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NEURONAL ACTIVITY Di THE SUBTHALAMIC MJCLEUS AND GLOBUS 

PAUIDUS OF PATIENTS WTH PARKINSON'S DISEASE, Doctoral Program 2001, 

Ron Levy, Department of Physiology, University O FToronto. 

ABSTRACT 

Patients with Parkinson's disease (PD) display bradykinesia, rigidity, and tremor and 

these symptoms are associated with the loss of dopaminergic input to the striatum of the 

basai ganglia. The current mode1 of the basal ganglia fiuiction predicts that the clinicd 

features of PD are related to elevated firing rates of neurons in the subthalamic nucleus 

(Sm and globus pallidus internus (GPi). However, it is possible that the discharge 

pattern of neurons in these nuclei also contributes to parkinsonism. The aim of this 

project was to characterize the pattern of activity and the population behavior of newons 

in the STN and GPi and to elucidate the significance of this activity in PD. This thesis 

describes work camed out in awake patients with PD during stereotaxic brain surgery. 

Microelectrode recordings of single neurons or pairs of neurons and macroekctrode 

recordings of locat Field potentials were performed in the STN, GPi, and globus paiiidus 

externus (GPe). in addition to a reduction in the firing rates of GPi and STN neurons, the 

dopaminergic medication apomorphine increased neuronal bmting activity, reduced the 

incidence of cells with tremor-related oscillations, and reduced the receptive fields of 

neurons to passive movement in these nuclei. Microinjections of inactivahg agents in 

the STN reversed parkinsonian symptoms, especiaily limb tremor following inactivation 

of regions with tremor-related cells. In tremulous patients, many STN ceiis and some 

GPi cells were obsewed to synchronously oscillate at the fkquency of limb tremor (3-8 



Hz) andlor at higher fcequencies (15-30 Hz). Both voluntary movement and 

dopaminergic medication were found to reduce the L5-30 Hz synchronized oscillations in 

the STN. Interestingly, none of the neuron pairs examhed fiom the STN or GPi showed 

cross-correlations indicative of synchronization due to direct synaptic connections or 

direct common input, suggesting that the synchronization of neuronal activity in the basal 

ganglia is limited to oscillatory activity. These resdts indicate that neuronal discharge 

patterns and the population behavior are related to clinical symptoms of PD and may play 

an important role in the normal and pathological fwictioning of the basal ganglia, 
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CHMTER 1 - GENERAL INTRODUCTION 

1.1 - The clinical features of Parkinson's disease 

The neurodegenerative disorder Parkinson's disease (PD) was first described in 

18 17 by James Parkinson but onIy became well-known to neurologists in the Iast century 

when it was recognized that PD was a unique disorder and not an extreme variant of the 

normal aging process (Horowski et al. 1995). PD has a prevalence rate of 100 per 

100,000 people (Tanner 1992; Mayeux et ai. 1995) with approximately one million 

people in North America anècted (Lang and Lozano 1998a). PD significantly shortens 

life expectancy (Bennett et al. 1996) and with future increases in the size of the elderly 

population, the mortality rate due to parkinsonism will rise dramatically (Lilienfeld and 

Perl 1993). The mean age of onset is approximately 60 years old but 10% of cases are 

diagnosed before the age of forty and are considered to have "young-onset" PD (Hughes 

et al. 1993; Bennett et al. 1996; Lang and Lozano 1998a). 

The cardinal symptoms of PD include akinesia, bradykinesia, rigidity, Iimb 

tremor, and the impairment of postural reflexes. The initial diagnosis is made on the 

bais of the presence of some or al1 of these symptoms and a good initiai response to 

Ievodopa (Lang and Lozano 1998a). PD syrnptoms increase with tirne (Calne and 

Langston 1983; KolIer and Montgomery 1997; Obeso et ai. 2000), with one side of the 

body initially affected and bilateral involvement as the disease progresses (Poewe and 

Wenning 1998). It is important to descnie the clinical symptoms expresseci by 

parkinsonian patients because they provide vaiuable ches regarding the normal function 

and pathophysioiogy of the brain regions involved in PD. 



1.1.1 - Akinesia and bradykinesia 

Akinesia is defined as the lack or paucity of spontaneous movement while 

bradykinesia is defïned as a slowness in the speed of movement. Most research is 

directed towards the latter symptom because it is inherently easier to measure a deficit in 

movement rather than the absence of movement. It is also thought that bradykinesia is 

the most fundamental sign of PD (Marsden 1984). It has been proposed that bradykinesia 

resuits fiom an inability of parkinsonian patients to generate the appropriate amount of 

muscle activity as measured with electromyography (EMG) (Hallett and Khoshbin 1980). 

This is supported by studies showing that PD patients have sIower and less regular force 

production when performing isometric contractions (Stelmach et al. 1989). It has also 

been proposed that akinesia might result from an inability to integrate cognitive and 

motor processes (Brown and Jahanshahi 1 996). 

Patients with PD initiate and execute rapid simple movements more stowly than 

healthy people do. These movements are usually accomplished with multiple cycles of 

EMG bursts rather than with a single triphasic pattern as observed in normal subjects. 

This indicates that patients require more agonist-antagonist cycles to complete a 

movement (Hallett and Khoshbin 1980) and that patients are unable to scale the 

activation of the first agonist burst (Berardelli et al. 1986a). Cluiicai ratîngs scales and 

the majority of movement studies tend to measwe movement time rather than reaction 

tirne because overal movement tirne is a better measure of bradykinesia (Teravainen and 

Caine 198 1). 



I.  I .  2 - Rigidity 

Rigidity is defined as an increase in resistance to passive movement of the Iimbs. 

It is presently unclear what causes rigidity in parkinsonian patients but it is likely that a 

variety of mechanisms are involved. Lesions of deep brain regions can relieve rigidity 

thereby indicating that central mechanisms pIay a role in rigidity (Lang et al. 1999). 

Rigidity may also be due to increase in reflex excitability (Rack and Ross 1986; Burne 

1987; Lee 1989), an increase in muscle activity during movement due to enhancement of 

stretch reflex activity (Meara and Cody 1992), or changes in soft tissue properties with 

long-term reduced use (Diet2 et al. 1981). 

I .  1.3 - Tremor 

Resting tremor occurs in approximately 75% of patients with PD (Hughes et al. 

1993). Unlike bradykinesia, correIations of PD motor deficits with ctinical rating scales 

demonstrate that tremor does not predict the severity or progression of motor deficits in 

PD (Stebbins et al. 1999). Limb tremor consists of 3-6 Hz rhythmic activation of 

antagonist muscles, usually in the distal portions of limbs (Shahani and Young 1976). 

This tremor is termed a "resting tremor" because it is present in the absence of active 

movements and is dampened in a limb during active movements of that Limb (Deuschl et 

al. 1998). Resting tremor can aIso be enhanced during periods of mental stress (so called 

"enhanced" resting tremor). For example, the ampIitude of a resting tremor can be 

increased if a patient is asked to perform mental arithmetic. 

The rhythmicity of parkinsonian rest tremor is quite variable in time (Schwab and 

Cobb 1939; Bishop et al. t948). Tremor hquency is dissimilar between diffefent sides 

3 



of the body and it is generally observed that tremulous limbs in PD oscillate 

independently whereas muscles within a iimb are more likely to be coupled (Raethjen et 

al. 2000). It has been suggested that differences in the fiequency of tremulous limbs 

might be due the presence of multiple tremor generating circuits (Alberts et al. 1965) and 

this is supported by studies using spectral techniques to correlate the fiequency relations 

between different tremulous limbs (Hurtado et al. 2000; O'Suilleabhain and Matsumoto 

1998). increases in intra-lirnb muscle coupling are observed during enhanced resting 

tremor induced by mental arithrnetic (Hurtado et al. 2000). Low amplitude 4-10 Hz 

postural and action tremors are also expressed in -60% olparkinsonian patients (Findley 

et al. 1981; Hadar and Rose 1993; Palmer and Hutton 1995). Postural tremors appear 

when patients hold a posture while action tremors are expressed during voluntary 

movement of the affected limb (Lance et ai, 1963; Fuidey et aI. 198 1). 

1.1.4 - Impairmen t in postural staliiliîy 

in addition to bradykinesia, rigidity, and Iimb tremor, postural instability is 

impaired in PD and can become the most debiIitating of these symptoms to a patient's 

quality of life. Clinically rated balance impairment has been correlated with an abnormal 

modulation of postural reflexes in the lower extremities (BeckIey et ai. 1991). Although 

the timing of associated postural adjustments is normal in PD, the size of postural 

adjustments may be decreased Oick et ai. 1986) and is related to difnculty in modifying 

the size of posturally stabiIizing Iong-Iatency reflexes (BeckIey et ai. 1993). Postural 

instability rnay aiso be due to an increase in muscle tone and tremor in the lower 

extremities (BurIeigh et al. 1995). It has been suggested that patients are unable to select 



functional response patterns when ptaced in situations of postural instability since they 

display difficulties sequencing motor programs for postural correction (Bazalgette et al. 

1987; Horak et al. 1992; Chong et al. 2000) and 'inflexiile' postural reflexes (Bloem et 

al. 1995). 

