates of the relative 

abundance of vGluT1 and vGluT2 terminals would be imprecise. However, we believe 

that even in such a situation where we cannot identify all the vGluT1- and vGluT2-

containing terminals, the immunolabeling procedure will label these terminals in both the 

motor and non-motor areas to a similar extent. Thus, even with its imperfections, this 

procedure will yield results to adequately compare the abundance of vGluT1- and 

vGluT2-containing terminals between the non-motor and motor regions of the STN. 

 

4.1.2.  Cortical and sub-cortical glutamatergic inputs innervate different parts of the 

dendritic tree of STN neurons  

If the post-synaptic target of a terminal is a dendritic spine, the likelihood of the terminal-

target complex to undergo plastic changes under normal or pathological conditions is 

much higher than that if the post-synaptic target is a dendritic shaft (Alvarez and 

Sabatini, 2007; Villalba and Smith, 2013). Hence, we compared the post-synaptic targets 

(dendritic shafts or spines) of cortical and sub-cortical glutamatergic afferents in the STN 

to predict the plasticity of these two different input systems. We found that sub-cortical 

glutamatergic inputs almost exclusively targeted dendritic shafts, rarely contacting 

dendritic spines; whereas, their cortical counterparts were found in synaptic contact with 

both dendritic shafts and spines in approximately 70% and 30% of the instances, 

respectively. Because a higher degree of plasticity is ascribed to dendritic spines 

compared to dendritic shafts (Alvarez and Sabatini, 2007), it would be logical to 

conclude that glutamatergic afferents to the STN of cortical origin are more amenable to 

plastic changes compared to those of sub-cortical origin. 
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In addition to identifying whether the post-synaptic target was a dendritic shaft or 

a spine, we also assessed the relative proximity of the terminal to the soma on the 

dendritic tree. The proximity of the terminal to the soma is one of the anatomical 

estimates of the tendency of the post-synaptic neuron to respond to inputs arriving from 

that terminal. Assuming that all other aspects are similar, a more proximally placed input 

would more readily influence the activity of the post-synaptic neuron compared to a 

distal input (Stuart and Spruston, 1998). Hence, in cases where glutamatergic inputs 

terminated onto dendritic shafts of STN neurons, we estimated the proximity of the 

innervation site to the soma by measuring the approximate diameter of the 2D 

representation of the dendritic shaft. Since we know that STN dendrites taper off as they 

extend out away from the soma (Rafols and Fox, 1976), we can assume that the dendritic 

shaft would have a larger diameter when closer to the soma than it would when further 

away from the soma. We found that cortical and sub-cortical glutamatergic inputs target 

the dendritic shafts of STN neurons at different locations, with the sub-cortical inputs 

contacting dendritic shafts at sites closer to the soma than the cortical ones, an 

observation in line with a previous rodent study (Bevan et al., 1995). Therefore, if we 

assume that all the other factors which govern the response of the post-synaptic STN 

neuron to a synaptic input, such as post-synaptic receptor expression, dynamics of 

neurotransmitter release and reuptake, etc are similar, a sub-cortical glutamatergic input 

seems to have a higher connection weight than a cortical glutamatergic input (Stuart and 

Spruston, 1998). Another key point to consider is that the glutamatergic afferents 

originating from the cortical versus sub-cortical regions use a different vGluT isoform 

(vGluT1 versus vGluT2) for packaging glutamate. In fact, the dynamics of glutamate 
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release by glutamatergic neurons containing vGluT1 are different to those using vGluT2 

(Weston et al., 2011). In fact, vGluT2-immunopositive glutamatergic neurons tend to 

readily release glutamate compared with vGluT1-immunoreactive ones. Although we 

cannot predict the exact difference in the influence and dynamics of the cortical versus 

sub-cortical glutamatergic inputs, computational modeling studies which take into 

account the dendritic innervation pattern and the dynamics of neurotransmitter release 

could shed some light on the interplay of these two inputs in regulating the physiology of 

the STN. 

Technical considerations: The identification of the post-synaptic elements and the 

diameter measurements of the post-synaptic dendritic shafts were done using single 

ultrathin EM sections, which gave us only a 2D representation of the morphology. A 

precise way to perform these studies would be using 3D representations of the terminal-

post synaptic element complex. Another important point to note is that the diameter of 

the post-synaptic dendritic shaft was used as an estimate of the proximity of the input to 

the soma. However, there are special situations where such an assumption would be 

incorrect. For example, if there are two equally thick dendrites emanating from the soma, 

such that one of them gives rise to multiple branches at a proximal location and the other 

one extends outwards without branching. Typically, dendritic branches tend to be thinner 

than the parent dendrite. Thus, it is very likely that a dendritic branch which may be 

thinner than an unbranched dendrite would actually be much closer to the soma than the 

other. Hence, the ideal way to estimate the proximity of an input to the soma would be 

using a high resolution 3D reconstruction of the entire dendritic arborization, which has 
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recently become possible using automated EM sampling methods (Helmstaedter and 

Mitra, 2012). 

 

4.1.3.  Both cortical and sub-cortical glutamatergic inputs to the STN are partially lost in 

MPTP-treated parkinsonian monkeys  

Besides the STN, the striatum is a basal ganglia nucleus which receives major 

glutamatergic inputs from cortical and sub-cortical regions. It is known that there are 

significant changes occurring into the innervation, functional connectivity, synaptic 

transmission and plasticity of major glutamatergic inputs to the striatum in animal models 

of PD (Ingham et al., 1989; Stephens et al., 2005; Zaja-Milatovic et al., 2005; Raju et al., 

2008; Smeal et al., 2008; Villalba et al., 2009; Galvan and Smith, 2011; Mathai and 

Smith, 2011; Shepherd, 2013; Villalba et al., 2013). Based on the major structural and 

functional reorganization of the glutamatergic inputs to the striatum in animal models of 

PD, we assessed whether similar changes occurred in the STN of parkinsonian monkeys. 

We, indeed, found a significant loss of both cortical (~50%) and sub-cortical (~40%) 

glutamatergic afferents to the STN in MPTP-treated parkinsonian monkeys. Jointly 

considering the impact of dopamine loss on the integrity of glutamatergic inputs in the 

striatum and STN in parkinsonism, one could speculate that common underlying 

mechanisms affect glutamatergic transmission to the basal ganglia in the dopamine-

denervated state. 

Technical considerations: As discussed in section 4.1.1., we assumed that vGluT1 and 

vGluT2 could be used as markers to adequately quantify cortical and sub-cortical 
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glutamatergic terminals, respectively. However, this technical aspect becomes more 

amplified when we consider that we used these markers to compare the abundance of 

these glutamatergic inputs between normal and parkinsonian conditions. Not knowing 

exactly what happens to the expression of these vGluT isoforms in the pathological state, 

it is possible to undersample or even oversample these glutamatergic afferents. For 

example, a lower expression of vGluT1 protein in corticosubthalamic terminals in 

parkinsonian conditions would lead us to wrongly conclude that there is a loss of cortical 

inputs to the STN in parkinsonism. To counter this limitation, we used a method 

independent of immunohistochemistry which would give us an estimate of the number of 

glutamatergic inputs in the STN. By quantifying the number of terminals forming 

asymmetric synapses, which are considered putatively glutamatergic, we were able to get 

an approximate number of the glutamatergic inputs. Hence, we are confident that the 

anatomical result which showed a loss of glutamatergic inputs to the STN is not merely 

an artifact of the sampling process. However, we would not be able to say with certainty 

that both the putatively cortical and sub-cortical glutamatergic afferents are lost in 

parkinsonism, since the immunolabeling independent count of asymmetric synapses 

samples both vGluT1- and vGluT2-containing terminals. An absolute method to answer 

this question would be by completing filling all the glutamatergic neurons originating 

from the cerebral cortex and sub-cortical regions with anterograde tracers and quantifying 