1.1.5 - Diflculties with cornplex tasks 

Parkinsonian patients show a deficit in sequencing movernents wherein the 

movement time for each step of a movement sequence becomes slower and slower and is 

termed the "sequence effect" (Agostino et al. 1992). Furthermore, patients 

characteristically display difficulties in performing sirnultaneous or complex tasks that 

involve the superimposition and sequencing of simple motor tasks (Schwab et al. 1954; 

Berardelli et al. 1986b; Benecke et al. 1986; Stehach and Womngham 1988; Agostino 

et al. 1998; Alberts et al. 1998). For exarnple, parkinsonian patients experience difficulty 

when they are required to wak while attending to a complex visuomotor task involving 

the upper limbs (Bond and Morris 2000). Difficulties are also observed with serial 

multiarticulate movements for speech (Conaor et al. 1989) that include speech hastening 

and impaired self-paced sequencing (Ackermann et al. 1997). 

The performance of complex rather than simple motor tasks correlates better with 

clinical bradykinesia (Benecke et al. 1987a). It has been suggested that the amount of 

bradykinesia in patients with PD may be an underlying factor in determinhg the degree 

of disturbance in superimposing separate motor prograrns (Benecke et al. 1986). 

Marsden (1 982) proposed that patients with PD cannot perform repetitive, sequential or 

concurrent motor actions because of an inability to execute automaticaiiy leamed motor 



plans. It has also been shown that bimanual simultaneous motor performance is degraded 

since there is an impaired ability to shifl attention behiveen the two tasks (Benecke et ai. 

1987b; Horstink et al. 1990; Jones et aI. 1992). This may occur because the combined 

demands of performing the two tasks outweigh the availabIe resources (Cools et ai. 1984; 

Flowers and Robertson 1985; Goldenberg 1990; Brown and Marsden 1991; Georgiou et 

al. 1993). 

1.1.6 - Diiculties with internally versus externally generated movements 

Parkinsonian patients display difficulties in normaily initiating movements that 

may be due to the inability of patients to utilize movement cues (Bloxham et al. 1984; 

Sheridan et al. 1987) or an inability to deaI with attentional demands of the task at hand 

(Brown and Marsden 1988a). For example, reduced reaction time in PD is similar to 

behavior in reaction time tests of normal individuais performing a concurrent attention 

demanding secondary task (Bloxham et al, 1987). The fieezing of gait that occurs in PD 

can also be diminished with the use of an inverted waiking stick to cue movements (Dietz 

et al. 1990; Carnicioli et al. 1998). Therefore, patients with PD are significantIy impaired 

on tasks where they have to rely upon intemal control for the regdation of behavior 

rather than extemal cues (Brown and Marsden 1988b; Crawford et aI. 1989; CooIs et ai. 

1990; Buytenhuijs et ai. 1994). Performance deteriorates when visuai guidance is lacking 

but the provision of extemai cues improves this deficit (Georgiou et ai. 1994; Cunnington 

et ai. 1999). 



1.1.7 - Other dysfunctions 

Greater than 90% of patients at 4 years d e r  their initial assessment are reported 

to have at least one psychiaûic symptom (depression, apathy, hallucinations, delusions, 

irritability, and anxiety) (Aarsland et al. 1999). 28% ofolder patients with PD have 

dementia in addition to the motor manifestations of PD (Aarsland et al. 1996). The 

prevalence rates of depression in patients with PD have been reported to be as high as 

40% (Cumrnings and Masterman 1999) which may be due to fiontal lobe dysfunction and 

greater involvement of dopaminergic and noradrenergic systems suggesting that frontal 

dopaminergic projections are involved in parkinsonian depression (Curnrnings 1992). 

Cognitive impairment in PD might also result h m  the dysfunction of non-dopaminergic 

neuronal systems (Pillon et al. 1989). Parbonian  patients that suffer fiom depression 

and cognitive impairment can sti!l provide an accwate self-report of their level of 

disability (Brown et al. 1989). Parkinsonian patients can also display esophageai motor 

abnormalities (dysphagia, acid regurgitation, pyrosis, and noncardiac chest pain) 

(Bassotti et al. 1998), visuocognitive impairment (Bodis-Woiher et ai. 1987; Bodis- 

Wollner 1990; Antal et al. 1998), and visual hallucinations that may be related to visual 

deficits of color and contrast discrimination (Diederich et al. 1998). 

in this thesis, neuronal activity of brain regions in patients with PD will be 

conelated with the motor symptoms bradykinesia, rigidity, and tremor only. Although 

postural instability, inability to perform compiex movements, and poor cognition might 

account for a greater debility in PD, given the limitations of stereotactic surgery, these 

features cannot easily be assessed during stereotactic neuronal recordings. 



1.2 - Dopamine therapy in Parkinson's disease 

This section describes the effects of dopaminergic dmg therapy in parkinsonian 

patients. The effects of this aati-parkinsonian medication on neuronal activity will be a 

major focus of this thesis. CarIsson first suggested that dopamine may be a transrnitter Ut 

the central nervous system involved in the controi of motor fùnction and that it may be 

invoived in the Parkinsonian syndrome (Carlsson, 1959). PD is characterized by 

progressive degeneration of dopzuninergic neurons in the substantia nigra pars cornpacta 

(SNc) that project to the striaturn {Ehringer and Homykiewicz 1960; DeLong et al. 1985; 

Kish et ai. 1988). However, the dopaminergic projection fkom the ventral tegmental area 

to the nucleus accurnbens (the mesohbic dopamine system) is not greatly affected. The 

success of dopamine replacement therapy supports the theory that a lack of dopamine 

results in parkinsonisrn (Kish et al. 1988). There is also selected degeneration of neurons 

in the aminergic brain-stem nuclei (catecholarninergic and serotoninergic), cholinergic 

nucleus basalis of Meynert, hypothaiamus, cortical cingulate neurons, sympathetic 

gangiia, and parasympathetic neurons in the gut (Lang and Lozano 1998a). h addition to 

loss ofdopaminergic neurons in the SNc in PD, there is a loss of baiance between the 

cholinergic and dopaminergic output of the striatum. 

The exact cause of neuraI degeneration in the SNc is praently unclear and may be 

due to a combination of factors. Cells degenerate by processes that are suggested to 

involve mitochondrial dysfiinction, oxidative stress, disturbed calcium horneostatis and 

excitotoxic celi death (Gerlach and Riederer 1999), virai agents (Eiizan and Casals 1983), 

age-related immune system dysfunc tion, genetic factors, trophic substances, or toxins 

(Elizan and Casals 1983). It is also likely that toxic enWormental factors are 



superimposed on a background of slow, sustained newonai loss due to advancing age 

(Calne and Langston 1983). A detailed review of the pathology and mechanisms of ce11 

degeneration is given by Lang and Lozano (1998a). 

By the time PD is diagnosed, a large population (-90%) of dopaminergic SNc 

cells have been depleted (Homykiewicz and Kish 1987). Positron emission tomography 

(PET) with levodopa analogue 6-fluorodopa has demonstrated that in humans exposed to 

l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MEjTP, a substance that is selectively 

toxic to SNc cells), dopaminergic Unpairment can exist without clinical deficits (Calne et 

al. 1985). Before clinical deficits become apparent, remaining SNc cells produce more 

dopamine and striatal cells increase their sensitivity. it has also been demonstrated that 

glutarnatergic inputs to the SNc are involved in compensatory mechanisms during the 

presymptomatic period when neuronal death in the SNc exceeds 50-60% but clinical 

symptoms are not yet present (Bezard et al. 1997% 1997b; Bezard et ai. 1999). When 

enough SNc cells are lost, compensatory mectianisms cannot balance the loss of 

dopamine and PD symptoms appear (Zigmond et ai. 1990; Bezard and Gross 1998). 

Diagnosis of PD is dependent on evduation of patient responses to acute 

challenges with levodopa or apomorphine ( M O )  (Bonuccelli et al. 1993; Albanese et al. 

2001), each with a different mechanism of action. The dopamine precurser levodopa was 

discovered in the 1960's and is the main treatment for PD (Cotzias et al. 1967). 

Levodopa is a pharmacologicaily inactive dopamine precursor that crosses the blood 

brain barrier and is converted enzymaticaily to the neurotransmitter dopamine by striatai 

terminais of a declining population of neurons in the SNc (Hurtig 1997). Following 

absorption into brain, Ievodopa is taken up by residual dopaminergic neurons and 



decarboxylated by aromatic amino acid decarboxylase, then synaptically released to 

stimulate dopamine receptors on post-synaptic cells. However, since levodopa efficacy 

does not decrease with disease duration, there likely are alternative mechanisms of 

presynaptic handling of levodopa (Koller 2000). Patients using levodopa are also given 

an aromatic amino acid decarboxylase inhibitor (such as benserazide or carbidopa) to 

block the peripheral breakdown of dopamine (Koiler 2000). The drug APO, a non- 

specific Di/ Dz dopamine receptor agonist, binds at post-spaptic receptor sites and has 

sirnilar clinical effects as levodopa (Corboy et al. 1995; Colosimo et al. 1996). APO is 

rapidly absorbed following subcutaneous injection, with peak levels achieved within 5-10 

minutes in most patients and has an ehnination half life of 33 minutes (Gancher 1995). 

A detailed review of the treatrnent of PD is given by Lang and Lozano (1998b). 

1.2.1 - Beneficial effects of dopamine iherapy 

Levodopa therapy has revolutionized the treatment of PD despite its major 

shortcomings afier long term use (Hurtig 1997). Levodopa significantly improves 

bradykinesia and akinesia. PET studies have demonstrated that nigrosûiatai deficit in PD 

correlates more highIy with bradykinesia than other functional deficits in patients with 

PD (Vingerhoets et al. 1997). Levodopa also improves tremor, rigidity, the performance 

of complex tasks (Benecke et al. 1987a), hypometria (srnaii amplitude movements) 

(Beckley et al. 1995), and the generation of intemally cued movements (Burleigh-Jacobs 

et ai. L997). 