the terminals in the STN which are immunoreactive for the tracers. But it must be noted 

that such experiments are practically impossible to execute. 
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4.1.4.  Potential changes in the functional impact of the hyperdirect corticosubthalamic 

pathway upon pallidal neurons in parkinsonism  

To confirm whether our anatomic findings regarding the degeneration of the 

corticosubthalamic system in parkinsonism translate to any noticeable changes in the 

functional connectivity of the corticosubthalamic system, we recorded the activity of 

pallidal neurons downstream from the STN in response to electrical activation of the 

corticosubthalamic projection. In preliminary experiments in two monkeys, we found that 

a smaller proportion of pallidal neurons responded to electrical stimulation of the internal 

capsule with an early excitatory response (latency < 12ms), known to be generated 

activation of corticosubthalamic projection. Although it is not possible to fully rule out 

that this decrease in responding neurons in the pallidum was due to functional changes in 

the subthalamopallidal projection, the pilot electrophysiological studies tend to suggest 

that there is a functionally relevant denervation of the corticosubthalamic system in 

MPTP-induced parkinsonism in primates. 

     The temporal interplay between the corticosubthalamic and corticostriatal pathways 

has been suggested as a critical element in ‘action selection’ models of basal ganglia 

function (Nambu et al., 2002) or in models that ascribe response inhibition to the 

hyperdirect pathway (Jahfari et al., 2011). According to the action selection model, 

activation of the hyperdirect pathway causes a surround inhibition of thalamocortical 

neurons by providing a diffuse excitation of inhibitory pallidothalamic neurons in GPi. A 

subsequent focal activation of direct striatofugal GABAergic neurons by the 

corticostriatal system onto this surround inhibition activates a focal group of 

thalamocortical neurons in a center-surround manner. Later, the activation of the indirect 
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pathway results in a global inhibition of thalamocortical neurons. According to some 

authors, such an organization of the corticosubthalamic and corticostriatal pathways 

allows for a focused selection of motor programs within the basal ganglia (Mink and 

Thach, 1993; Nambu et al., 2000; Nambu et al., 2002; Helmich et al., 2009; Wylie et al., 

2010). Thus, a pathological loss of the ‘hyperdirect’ pathway could hamper the ability of 

parkinsonian patients to generate the surround inhibition of thalamocortical neurons. If 

the proposed action selection mediated by the basal ganglia is important in the 

physiological selection of motor programs, an alteration of the basal ganglia temporal 

dynamics could affect the ability to select actions in parkinsonian states. In fact, this 

possibility is supported by the clinical observations that there is an apparent restriction of 

action selection in PD patients (Helmich et al., 2009; Wylie et al., 2010). The prominent 

reduction of the ‘hyperdirect’ pathway must be considered when modeling action 

selection mediated by the basal ganglia in parkinsonism. However, it must be noted that a 

recent study where the corticosubthalamic system of some monkeys was selectively 

eliminated did not produce any noticeable deficits in the animals (Inoue et al., 2012). 

Technical considerations: To assess the physiological impact of this pathological change, 

responses of pallidal neurons to electrical stimulation of the internal capsule were 

recorded. Because previous STN inactivation studies have shown that “early excitatory” 

responses (ie below 10-12 msec) generated in the globus pallidus following stimulation 

of motor cortices, originate from activation of the corticosubthalamic system in rats and 

monkeys (Kita, 1992; Nambu et al., 2000), we used that approach to determine potential 

changes in the functional effects of corticosubthalamic activation upon pallidal neurons 

in MPTP-treated monkeys. Although recordings of STN neurons in response to cortical 
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stimulation might have been a more direct approach to assess the functional integrity of 

the corticosubthalamic system in parkinsonian animals, technical challenges in collecting 

a large and reliable data set from STN neurons in awake monkeys led us to consider the 

GPe and GPi recording sites for these experiments. To activate the corticosubthalamic 

system, stimulation electrodes were placed into the posterior limb of the internal capsule. 

While the placement was not identical across monkeys and stimulation sites, the strength 

of stimulation was adequate to stimulate a large portion of the internal capsule in all 

cases. The stimulation parameters were such that the current would stimulate myelinated 

axons up to 1.7 mm away from the stimulation site (Ranck, 1975). In all cases, a large 

portion of the internal capsule lay within the 1.7 mm radial distance, and we thus believe 

that the internal capsule was adequately stimulated. We were also very careful in 

mapping the borders and extent of GPe and GPi in each case to ensure that comparable 

recording sites into the ventrolateral part of the pallidal complex were sampled in each 

animal under normal and parkinsonian conditions. The ventrolateral GPe/GPi region was 

chosen as recording sites because it is the main target of the dorsolateral STN (ie the 

main site of pathological changes described in this study), represents the sensorimotor 

region of GPe/GPi and is located far enough from the internal capsule stimulation 

electrodes not to be affected by current spread. A possible caveat of our approach is the 

possibility that stimulation of fibers other than those being part of the cortico-

subthalamo-pallidal system might have contributed to the early excitatory responses 

generated in GPe and GPi. For instance, orthodromic activation of pallidosubthalamic 

axons or antidromic activation of pallidothalamic pathways could both have also resulted 

in short latency responses in GPe and GPi neurons. However, such responses were 
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unlikely because of the dorsal placement of the stimulation electrode away from the 

trajectory of these fiber tracts (Smith et al., 1990). Also, we have recorded pallidal 

responses which are significantly longer than what would be expected for antidromic 

activation of pallidal cells. For almost 2ms after the onset of stimulation, it was not 

possible to reproduce any neuronal spikes completely due to clipping of the stimulus 

artifact upto this time. If we were to discount for any excitatory responses that may have 

occurred during the initial 2ms period post stimulation, the shortest latency of the early 

excitatory responses recorded in our electrophysiological studies was 3ms. Hence, we 

think that we have not measured any excitatory responses induced by antidromic 

stimulation of pallidal efferents. Another important point about antidromic stimulation 

induced responses is that their failure rate is almost zero. However, for all the early 

excitatory responses we recorded, there was a considerable failure rate, which is due to 

the synaptic dynamics. Hence, we know that most of the responses we recorded were 

likely to have occurred after at least one synaptic transmission event, thus eliminating the 

possibility of having recorded any antidromic activation events. The stimulation may 

have activated corticostriatal axons, but if this were the case, the latencies of the 

excitatory responses generated in GPe and GPi by this activation would have been longer 

than 12 msec, as shown in previous studies (Nambu et al., 2000). Our response selection 

criteria excluded this possibility. A similar argument applies to the possibility that the 

stimulation could have activated the thalamostriatal system. The only projections that 

might have been activated, and possibly contributed to some of the responses recorded in 

our study are the cortico-thalamic axons that innervate thalamo-subthalamic or thalamo-

pallidal neurons. However, because it involves an additional synaptic delay, it is unlikely 
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that activation of the cortico-thalamo-subthalamo-pallidal tract was responsible for these 

effects. Although antidromic activation of thalamo-pallidal neurons cannot be ruled out, 

this projection is very sparse in primates (Sadikot et al., 1992), and unlikely to have 

significantly contributed to the electrophysiological responses described in this study. 

Also, it is likely that some thalamo-subthalamic projections may have axon collaterals 

which pass through the internal capsule en route to the striatum or cortex. If these axon 

collaterals are stimulated, there would be an antidromic activation of the CM/PF, in turn 

activating the STN which would further drive pallidal neurons. However, a single axon 

tracing study of CM/PF neurons in monkeys did not provide evidence for any such 

connections (Parent and Parent, 2005). Also, there is no major chance of direct activation 

of thalamo-subthalamic axons due to their general trajectory which generally steers clear 

of the internal capsule (Sadikot et al., 1992). Thus, the most likely source of the early 

excitatory responses generated in the globus pallidus following the internal capsule 

stimulation is the activation of the cortico-subthalamo-pallidal system (Nambu et al., 

2000).  