However not d symptoms of PD are similarly responsive to dopaminergic 

medication. Postural instability might be the resdt of stooped posture or  rigidity (Bloem 



et al. 1992; Bloem et al. 1999) since dopamine has been s h o w  to improve tonic 

background postural muscle tone but not automatic postilral responses to extemal 

displacements (Horak et ai. 1996). The lack of effect of dopaminergic medication on 

postural stability suggests that nondopaminergic Iesions are involved in the 

pathophysiology otpostural abnormalities in PD (Bloem et al. 1996). 

1.2.2 - Non-betteficial eflecis of dopamine therapy 

The benefits of levodopa only last for 5-7 years before causing motor 

complications (Lang and Lozano 1998a) such as dyskinesias and rnotor fluctuations 

(Obeso et al. 2000). Fluctuations occur in well over haif of PD patients after five years of 

!evodopa therapy (Contin et al. 1997; Reardon et ai. 1999; Rascol et al. 1999) and might 

be related to the pulsatile stimulation of dopaminergic receptors on striatal GABAergic 

neurons (Chase 1998) or postsynaptic changes in the striatum (Colosimo et al. 1996). 

Motor fluctuations are also related to the cerebrai pharmacoicinetic or pharmacodynamie 

factors of levodopa (Contin et al. 1990). 

The eff~tiveness of anti-parkinsonian drugs gradudly dirninishes and more than 

50% of patients on Iong-term levodopa treatment develop dyskinesias. Rotation-sensitive 

movement monitoring of choreic and dystonic dyshesias demonstrate that these 

movements have predominant ûequency peaks ranging fkom 0.25-3.25 Hz, High- 

frequency dyskinesia correlates with choreic type and low-kequency dyskinesia 

corrdates with dystonic type (Burichard et al. 1999). Peak-dose dyskinesias are present 

with hi& concentration of brain Ievodopa while choreas or dystonias occur at the 

begining and end of dose (so caiied "diphasic dyskinesias") (Fahn 2000). The emergence 



of dyskinesia in patients with PD is related to the levodopa-induced reduction in 

bradykinesia, but not rigidity (Caligiwi ad Peterson 1993). Other complications of 

ievodopa use are nausea, postural hypotension, postural instability, motor fluctuations, 

and mental changes (hallucinations, confusion, and delirium) (Bloem 1992; Hurtig 1997; 

Koller 2000). 

Therefore, given the dramatic effects of dopaminergic therapy in patients with 

PD, it is important to increase our understanding of the effects of these medications in the 

parkinso~an brain. It is fortunate that those features which are most easily measured 

dunng stereotactic surgery, namely bradykinesia, tremor, rigidity, and dyskinesias also 

respond best to dopaminergic therapy. 

1.3 - Anatomy and physiology of basal ganglia and associated regions 

The basal ganglia (BG) are a group of subcortical nuclei, The major divisions of 

the BG are the striatum, the globus pallidus (GP), the subthalamic nucieus (STN), and the 

substantia nigra (SN). The striatum is the main input nucleus and is divided into the 

caudate, putamen, and nucleus accurnbens. The caudate and putamen subdivisions of the 

striatum are separated by the internai capsule. The GP is divided by the internai 

medullary lamina into the intemal segment (GPi) and external segment (GPe). The SN is 

divided into SNc and SN pars reticulata (SNr), The GPi and SNr are the major output 

nuclei of the BG. h rodents, the GPi is called the entopenduncular nucleus and GPe is 

referred to as the GP. 

Disorciers related to BG dysfunction involve hypokinetic or hyperkinetic 

movement abnormalities. These movement disorders can be found in diseases such as 



Huntington's disease, dystonia, obsessive-compulsive disorder, depression, 

addiction/substance abuse, and schizopbrenia. Given that ail disorders of BG origin 

involve some amount of movement deficit, it is interesthg that the BG receive no direct 

sensory input and do not send direct motor output to the spinal cord. For example, 

pallidal receiving areas of the thdamus have relatively weak access to direct motor 

outputs (Buford et al. 1996). 

The serial orgunization of the basal ganglia 

The BG are part of larger circuits that aIso involve the cortex, thalamus, and 

brainstem areas (Alexander et al. 1986; Alexander et ai, 1990; Hoover and Strick 1993; 

Middleton and Strick 1997). The BG receive major input fiom al1 the cerebral cortex 

(particularly supplementary motor area, premotor cortex, precentral motor, and 

postcentral sensory areas) and send output back to the sarne areas of the cortex via the 

ventrolateral thalamus. Thus the BG are considered part of a re-entrant circuit that 

emanates fiom the cortex. The BG also have outputs to the superior colliculus and the 

pedunculopontine tegmental nucleus (PPN), Therefore, the BG primady exert their 

effects through premotor neurons in the thaiamus and brainstem. A detailed schematic of 

the interconnections of the BG, cortical, and brainstem regions is shown in Figure 111. 

The parallel organization of the basai ganglia 

In addition to the serial connections between nuclei, there are many distinct re- 

entrant circuits which Iink the BG, thalamus, and vast regions of the cortex. 

ElectrophysioIogicai and anatomicai studies provide evidence that the main circuits 



passing through the BG rernain "segregated" under normal conditions and that the 

hnctional architecture of the BG is essentially paralle1 in nature (DeLong 1983; 

Alexander et al. 1986; Hoover and Strick 1993; Yoshida et ai. 1993). There are five such 

Loops in cortico-striatal-pallidal-thalamic system, each of which sends output to a 

different part of the fiontal lobe (Alexander et al, 1986). The "motor" circuit connects 

the primary motor cortex, supplementary motor area, and ventral premotor cortex (i.e. the 

precentral motor fields), The 'boculomotor" circuit involves the fiontal and 

supplementary eye fields. There are two "associative" circuits, one projecting to the 

dorsolateral prefiontaI cortex and the other projecting to the lateral orbitofrontal cortex. 

Lastly, a "limbic" circuit connects to the anterior cingulate and the media1 orbitofiontal 

cortex (Alexander et al. 1990). The segregation between these circuits may be 

maintained within each subcircuit as well (Aiexander and Crutcher 1990). It has been 

proposed that this organization may allow the BG to concurrently participate in both the 

motor and complex non-motor fùnctions of the cerebral cortex (DeLong et al. 1984; 

Alexander et al. 1990; Middleton and Strick 1994). 

1.3.1 - Striatum 

Projection narrons of the stnutum 

The projection neurons of the striatum are GABAergic "medium spiny neurons" 

and account for more than 90% of the total neuronal population of the sîriatum (Bolam et 

al. 198 1)- The medium spiny neurons of the sûiatofirgal pathways primarily projet to 

the GPe, GPi, and SNr but aiso send local axon collaterais to other striatal medium spiny 

neurons (Gerfen 1988). Antemgrade tracing studies demonstrate that the striatopailidal 



projection system in primates is highly ordered and displays a high degree of specificity 

with respect to its target sites in the pallidum (Hazrati and Parent 1992a). Stimulation of 

the striatum produces a short latency inhibition in both the GPi and GPe and is followed 

by a longer penod of excitation, especiaily in the GPe (Tremblay and Filion 1989). This 

excitation is topologically arranged and may serve to spatiaily focus the striatopallidai 

inhibitory signal onto a restricted number of pallidal neurons. The medium spiny 

projection neurons have a low spontaneous discharge rate but can be phasically active 

and have burst discharges in relation to behavioural events, 

in the primate, somatosensory and motor cortical areas project mostly to the 

putamen, and this structure is more related to pure motor aspects of task execution such 

as the execution of movements or the processing of proprioceptive information (Crutcher 

and DeLong 1984a; Crutcher and DeLong 1984b; Kirnura 1986; Alexander 1987). 

Putamen neurons are somatotopically organized throughout the rostrocaudal extent of the 

nucleus (Alexander and DeLong 1985a). Microstimulation in the putamen results in 

movements of individual body parts, likely due to the activation of putamen output 

neurons that are grouped into "striatal microexcitable zones" (Alexander and DeLong 

198%). In cats, single unit activity in the putamen is related to motor activity (Cheruel et 

al. 1994) while in the rat it has been demonstrated that putamen neurons have 

multisensory integrative receptive fields that may be used to facilitate motor responses 

(Chuder et al. 1995). 

The caudate nucleus receives substantial input fiom prefiontal and parieta1 

association areas and therefore serves associative functions such as pIanning and 

anticipation of upcorning events (Apicella et al. 1991a). Neurons in the caudate nucleus 



of rnonkeys integrate seasory, motor, and non-motor responses driven by the hn ta l  

cortex to produce coordinated behavior (Aldridge et al. 1980% 1980b; Nishino et ai. 

1984; Anderson and Horak 1985). in fteely moving cab, caudate neurons show changes 

of activity related to conditioned stimuli and to initiation of movement or to 

reinforcement (Amalric et al. 1984). Lastly, the nucleus accumbens subdivision of the 

striatum serves limbic (emotional aspects) functions and receives input fiom the lirnbic 

cortex (Alexander et ai. 1986). 