  

4.2.  Future Directions 

4.2.1.  Role of the STN in non-motor functions of the basal ganglia 

One of the key findings of this thesis is that glutamatergic inputs innervate both the motor 

and non-motor regions of the STN in similar degrees. Though the connectivity of the 

STN with non-motor cortical areas has only recently been established in primates 

(Haynes and Haber, 2013), the STN’s non-motor functions are increasingly being 
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recognized (Teagarden and Rebec, 2007). Also, considering the growing interest in 

electrically stimulating the STN to alleviate addiction (Pelloux and Baunez, 2013) and 

neuropsychiatric diseases (Bourne et al., 2012), the non-motor functions of the STN in 

normal and diseased states warrant extensive examination. 

 

4.2.2.  Integration of functionally distinct information in the STN 

STN neurons extend forth their dendrites to great distances, some as far as 750 µm away 

from the soma (Rafols and Fox, 1976). These stretches covered by STN dendrites from 

the soma are so far-reaching, that a single STN neuron can encompass about half, one-

fifth, and one-ninth of the STN in the cat, monkey and human, respectively (Yelnik and 

Percheron, 1979). Reflected upon jointly with our finding that both the motor and non-

motor STN regions are equally innervated by glutamatergic inputs, the anatomical 

composition of the STN seems conducive for greater levels of integration of functionally 

distinct information. In the striatum, which is the other major input station for 

glutamatergic inputs to the basal ganglia, the dendritic tree of medium spiny neurons is 

more restricted (Graveland et al., 1985) compared to that of STN neurons. Considering 

that functionally distinct information flows in the striatum along highly topographical 

maps in a segregated manner, it is reasonable to contemplate the possibility that the STN 

is the basal ganglia input station where external glutamatergic inputs can integrate across 

functional domains (Smith et al., 1998; Mathai and Smith, 2011). In fact, an important 

point to note is that in the dopamine denervated state, STN neurons lose their specificity. 

This question certainly needs further investigation since it will build a much more 

dynamic model of basal ganglia function. 
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4.2.3.  Influences of cortical versus sub-cortical glutamatergic afferents on activity of 

STN neurons 

One can posit from the differential innervation pattern of cortical versus sub-cortical 

glutamatergic afferents on STN neurons, that these two different sets of glutamatergic 

inputs have different effects on the activity of STN neurons. Using a combination of 

behavioral, electrophysiologic and optogenetic approaches, studies could be designed to 

dissect the control of STN activity by the cortical and sub-cortical glutamatergic input 

systems, which would be exciting avenues to pursue. 

  

4.2.4.  Functions of the STN in basal ganglia mediated action selection programs 

The action selection model hypothesized by Nambu and others suggests that the 

sequential activation of pallidal neurons by the hyperdirect, direct and indirect pathways, 

respectively, could generate a center-surround method to select appropriate motor 

programs (Nambu et al., 2002). However, it must be noted that the experiments done in 

support of this model have been done in non-physiological conditions by electrically 

stimulating the cerebral cortex, whereby large numbers of cortical neurons and passing 

fibers are electrically stimulated simultaneously. To evaluate the impact of the loss of the 

hyperdirect pathway in parkinsonism on basal ganglia mediated action selection 

programs, one has to first recognize whether this pathway is necessary for action 

selection in normal physiological conditions.  

 



113 
 

4.2.5.  Do glutamatergic inputs to the striatum and STN arise from single neurons within 

the cortex and/or thalamus in primates?  