Direct arrd indirect output pathrvays of the strintitm 

Although al1 medium spiny neurons are GABAergic, they can further be 

subdivided based on differences in their projection targets and neurotransmitters used. 

Medium spiny neurons expressing GABA and substance P and dynorphin (an opioid 

peptide) monosynapticaily project to the SNr and GPi (the output nuclei of the BG) and 

comprise the "direct pathway" of the BG. The "indirect pathway" arises h m  medium 

spiny neurons expressing GABA and enkephaiin that project to the GPe (Albin et aI. 

1989a). This pathway then affects the GPi and SNr via the STN (DeLong 1990). It has 

been suggested that the activity in the direct pathway exerts a specific inhibitory controI 

of output neurons while activity in the indirect pathway uniformly excites a Iarger 

coIIection of neurons (Hazrati and Parent 1992b; Parent and Hazrati 1993). 

However, the separation between these two pathways is not sharp. There is 

anatomical evidence that indicates that striatal neurons can give rise to axon coilaterals 

that arborïze in a l i  the target nuclei of the striatum (Parent et ai. 1995; Parent et ai. 2000). 

There is aiso evidence of a direct GPe to GPi inhibitory connection (Parent and Hazrati 



1995a). A third population of medium spiny neurons contains GABA, dynorphin, and 

substance P and projects to the SNc (Gerfen and Young 1988). 

Intemettrons of the striatum 

Axons of non-spiny stria ital in terminate on other intemeurons or onto 

the medium spiny projection neurons. Similar to projection neurons, they can be 

subdivided according to the newonpeptides and enzymes that they express (Parent 1996)- 

For example, cholinergie interneurons are called "tonicaily active neurons" (TANs) and 

are recruited by becoming synchronized in firing or developing pauses after a 

conditioning stimulus (Aosaki et al. 1995;Raz et ai. 1996). During the acquisition of 

sensonmotor associations in monkeys, TANs that are widely distributed through the 

striatum becorne responsive to sensory stimuli that induce conditioned behavior (Aosaki 

et al. 1994a), are influenced by predictive information (Apicella et al. 1998), and display 

context- dependent phasic activity in specific behaviorat situations (Apicella et ai. 

1991b). This distributed change in activity is hypothesized to modulate the activity of 

surrounding projection neurons in the striatum engaged in mediating learned behavior 

(Aosaki et al. 1994a). 

Inptct to the striattcm 

The striatum is the main input nucleus of the BG and receives afferent input fiom 

the cortex, centromedian-pdascicular complex of the thahmus (CMRf), and the SNc. 

Cortical areas send somatotopically organized glutarnatergic projections ont0 the 

dendritic tips of medium spiny neurons (Kemp and Powell 1970). Cortical input to the 



striatum is distributed but there is aiso massive convergence of cortical-striatal inputs to 

individual striata1 neurons (Flaherty and Graybielt99I; Flaherty and Graybiel 1993; 

Flaherty and Graybiel 1994). This convergence of corticostriatal projections might play a 

mle in the integration ofcortical information fiom diverse regions of the cortex (Graybiel 

et al. 1994). in rats, electrical stimulation of motor cortex and inûacelIular recordings in 

the ipsilateral striatal projection field demonstrate long-tem potentiation of cortico- 

striatal synaptic transmission suggesting the activity-dependent plasticity of 

glutarnatergic cortico-striatal synapses (Charpier and Deniau 1997). Since physiological 

Long-term potentiation at corticostriatal synapses can be induced by low fiequency 

synchronization of cortical afferents it has been hypothesized that the siriata[ output 

neuron rnay operate as a coincidence detector of converging cortical information 

(Kincaid et al. 1998; Chatpier et al. 1999). 

The stria- receives excitatory input fiom the CM/Pf (Sadikot et al. 

1992q1992b; Deschenes et ai. 1995; Deschenes et al. 1996). It has been proposed that 

the centrornedian inputs are related tc. sensorimotor, whiIe the parafascicular inputs are 

related to limbic aspects of BG invoivement (Sadikot et al. 1990). Cortical and 

parafascicular thalamic projections do not converge upon the same medium spiny 

neurons in the striatum @ube et al. 1988). 

The main source of dopamine in the striatum is the dopaminergic neurons located 

in the ventral pomon of the SNc (Smith et al. 1994a). Dopamine release modulates the 

activities of striatal neurons since pst-synaptic dopamine receptors are located at the 

base of the denciritic spines, and hence are in a good position to modulate activity h m  

the cortex (Gerfen 1988). Presynaptic dopamine receptors are present on coaicostriatal 



terminals and other dopaminergic terminais. Striatal aspiny newons (chohergic 

interneurons) are also modulated by dopamine (Aosaki et al. 1998). Long-term 

depression of synriptic transmission in the corticostriatai pathway is blocked by dopamine 

receptor antagonists or lesions of the nigrostriatal dopaminergic pathway and c m  be 

restored by the application of exogenous dopamine (Calabresi et al. 1992). In monkeys 

trained with a conditioning task, unilateral dopamine loss substantially reduced the 

acquired sensory responsiveness of striatal neurons. This effect could be reversed by 

APO suggesting that the nigrostriatal system modulates expression of neuronal response 

plasticity in the striatum during sensorimotor leaming (Aosaki et al. 1994b). 

The DL and D2 dopamine receptors are the major subtypes expressed in the 

striatum, and are differentially expressed in medium spiny projection neurons of the 

direct and indirect pathways. Dopamine via Di receptors is excitatory to striatai neurons 

that give rise to the direct pathway (Le. those neurons expressing GABA/SP/dynorphin). 

Dopamine via D:! receptors is inhibitory to striatal neurons that give rise to the indirect 

pathway (Le. those neurons expressing GABA/enkephalin) (Gerfen et al. 1990). This is 

supported by the observation that rnice lacking the Di receptor exhibit selective 

hnctional alterations in the striatal neurons giving rise to the direct striatal output 

pathway @mg0 et al. 1994). However, it bas been suggested that the direct and indirect 

pathways are not necessarily distinct and that the effects of Dl and Dz receptor activation 

may not simply be described as pure excitation or inhibition (Nicola et ai. 2000). 



Srriosorne and matrUc organization of the striatum 

In addition to the putamenlçaudate and directlindirect pathway organization, there 

is another way in which the smaturn is organized. Staining of the striaturn with 

acetylcholinesterase reveals a patchy distribution of lightly stained regions within regions 

that are more heavily stained. The former regions are called "striosomes" and the latter is 

referred to as the "matrix" (Graybiel and Ragsdale, Jr. 1978). The maûix forms the 

majority of the striatum and receives input from the cerebral cortex and the striosomes 

receive input kom limbic and the prefrontal cortex. This anangement of cortical inputs 

to the sîriatum may serve in context-dependent behavioral planning (Eblen and Graybiel 

1995). In addition, while both striata1 compartments receive dopaminergic input fiom the 

SNc, only sûiosomes project back to the SNc (Gerfen 1992). 

1.3.2 - Substantia nigra pars compacia 

The SNc receives GABAergic input fiom the striosomal neurons of the striatum 

and sends dopaminergic input back to the striatum (GraybieI 1990; Smith et al. 1994a). 

Extrastriatal dopaminergic innervation in the GPi and STN may be provided by 

colIaterals of these nigostriata1 axons (Cossette et al. 1999). Dopamine can aiso directly 

modulate the activity of SNc cells (Aebischer and Schultz 1984; Carlson et aI. 1987). 

Dopaminergic neurons subserve an integrative role by moduiating the flow of 

information fiom the cortex through the BG at the level of the stnatum and nucleus 

accumbens (Bevan et al. 1996). In intact monkeys, SNc dopaminergic neurons respond 

to rewards and change their activity during procedurd learning and in response to 

conditioned stimuli (DeLong et ai. 1983; SchuItz 1986a). 



Doparninergic neurons in the SNc are innervated by several other BG nuciei in 

addition to the striatum. In the rat, SNc neurons receive multiple GABAergic synaptic 

inputs both fiom neurons in the ventral pallidum (which receives input from lirnbic areas 

via the nucleus accumbens) and korn neurons in the GP (which receives input £tom 

associative and sensorimotor cortices via the neostriatu) (Smith and Bolam 1990; 

Celada et al. 1999). Electrical stimulation of GABAergic pathways originating in the 

striatum, GP or SNr produces inhibition of SNc dopaminergic neurons (Paladini et al. 

1999). The STN has also been shown to prornote burst discharge in a subpopulation of 

SNc dopamine newons (Chergui et al. 1994). 

1.3.3 - Subthalamic nucleus 

The STN of species such as man, monkey, and cat, contains only one type of 

neuron and is a closed nucleus (Le. dendrites do not extend beyond borders) (Afsharpour 

1985a). in the STN there are no intra-nuciear interactions as a result of recurrent 

collaterals (%ta et al. 1983) or interneurons (Elafols and Fox 1976) although the existence 

of intemeurons in the STN remains unclear (Yelnik and Percheron 1979; Van Der Kooy 

and Hattori 1980; Ryan et al. 1992). 

Nmronal activiîy of the strbthalumic nucleus 

The STN in primates c m  be divided into a dorsolateral "sensorimotor" portion 

and a ventromedial "associative" portion. In primates, neurons in the dorsolateral portion 

of the STN respond during movements and to somatosensory stimulation (Getirgopodos 

et al. 1983; DeLong et al. 1985; Wichmann et al. 1994a). These neurons have mean firing 



rates 18-25 Hz with some bursting activity and 55% respond to limb movements 

(Bergman et al. 1994). The ventromedial portion of the STN appears to be involved in 

oculomotor and associative aspects of motor behaviour and the neurons are activated 

during visuo-oculornotor tasks (Matsumura et al. 1992). STN neurons in rats have also 

been s h o w  to display slow, rhythmic discharge oscillations that are dependent on 

intrinsic membrane currents (Bevan and Wilson 1999; Beurrier et ai. 1999; Allers et ai. 

2000). 

Inpzrts to the subthnlamic nriclezrs 

The STN receives inhibitory input fiom the GPe (Rouzaire-Dubois et al. 1980; 

Carpenter et al. 1981; Parent and Hazrati 1995a). injections of bicuculline (a GABA 

receptor antagonist) into the rat STN increases STN activity and resuits in a pronounced 

increase in the activity of the STN target structures (Robledo and Feger 1990) thereby 

indicating that the GPe provides a tonic inhibition of the STN. 

The STN, in addition to being part of the indirect pathway (striatum-GPe-STN- 

GPi), is part of the cortico-STN-GPi-thalamic pathway (Alexander and Crutcher 1990). 

It receives topographically organized excitatory glutamatergic projections fiom diverse 

regions of the ipsilateral cortex (Kitai and Deniau 1981; Msharpour 198%; Rouzaire- 

Dubois and Scamati 1985, 1987; Canteras et al. 1988; Nambu et ai. 1996; Awad et al. 

2000). Cortical Uiput to the STN also arises fiom the frontal eye field and f?om the 

supplementary h n t a l  eye fieId (Akert and Hartmann-von Monakow I 980). interactions 

between cortical and GPe inputs to the STN are aiso observed. In the rat, the response of 

the STN to corticaI stimulation can be shaped by the GPe (Ryan and Clark 199 1; 



Mouroux et al. 1995). Elecûical stimulation of the cortex results in a short latency 

excitation of the STN followed by an inhibitory period that is likely mediated by the GPe 

O;ujimoto and Kita 1993). 

The STN also receives cholinergie, GABAergic and glutamatergic projections 

from the mesopontine tegmentum, an area that includes the PPN, the rnidbrain 

extrapyramidal area, and the laterodorsal tegmental nucleus (Hammond et al. 1983; 

Canteras et al, 1990; Bevan and Bolarn 1995). Lastly, the SThT receives excitatory input 

h m  the CMPf complex of the thalamus (a part of the thalamic intralaminar structure) 

(Canteras et al, 1990; Feger et al. 1994; Mouroux et ai. 1995). The glutamatergic 

teminals of the inputs to the STN from the cortex and the CM/Pf of the thalamus 

converge with GABA-positive terminais that are thought to originate fiom the GP (Bevan 

et al. 1995). Therefore, the STN likely has motor, associative, and cognitive bctions 

since it is a convergent site of pallidal, brainstem, corticomotor and frontai projections 

(Monakow et al. 1978; Parent and Hazrati 1995a). 

Ozitpttt of the sttbthalamic nucleus 

The STN plays a central role in BG circuitry (Alexander and Crutcher 1990) since 

it receives input fiom and projects to many diverse nuclei. The STN is the only nucleus 

of the BG that exerts an excitatory gIutamatergic drive to its target nuclei (Smith and 

Parent 1988; Albin et al. 1989b). The STN projects massively to the GPi and to the SNr 

(Carpenter et ai. 198 1; Parent and Hazrati 1993; Smith et al. 1994b; Parent and Hazrati 

199%; Smith et ai, 1998). The excitatory drive of the STN to the GPi is supported by 



studies in intact monkeys in which a reduction in the firing rates of GPi neurons is 

observed following lesion making in the STN (Hamada and DeLong 1992a). 

The STN sends excitatory output to GPe and also receives GABAergic input from 

the GPe, and thus the GPe provides feedback inhibition to the STN (Rouzaire-Dubois et 

al. 1980; Parent and Hazrati 1995a). These reciprocal connections make up the "STN- 

GPe network" (Shink et al. 1996) which has been shown to have oscillatory properties 

(Plenz and Kital 1999) that may be driven by the cortex (Magill et al. 2000). The 

inhibitory drive ofthe GPe on the STN is supported by studies in monkeys showing that 

muscimol (a GABA receptor agonist) injected into the STN decreases the activity of STN 

neurons while bicuculline (a GABA receptor antagonist) injections slightly increase the 

activity of STN neurons (Wichrnann et al. 1994b). Similar to the GPi, reduced firing 

rates of GPe neurons are observed following STN lesions in the monkey (Hamada and 

DeLong I99Za). 

The STN also has connections to the striatum, cerebral cortex, substantia 

inorninata, PPN, and mesencephalic and Pontine reticular formation (Smith et al. 1990; 

Parent and Hazrati 1993; Smith et al. 1994b; Parent and Hazrati 1995a). For example, in 

the rat STN, the dorsilateral sensorimotor portion projects to the GP and the putamen 

wfùle the ventromedial "associative" zone projects to the caudate nucleus and the SNr 

(Parent 1990). 

Inactivation studies of the subthalamic nucleus 

Bilateral STN Iesions in intact rats have multiple, dissociable effects on 

attentional performance such as discriminative deficits, irnpulsivity and perseverative 



behaviour (Bauntz and Robbins 1997). Bilateral microinfusions of NMDA receptor 

antagonist or muscimol into the STN of rats reproduce the effects of lesions (Baunez and 

Robbins 1999). in intact monkeys, blocking excitatory amino acid tramission results in 

choreiform and ballistic dyskinesias (Robertson et al. 1989). Subthalamic lesions in 

normal humans and monkeys induce herniballism or dyskinesias ipsilateral to the lesion 

(Carpenter et al. 1950; Hamada and DeLong 1992b; Guridi et al. 1996; Absher et al. 

2000). 

Dopaminergic modulation of the strbthalamic nucleus 

Anatomical data in monkeys suggest that the STN receives dopaminergic input 

(Francois et al. 2000). in the rat, dopamine can directly affect the STN by acting on 

dopaminergic binding sites within the STN (Meibach and Katzrnan 1979; Campbell et al. 

1985; Bouthenet et al. 1987; Kreiss et al. 1996, 1997; Hassani et al. 1997; Hassani and 

Feger 1999; Cossette et al. 1999; Murer et al. 1999). STN neurons receive afferent input 

from the SNc and are modulated by microiontophoresis of doparninergic substances 

(Campbell et al. 1985). Administration of APO in anesthetized intact rats increases STN 

firing rates prirnarily through the excitatory effects of Dr receptor stimulation directly on 

the STN (Kreiss et al. 1996). The localization of dopaminergic markers in the human 

STN Eom postmortern tissue sections reveals no Di or D2 receptor mRNA-expressing 

cells and only weak DL-like binding suggesting that the effects of dopaminergic agents on 

the activity of STN neurons may be indirect and mediated via interaction with dopamine 

Di-Iike receptors (Augood et al. 2000). STN Serents arising Erom cortical areas are also 

innervated by midbrain dopamine neurons (Descarries et al. 1987). The activation of 



presynaptic DI sites disûibuted on excitatory terminais of these inputs is ais0 excitatory 

to STN activity (Kitai and Deniau 1981; Fujimoto and Kita 1993; Augood et al. 2000). 

1.3.4 - Globus pullidus 

Movement-relatecl activity of neurons in the GP occws pnmarily d e r  the onset of 

muscle contraction indicating that the BG are not involved in the preparation for 

movement or the initiation of rnovernent (DeLong 1971; Anderson and Horak 1985; 

Mink and Thach 1987). GP units can discharge in relation to visually-cued step-tracking 

(Georgopoulos et al. 1983), ballistic movements (Mink and Thach 1987), specific limb 

and direction of movernent (Mitchell et al. 1987), passive joint rotation and movement 

parameters such as force, acceleration, initiation, and termination (DeLong 197 1; 

DeLong et al. 1985), intemal rnovement during the preparatory movement phase 

(Brotchie et al. 199 1 a), visually directed-open loop or ballistic movements (Mink and 

Thach 199 1 a, 199 1 b), and pre-cued reaching (Jaeger et ai. 1993). In most of these 

studies the direction of movement is encoded by the cells. It has been suggested that 

during votuntary movement in monkeys, GP activity is correlated with motor outputs, 

sensory inputs, and perceptual abstractions of these sensory-motor events (Aldridge et al. 

1980% 1980b). However, it has also been suggested that GP neurons do not consistently 

code for particutar movement parameters (Mink and Thach 1991 a, 1991b). Simultaneous 

rnicroelectrode recorduigs in the GP of intact monkeys demonstrate that pallidal neurons 

are not synchronized and "act independently" (Ni et ai. 1995). 

It is interesthg that some of the neuronal activity of the GPi is modulated by 

rnovements and tasks that are performed poorly in PD (see section 1.1). Studies of 



conscious monkeys performing sequentiai wrist movements indicate that paiiidal neurons 

code for an interna1 cue for predictable events and may signal the end of a movement 

sequence (Brotchie et al. 1991a). This suggests that BG Cunction is related to the 

performance of automatic movements, rather than voluntq (Brotchie et al. 1991b). It 

has been shown that rernembered sequences are encoded by pallidal neurons and 

suggested that the pallidum may be involved in the process of leaming a sequence of 

actions (Mushiake and Strick 1995). 