Some of the corticostriatal and corticosubthalamic inputs originate from single neurons 

within the cortex in rodents (Kita and Kita, 2012). Whereas, in case of the thalamostriatal 

and thalamosubthalamic projections, they arise from distinct sets of neurons in the PF of 

rats (Feger et al., 1994). We need to explore whether the corresponding projection 

patterns are similar in primates. When we consider that STN-DBS has network wide 

effects, it is worth considering whether glutamatergic inputs to the STN are collaterals of 

striatal afferents. Anatomical studies finely characterizing these connections would help 

us better model the effects of STN-DBS. In fact, when we consider that the cortical and 

sub-cortical glutamatergic afferents to both the striatum and STN are affected in 

parkinsonism, it is reasonable to suggest that probably some of them are common 

neurons which project to both the STN and striatum. However, it must be noted that 

single-axon tracing studies in primates have not been able to identify cortical or sub-

cortical inputs which project to both these regions (Parent and Parent, 2005, 2006). It 

must be noted that these studies are very labor intensive and have a very small sample set 

of neurons. Hence, one can hope that automated methods to map the connectivity of the 

brain may yield faster and efficient results in answering this problem. 

 

4.2.6.  Functional changes to corticosubthalamic and subcorticosubthalamic excitatory 

inputs in parkinsonism 

Because glutamatergic inputs to the STN are reduced in parkinsonism, we need to 

explore whether there are associated changes in the functional connectivity, synaptic 
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transmission and plasticity, similar to those seen in the glutamatergic afferents to the 

striatum (Ingham et al., 1989; Ingham et al., 1998; Stephens et al., 2005; Zaja-Milatovic 

et al., 2005; Raju et al., 2008; Smeal et al., 2008; Villalba et al., 2009; Galvan and Smith, 

2011; Mathai and Smith, 2011; Villalba and Smith, 2011; Shepherd, 2013; Villalba et al., 

2013). There is some evidence in the literature which points to significant functional 

changes occurring to the cortical and sub-cortical glutamatergic inputs, including changes 

in the metabolic activity of these neurons, exaggerated beta oscillations and entrainment 

between the STN and the brain regions from where the neurons arise (Orieux et al., 2000; 

Orieux et al., 2002; Mallet et al., 2008; Baudrexel et al., 2011; Shimamoto et al., 2013). 

Further investigations studying these functional changes are warranted in light of our 

findings. Moreover, neurons within the CM/PF thalamic nuclei, which are prominent 

sources of sub-cortical glutamatergic afferents to the STN, degenerate in parkinsonism 

(Henderson et al., 2000; Villalba et al., 2013). Whether the CM/PF neurons which 

directly project to the STN are affected in parkinsonism, thereby contributing to the loss 

of sub-cortical glutamatergic afferents to the STN, is not known. 

In fact, the possibility of a decreased activity of the corticosubthalamic system 

suggested by its partial degeneration in our study is at odds with recording data 

suggesting that the STN firing rate is pathologically increased in parkinsonism (Bergman 

et al., 1994; Wichmann and DeLong, 2003) These observations are also difficult to 

reconcile with data showing an increased motor cortex-STN functional connectivity 

(Baudrexel et al., 2011) and a greater entrainment of STN neurons to cortical activity 

(Mallet et al., 2008; Shimamoto et al., 2013) in the parkinsonian state. Although our 

morphological data may appear in contradiction with these functional studies, it is 
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noteworthy that increased corticostriatal glutamatergic transmission has been reported in 

parkinsonism despite a significant loss of glutamatergic synapses in 6-OHDA-treated 

rats. Whether the degeneration of the corticosubthalamic system in parkinsonism is 

independent of, or compensatory to these pathological changes is not known. 

Thus, a deeper knowledge of the physiological changes of the corticosubthalamic 

and subcorticosubthalamic synapses in dopamine depleted animals is needed. 

 

4.2.7.  Plastic changes in response to the functional loss of glutamatergic inputs to the 

STN: Quantification of glutamate receptors on cortical and sub-cortical glutamatergic 

afferents to the STN 

     Although it is well known that dopamine and dopamine receptor agonists can induce 

physiological changes in STN neuronal activity (Campbell et al., 1985; Hassani and 

Feger, 1999; Shen and Johnson, 2000), the functional link between the nigrosubthalamic 

dopaminergic inputs and the glutamatergic inputs to the STN is unclear. In light of the 

loss of glutamatergic inputs in dopamine denervated conditions, the role of dopamine in 

maintaining the integrity of individual glutamatergic inputs needs to be explored. The 

expression of glutamate receptors in the surviving glutamatergic synapses in the 

parkinsonian STN would be a factor that is influenced by a major loss of glutamatergic 

inputs. Addressing this question using ultra-high resolution freeze substitution or freeze 

fracture EM techniques would be an interesting research direction to pursue (Nusser et 

al., 1998; Masugi-Tokita et al., 2007). Also, it would be interesting to see whether there 
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are any morphological changes occurring to the terminal-post synaptic target complex in 

such pathological conditions (Villalba and Smith, 2011). 

 

4.2.8. Common pathological mechanisms affecting the integrity of glutamatergic 

afferents to the striatum and subthalamic nucleus in the dopamine-denervated state 

At first glance, one could conclude that the partial degeneration of the corticosubthalamic 

projection reported in our study mirror pathological changes of the glutamatergic  

corticostriatal system in the parkinsonian state (Ingham et al., 1989; Zaja-Milatovic et al., 

2005; Raju et al., 2008; Villalba et al., 2009; Mathai and Smith, 2011) However, 

additional information is needed to make such comparison. First, and foremost, although 

a significant loss of glutamatergic synapses has been reported in the striatum of 6-

OHDA-treated rats, there is no direct evidence that these synapses were those of cortical 

terminals. In fact, previous studies have demonstrated an increase or no significant 

change in the prevalence of vGluT1-containing terminals in the striatum of MPTP-treated 

parkinsonian monkeys (Raju et al., 2008). Along the same line, human postmortem 

studies revealed an increase of vGluT1 protein expression in the striatum of PD patients 

(Kashani et al., 2007). Furthermore, we need to explore whether there are any changes in 

the synaptic transmission, long term plasticity, and functional specificity of the 

corticosubthalamic projection as seen in case of the corticostriatal system in parkinsonian 

animals (Calabresi et al., 1993; Florio et al., 1993; Onn and Grace, 1999; Calabresi et al., 

2000; Onn et al., 2000; Strafella et al., 2005; Calabresi et al., 2007). 
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4.2.9. Impact of the loss of corticosubthalamic terminals on the efficacy of STN-DBS 

The cerebral cortex is antidromically activated during STN-DBS (Li et al., 2007). 

Whether this antidromic drive is an important factor in mediating the therapeutic benefits 

of STN-DBS is not clearly known. With the knowledge that corticosubthalamic inputs 

are lost in parkinsonism, it would be important to correlate the integrity of the 

corticosubthalamic system with the efficacy of the procedure in patients. 

 

4.3. Concluding Remarks 

This thesis work has resulted in some key findings regarding the changes in the 

glutamatergic inputs to the STN in the parkinsonism state. The STN, which has long been 

considered to be an important nucleus of the basal ganglia, has been a subject of deeper 

investigation ever since the advent of subthalamotomy and STN-DBS to treat advanced-

stage parkinsonian patients. Understanding the pathological changes occurring to 

extrinsic inputs leading to the STN has been an important point to address. This thesis has 

partly addressed this issue by characterizing changes occurring to the glutamatergic 

component of the STN afferents. Importantly, a reduced innervation of the STN by 

glutamatergic inputs in parkinsonism has been the most important finding of this thesis. 

The impact of such a denervation on the activity of the basal ganglia needs to be further 

explored. Also, some of the findings of this thesis could aid computational modeling 

studies in understanding the intrinsic dynamics of STN activity. Moreover, recognizing 

that the glutamatergic inputs to the STN are affected by dopaminergic denervation, in 

addition to the well-known changes happening to the glutamatergic inputs to the striatum, 

warrants detailed studies of changes occurring to all the basal ganglia projection systems 
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in parkinsonism. A clear understanding of the progression of some of these pathological 

changes and the local versus network effects of dopamine loss would help us better 

understand the pathophysiology of the disease. Finally, whether these findings translate 

to changes occurring in the actual human disease must be explored. 
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