1.3.4.a - Exrernal segment of the globus pallidics 

Neurons of the GPe are GABAergic and form a homogenous population. The 

GPe is considered to be an intnnsic nucleus of îhe BG becaust it receives al1 of its input 

from and sends output to other BG nuclei (Mink 1996). GPe neurons respond to 

somotatosensory input and are involved in the control of movement parameters (DeLong 

1971, 1985; Georgopouios et al. 2983; Domont et ai. 1997). Injection of bicuculline into 

the GPe of intact rnonkeys causes increased GPe activity and elicits dyskinesias 

(Crossman et al. 1988; Matsumura et al. 1995). Etectrophysiological studies demonstrate 

that the majority of GPe neurons Fire in hi& fiequency discharges that are folIowed by 

pauses and have 35-45 Hz mean firing rates @eLong et al. 1985). APO also modulates 

slow fiequency discharge oscillations of GP neurons in rodent studies (Ruskin et ai. 

1999). 



Input to the txternal segment of the globus pallidus 

As described above, the GPe receives an inhibitory projection kom the striatum 

and an excitatory projection kom the STN. Striatal input incorporates the D2 receptor 

and is part of the indirect pathway. The administration of APO in intact rats causes an 

increase in the firing rates of GPe neurons (Bergstrom et ai. 1982). The GP in rats 

(which is equivalent to the GPe in primates) also receives excitatory input fiom the 

parafascicular nucleus of the thalamus (Mouroux et al. 1997). 

Output of the erternal segment of rlze globrrs pallidiu 

The GPe sends inhibitory output to the STN (Rouzaire-Dubois et al. 1980; 

Carpenter et al. 198 1; Parent and Hazrati I995a) and can exert significant control over 

the finng patterns in the STN. For example, it has been shown that the GPe influences 

the firing rate and discharge pattern as well as the degree of correlated firing of adjacent 

STN neurons in the rat (Ryan et al. 1992). The GPe sends GABAergic input to the GPi 

and the SNr (Bolarn and Smith 1992), projects to the striatum, and to the reticular nucleus 

of the thalamus (Parent and Hazrati 1995a). Therefore, the GPe can strongly inhibit the 

neurons of the output structures of the BG through it's connections with the STN and 

directly to GPi (Alexander and Crutcher 1990). 

1.3.4. b - Interna1 segment of the globus pallidus 

Similar to GPe, neurons of the GPi are GABAergic and form a homogenous 

population. Anatomical evidence shows that the dendritic trees of the GP ceiis can cover 

up to 30 % of the cross sectionai area of the nucieus which is indicative of the 

28 



opportunity for the convergence of information kom the striatwn (Parent and Hazrati 

i995b). In intact monkeys, GPi neurons have a mean firing rate of 60-80 Hz and respond 

to sornotatosensory input (Georgopoulos et al. 1983; DeLong et al. 1985; Hamada et al. 

1990). This high rate of activity is beiieved to exert a tonic inhihitory effect on the target 

nucIei of the GPi (Chevalier et al. 1985). 

Aflrent inptrt to the intemal segment of the giobirs pullidus 

The GPi receives inhibitory striatal input and is part of the direct pathway of the 

BG. The GPi also receives substantial excitatory input fiom the STN as part of the 

indirect pathway (Parent and Hazrati 1995a). STN efferent fibers establish nwnerous 

synaptic contacts on GPi neurons. This is in contrat to the much higher speciflcity of 

striatopaIlidal projection (Parent and Hazrati 1993). The GPi also receives GABAergic 

input fiom the GPe (Bolam and Smith 1992; Bevan et al. 1997') 

Anatomical tracing techniques demonstrate that subthalamic and neostriatal 

axonal teminals make convergent synaptic contact with GPi output neurons that project 

to the thalamus (Bevan et al. 1994a) and may rnoduIate direct striatopailida1 input (Boiam 

and Smith 1992; Hazrati and Parent 29925; Smith et ai. 1998). It is suggested that the 

STN uniformly excites a large number of GPi neurons, whereas the sîriatum exerts a 

more specific inhibitory control upon selected subsets of subthalamically driven pailidai 

neurons thereby providing a more focalized effect (Parent and Hazrati 1993). GPi firing 

rates are aiso reduced foIlowing the administration of APO in intact monkeys (Boraud et 

al. 20011, likely due to the influence of APO on both the direct and indirect pathways. 



Oritprit of the intemal segment of the globtrs pallidris 

The GPi is the major output nucleus of the BG and sends inhibitory projections to 

nucIeus ventro-oralis posterior (Vop) and nucleus ventro-oralis antenor (Voa) of the 

thalamus and the brainstem (Carpenter et al. 1981; Ilinsky et al. 1993; Parent and Hazrati 

1995b; hase and Tanji 1995). Three-dimensional tracings of pallido-thalarnic axons in 

the monkey demoristrate that GPi information might be distributed throughout the 

pallidal temtory of the thalamus by means of numerous axonal branches and dense 

terminal arbonzations (Arecchi-Bouchhioua et al. 1996,1997). The outflow of the GPi 

on the thalamus has an impact on the supplementary and presupplementary motor 

cortices (Alexander et al. 1986; Hoover and Strick 1999). 

lnactivation strtdies of the interna1 segment of the gfobtrs pallidus 

In intact monkeys, bicuculline injected into the GPi induces dose-dependent 

hypokinesia with dystonic attitudes in contralateral limbs whereas muscimol injections 

elicit choreiform movements (Burbaud et al. 1998). Neurotoxic blockade or lesions of 

the GPi in normal monkeys lead to poor braking of movement (Horak and Anderson 

1984; Mink and Thach 1991~) and inaccuracy of control of the final adjustment of the 

limb to the target (Kato and Kimura 1992). 

1.3.5 - Substantia nigra pars reticulata 

The SNr is the other major output pathway of the BG. The motor portion of the 

SNr has similar morphological and physiological properties as the motor portion of the 

GPi (Grofova et al. 1982; DeLong et al. 1983; Francois et aI. 1987; Yelnik et al. 1987). 



in monkeys, SNr neurons show phasic responses in motor tasks or with somatosensory 

examination (Mora et al. 1977; DeLong et al. 1983; SchuItz 1981%; Lestienne and 

Caillier 1986). The SNr is also involved in occulomotor functions (Hikosaka and Wurtz 

1983a). Tt has been s h o w  that injections of muscimol in the SNr disrupts guided and 

reflex eye rnovements in the cat (Boussaoud and Joseph 1985). 

Aferenr input of the srtbstanria nigra pars reticulata 

The SNr receives input h m  the motor territory of the striatum (Szabo 1967; 

Hedreen and DeLong 1991; Lynd-Baita and Haber 1994), GABAergic inputs h m  GPe 

(Bevan et al. 1996), and excitatory drive Çom the STN (Parent and Hazrati 1993). 

PSferent inputs h m  the striatum, the GP, and the SRJ converge ont0 single SNr neurons 

(Chang et ai. 1984; Bolam and Smith 1992; Bolam et al. 1993; Bevan et al. f 994b). It 

has also been demonstrated that cortico-STN input c m  modulate the inhibitory influence 

of the direct striato-nigral pathway on SNr neurons (Maurice et al. 1999). 

Ozttpirt pathways of the strbstantia nigra pars retiarlata 

Similar to the GPI, the SNr sends efferents to the thalamus (Carpenter et ai. 1976; 

iiïnsky et al. 1993; Percheron et al. 2996) which then projects to pre-motor comcal areas. 

Transitory blocks of SNr f i g  (induced by either intranigral application of GABA or by 

stimulating the inhibitory striato-nigral pathway), demonstrates that the striaturn causes 

excitation of thalamocortical celIs by a disinhibion pmcess mediated via the striato- 

nigrothalamic pathway Deniau and Chevalier 1985). The SNr ais0 projects to the 

superior colIiculus  osak ka and WW 1983b; Parent et al. 1983; Nishimura et al. 



1997). SNr projections to the superior colliculus and thaiamus are mainly derived fiom 

different neurons, with some neurons projecting axon collaterais to both the superior 

co~licuIus and thalamus (Benhvoglio et al. 1979). 

1.3.6 - Thalamus 

Thalamocortical projection neurons in the ventral anterior, ventrolateral thalamus 

and CMPFcomplex receive input from the GPi and SNr (Kultas-ninsky et al. 1983; 

Hinsky et al. 1993; hase and Tanji 1995). Thalamocortical neurons exert a strongly 

excitatory glutamatergic effect on the cortex. Pallidal and cerebellar receiving areas of 

the ventrolateral nuclear complex of the thalamus are the two main areas of interest with 

regards to PD. According to the Hassler terminology, pallidal receiving areas (Voa and 

Vop) are iocated anterior to cerebellar receiving areas (nucleus ventro-intermedius, Virn). 

Although pallidal and cerebellar afferents do not converge in the ventrolateral thalamus, 

their thalarnic-receiving regions send overlapping input to the rnotor and premotor cortex 

(Rouiller et al. 1994). This suggests that pallidal activity can interact at the cortical Ievel 

with cerebello-thalamocortical loop. 

In the Voa and Vop thalamus of intact monkeys, 50% of celIs respond to sensory 

stimuli, 30% of cells respond to voluntary movements, and 20% of ceiis have no response 

to movement or sensory stimuli. Neuronal responses in the ventral rnotor thalamus are 

somatotopically ananged with distinct subregions representing each limb (Vitek et ai. 

1994) and focal Iesions of this region in humans resuIt in prominant movement disorders 

especiaiiy those involving dyskinesias or dystonias (Lee and Marsden 1994). 



1.3.7 - Pedunculopontine nucleus 

The PPN contains both cholinergie and non-cholinergie neurons and is located in 

the mesoponthe tegrnentum. The PPN is involved in posture and locomotion (Garcia- 

RiIl 1986; Mbin et al. 1989a) and the ongoing control of motor performance and 

reinforcement processes @onnont et al. 1998; Conde et ai. 1998). PPN neurons receive 

descending GABAergic projections fÏom the GPi and SNr but afférents aIso arise fiom 

other sources (Carpenter et al. 1981; Edley and Graybiel 1983; IngIis and Wim 1995; 

Steininger et al. 1997). A major projection of the PPN is to the SNc (Carpenter et ai. 

198 1) where doparninergic nigrostriatal neurons receive excitatory input h m  the PPN 

(Kojima et al. 1997). It has been suggested that lesions of the PPN in intact macaque 

rnonkeys result in parkinsonism (Kojima et al. 1997) due to a decrease in nigrostriatd 

neuron activity. Thalamostriata1 neurons are also contacted by axons emerging fkom the 

PPN and indicates the possible existence of tegmento-thaiamic feedback circuits in the rat 

(Erro et al. 1999). 

2.3.8 - Cortex 

Cortical ablation experirnents in monkeys demonstrate that the cerebral cortex 

strongly influences the spontaneous discharge properties in the BG (Aldridge et al. 1990). 

For example, ablations of areas 4 and 6 in the precentrai cortex demonstrate that neuronal 

discharge bursting in the putarnen is under cortical control ( M d g e  and G h m  1991). 

AU regions of the cortex project to the striatum but BG output pathways lead most 

strongly to the fiontal cortex (motor cortex, premotor cortex, and prefiontaI cortex) 



suggesting that the BG can affect such cortical fiinctions as planning, memory, and 

intention (Hoover and Strick 1993). 

1.4 - Models of the function of the basal ganglia in Parkinson's disease 

1.4.1 - The box model of the basal ganglia 

The current model of BG function has considerably advanced our understanding 

of the pathophysiological mechanisms of movement disorders (Albin et al, 1989a; 

DeLong 1990; Wichmann and DeLong 1996). It provides a conerent explanation of 

opposing movement disorders, those invoIving hypokinesia and hyperkinesia (DeLong 

1990), and can be used to predict the effects of dopamine or lesions in the BG (Lang and 

Lozano 1998b). For lack of a better narne, this model will be referred to as the "box" 

model which reflects the senal order of its nuclei. A schernatic diagram of the box model 

of BG fiinction is shown in Figure 1.F2. 

la the model shown in Figure 1J;2A, corticostnatal activity can influence the 

activity of the rest of the BG through two main pathways (Alexander and Crutcher 1990). 

Cortical activity which activates the direct pathway causes decreased activity in GPi and 

facilitation of intended movements through a process of disinhibition of thalamocortical 

reiay neurons (Chevalier et al. 1985; Chevalier and Deniau 1990). In contrast, activation 

of the indirect pathway disinhibits the STN and causes increased activity in GPi, 

therefore leading to suppression of unintended movements. The mode1 proposes that 

there is a balance between the direct and indirect pathways at the level of the output 

nuclei of the BG whereby the inhibitory effect of &e direct striatal output counteracts the 



excitatory effect of the STN in the indirect pathway. Some of the limitations of the box 

mode1 are that it does not include (1) the direct connections kom the GPe to the GPi 

(Parent and Hazrati 1993), (2) the reciprocal relation between the STN and the GPe, (3) 

the role of the cortico-STN projection or the CMPf -striatd projection., (4) the role of 

extrastriatal dopamine, and (5) the role of the PPN. 

The box mode1 of the basal ganglia and Parkinson 's disease 

The loss of sûiatal dopamine afTects the activities of the direct and indirect 

pathways in an opposite manner. Since dopamine is excitatory to striatal neurons that 

give rise to the direct pathway (Le. those neurons expressing GABAISPldynorphin), the 

lack of dopamine will disinhibit the GPi via the direct path* The resultant changes in the 

box mode1 are shown in Figure 1 .F2B. Since dopamine acting on Dz receptors is 

inhibitory to striatal neurons that give rise to the indirect path, dopamine depletion will 

cause an inhibition of the GPe in the indirect path and subsequent increased activity in 

the STN. In turn, the STN m e r  drives the GPi via excitatory glutamatergic 

connections. Therefore, the box mode1 predicts that the activity of the GPi is elevated in 

PD. The increase in GPi activity provides an increased inhibition of the ventrodateral 

thalamus and brainstem areas and hence a reduction cortical activity (Albin et ai. 1989a; 

Mitchell et al. 1989; DeLong 1990; Filion and Tremblay 1991). Diminished cortical 

activity, secondary to a hyperactive GPi output, therefore underlies bradykinesia and 

aicinesia. The abnormal increase in GPi activity might also manifest itselfas near 

saturation discharge, noisy output, and hyper-responsiveness to sensory input that would 

then lead to an impaireci modulation of neuronal activity in the BG-thalamo-cortical Ioop 



(Miller and DeLong 1987; Filion et al. 1988; Filion and Tremblay 1991; Bergman et al. 

1994; Hutchison et al. 1994a; Tresilian et al. 1997). 

In addition, increased inhibitory drive by the GPi is predicted to lead to a 

hyperpolarization of thalamic target neurons and an increased tendency for these neurons 

to discharge in 3-6 Hz oscillatory bursts which would result in limb tremor (Jahnsen and 

Llinas 1984; Paré et ai. 1990; L h i s  and Paré 1995). The systemic administration of 

doparninergic medication would be predicted by the box model to decrease GPi and STN 

activity and increase GPe activity. Lesions of the GPi or STN, which are expected to 

produce a reduction in the outputs of these nuclei should aiso lead to a disinhibition of the 

thalamus and an improvement in parkinsonism. This model is discussed in M e r  detail 

elsewhere (Albin et al. 1989a; DeLong 1990; Wichmann and DeLong 1996). 

1.4.2 - Parallel subcircuits niodel of the basalganglia 

As mentioned above, the hctional architecture of the BG can be viewed as being 

composed of a collection of segregated pathways (DeLong 1983; Alexander et al. 1986; 

Hoover and Strick 1993) and this organization may allow the BG to concurrently 

participate in both the motor and complex non-motor functions of the cerebral cortex 

(DeLong et al. 1984; Alexander et al. L990; Middleton and Strick 1994). However, other 

studies also suggest that there is a high degree of convergence of these functionally 

distinct circuits. Corticostriatal, corticosubthalamic, subthaiamopallidai, and 

siriatopailidal pathways al1 have the potential to "fiinnel" information within the BG 

(Percheron et al. 1984; Tremblay and Filion 1989; Flah- and Graybiel1991; Flaherty 

and Graybiel 1993; Parent and Hazrati 1993; Flaherty and Graybiel1994; Parent and 



Hazrati 1995a). This indicates that cross taik between paraiiel subcircuits is possible and 

may play a role in the integration of cortical and striatai information through the BG 

(Percheron and Filion 1991; Hazrati and Parent 1992b; Graybiel et ai, 1994). 

Parallel subcirmits niodel of the basal ganglid in Parkinson 's disease 

It has been hypothesized that the segregation between parallel subcircuits in the 

BG breaks down due to dopamine depietion in the striaturn and this rnay account for 

many of the features of PD (Filion et ai. 1994; Raz et al. 1996; Bergman et al. 1998a). 

This hypothesis predicts that a loss of süiatal dopamine leads to an increase in 

synchronized neuronal activity in the BG which may play a role in genesis of limb tremor 

(Bergman et al. 1998a) or dyskuiesias (Vitek and Giroux 2000) and that oscillations of 

the whole BG may underlie the clinical Features of PD (Raz et al. 2001). It predicts that a 

Ioss of dopamine leads to a reduction in the specificity of somatosensory responses in the 

target nuclei of the striaturn that is reverseci with APO administration (Tremblay et al. 

1989). It also predicts that lesions would have a desynchronizing effect on the 

abnormally synchronized activity in the BG-thaiamo-cortical network and may explain 

why certain lesions of the BG, such as pallidotomies, can relieve both akinesia and 

hyperactive movements (Le. limb tremor or dyskinesias) (Bergman et ai. 1998% Vitek 

and Giroux 2000). 

1.4.3 - Tremor models 

There are two hypotheses conceniing the gcneration of parkinsonian limb tremor, 

the peripheral and centrai mechanisms, that should dso be discussed. The peripherai 
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mechanism hypothesis states that parkinsonian tremor results h m  unstable long-loop 

transcortical reflex arc (Oguztoreli and Stein 1976). Suiusoidal mechanical drhing can 

entrain PD rest tremor with an EMG discharge that is indistinguishable 6om a reflex 

response (Rack 1987; Rack and Ross 1986) suggesting that peripheral reflexes are 

important in parkinsonian tremor. It has been suggested that 4-Hz resting trernor of PD 

can be atûibuted to a fip-flop oscillation involving the mutually inhiiitory connections 

between the spinal stretch reflexes of antagonist niuscles, the supraspinal contribution to 

the tremor limited to an "aperiodic" descending facilitation of spinal r e k  pathways 

(Bume 1987). 

The central oscillator hypothesis proposes that tremor is caused by oscillritions in 

central structures in the absence of sensory input. In PD patients with tremor, PET 

analysis demonstrates increased metabolic activity in a network comprising the thalamus, 

pons, and premotor cortical regions, indicaîing increases in the hctionai activity of 

thalamo-motor cortical projections (Antonini et al. 1998). This hypothesis is supported 

by a variety of studies (Lee and Stein 1981; Bntton et ai. 1992; Britton et al. 1993a; 

Volkrnann et al. 1996). Consistent with the central oscillator hypothesis, it has been 

demonstrated that magnetic brain stimulation over the motor cortex c m  madulate limb 

tremor in patients with PD (Britton et aL 1993b). 

It is also possible that the origin of trernor oscillations might involve both 

peripheral and central mechanisms (Stiles and Pozos 1976; Oguztoreli and Stein 1979; 

Elble 1996; Rothwell 1998). PeripheraI input might resonate with central structures and 

affect strength of phase of oscillation (Lee and Stein 1981; Rack and Ross 1986; Lenz et 

al. 1993; Zirh et al. 1998). 



1.4.4 - Other models of basalganglia function 

As demonstrated above in section 1.3, there is an anatomical ba i s  for both motor 

and non-motor functions of the BG. The general aspects of motor control of the BG 

inchde execution, planning, learning, and memory. The non-motor functions of the BG 

include motivation (reward, conditioning), memory and cognition (action oriented, 

intemally directed). There are various hypotheses that incorporate many of these features 

and some of the more interesting of these are listed below. 

The BG are involved in context-dependent behavioral planning (Eblen and 

Graybiel 1995). The cortico-BG-thalamocorticai circuit is a neural optimal control 

system (Baev 1995). The BG support a basic attentional mechanism in the executive 

forebrain to bind voluntary effort, sensory input, and the calling up and operation of a 

sequence of motor programmes or thoughts. (Brown and Marsden 1998). The BG permit 

the routine automatic execution of sequences of movements generated in cortical motor 

areas (Marsden and Obeso 1994). The BG are involved in the interna1 cueing of 

sequences of movements (Brotchie et al. 1991a, 1991b). The BG play a rote in scaling 

the magnitude of muscle activity (Anderson and Horak 1985; Berardelli et ai. 1996a). 

The BG use focused selection and inhibition to tum off "automatic" postural activity (or 

other competing motor programs) so that voluntary movement can occur (Mink 1996). 

1.5 - The neurophysiology of Parkinson's disease 

The animal models that have been used to investigate PD include rats, monkeys, 

marmosets, guinea pig, dogs, cab, sheep, mice, and goI&sh. However, all of these 



animal models do not necessarily display the wide specûum of clinicai and pathological 

features observed in humans with PD. By far, the most widely used animais are rats and 

monkeys and the following review of the neurophysiology of PD will concentrate on 

these animals in addition to findings in parkinsonian patients, The rat mode1 of PD is 

produced by making 6-hydroxydopamine (6-OHDA) lesions in the nigrostriatal tract. In 

rats with unilateral lesions of the nigrostriatal tract, the administration of APO produces a 

circling response towards the lesioned side. 

Research of central brain structures in hurnans usùig invasive methods like 

electrophysiological recordings is only possible during brain surgery for movement 

disorders. The neurosurgical treatrnent of PD in humans started in the late 1930's 

(Meyers 1940) and Ied to the work of Cooper (Cooper 1954,1956,1960), Narabayashi 

(Narabayashi 1954), Leksell (Svennilson et al. 1960). Cooper initially showed that 

chernical lesions of the pailidum in patients with PD could effectively treat parkinsonian 

syrnptoms (Cooper 1954,1955). Surgery was then reduced after the introduction of 

levodopa in 1968. With the advancements in imaging such as magnetic resonance 

irnaging (MN) and microelectrode techniques, there was a resurgence of pallidotomy in 

the early 1990s and a refînement in the lesion location (Laitinen et al. 1992a; Lozano et 

al. 1995). Greater understanding of parkinsonian pathophysioIogy led to surgery of the 

STN (Pollak et al. 1993; Benabid et al. 1994; Barias et ai. 2001; Alvarez et ai. 2001). 

Our knowledge of neurophysiology of PD in humans also cornes fiom the use of non- 

invasive techniques, such as PET, MRI, EEG, magnetoencephalography (MEG), and 

transcranial magnetic stimulation. 



Cuvent primate mudel of Parkinson's disease 

The 1 -methyl-4-ptienyl-1 ,î,3,6-tetrahydropyridhe (MPTP)-treated non-human 

primate mode1 of PD is the most reliabie model of PD discovered (Bum et ai. 1983; 

Langston et al. 1 1984b; Kopin and Markey 1988; Dehng 1990; BIoem et al. 

1990). This neurotoxin produces similar biochemical, anatumical, and physiologicd 

changes both in humans and non-hurnan primates that closely resemble the degeneration 

found in patients with PD (Chiueh et al. 1985; Doudet et a[. 1985; Kitt et al, 1986; Forno 

et a[. 1986; Elsworth et al, 1987% 1987b, 1989; Schultz et al. 1989). Administration of 

MPTP Ieads to the sdective loss of dopamiaergic neurons in the SNc since MPTP is 

metabolized by monoamine oxidase B to the toxin MPP+ which is then taken up by 

dopaminergic neurons in SNc. MPTP can be infused into the intemal carotid artery of 

monkeys to produce toxin-induced injury to the ipsilaterai nigrostriata1 pathway with 

sparing of other dopaminergic neuroris on the infûsed side and with negligible or IittIe 

injury to the opposite, untreated side (Benazzouz et ai. 1992). Similar to humans, a 

decrease ofgreater than 95% of striata1 dopamine in monkeys with SNc 

neurodegeneration is required to produce parkinsonian motor abnormalities (Elsworth et 

al. 2000). These parkinsonian rnonkeys display contraiateral ümb dystonic postures, 

rigidity, and bradykinesia. Untreated animds circle towards the injured side, whereas 

treatment with levodopa or APO stimulates circling towards the intact side (Bankiewicz 

et al. 1986). The MPTP mode1 c m  aiso repiicate levodopa-induced dyskinesia and 

response fluctuations that are comonly  observed in the later stages ofPD (Clarke et ai. 

1987; Clarke et aI. 1989). 



Drawbacks of the cuvent primate model of Parkinson 's disease 

A drawback of the MPTP-treated non-human primate model of PD is that not al1 

primate species develop similar parkinsonian symptoms. Although the MPTP model 

produces symptoms that ciosely resemble those found in patients with PD, species 

differences exist especiaily with regard to the presentation ofrest tremor (Bergman et al. 

1998b). Vervet (AFican green) monkeys develop 3-6 Hz rest tremor that can be 

aggravated by stress (Bergman et al. 1990; Raz et al. 2000) thereby cIosely resembling 

that found in patients with PD. Rhesus monkeys develop akinesialbradykinesia and 

rigidity but do not develop low frequency resting tremor but instead they develop 10-16 

Hz action/postural tremor (Burns et al. 1983). It has also been demonstrated that the 

schedule of MPTP administration might induce different mechanisms of neuronal death 

in the SNc in monkeys (Bezard et al. 1997c; Bezard et al. 1998). The occurrence of 

various dyskinesias aiso depends on the time span of dopaminergic treatment (Boyce et 

al. 1990). 

1.5.1 - Striutum 

Dopaminergic activ* in the stnatum 

in patients with PD, the Ioss of dopamine in the stnatum is not uniform, such that 

there is a greater Ioss of dopaminergic input to the putamen than the caudate (Bernheimer 

et al. 1973). PET in parkinsonian patients aiso indicates Long-term down regulation of 

striatal dopamine Dz receptor binding. These receptor changes may be induced by 

chronic dopaminergic therapy or occur independently of treatment, as a result of 

structural adaptation of the postsynaptic dopamiuergic system to the progressive decline 



of nigrostriatal neurons (Antonini et al. 1997). Pharmacological manipulation of both Dl 

and Dz receptors is however required for an optimal therapeutic response (Barone et al. 

1987). It has also been shown that the striaturn responds to repeated stimulation by 

dopamine agonists with an increase in sensitivity (Deshaies et al. 1984) and with repeated 

administration of doparninergic medication Leading to dyskinesias (Henry et al. 1998). 

Nezrronal activiry iri the stviaturn 

Unilateral dopamine depletion in MPP-treated monkeys substantially reduces 

the acquired sensory responsiveness of striatal intemeurons. This deficit is reversed by 

APO administration (Aosaki et al. 1994b). Following the development of parkinsonian 

symptoms in MPTP-treated monkeys, there is also the emergence of 15-25 Hz oscillatory 

activity in the TANs that is correlated with neuronal activity in the GPi and STN (Raz et 

al. 2001). However, the strength of coupling between TANs in the dopamine depleted 

state is not changed (Raz et al. 1996). In rats treated with unilateral nigral injection of 6- 

OHDA, there is an absence of corticostriatal long-term potentiation (Centonze et al. 

1999). 

1.5.2 - Globus pallidus 

Firing rates of the globrrs pallidus 

In rhesus monkeys treated with MPTP, the subsequent loss of striatal dopamine 

has been shown to lead to an increase in the spontaneous activity of neurons in the GPi 

(Miller and DeLong 1987; Filion and TrembIay 1991;Bergman et al. 1994;Boraud et al. 

1996). ConverseIy, the mean firing rates of neurons in the GPe are reduced below the 



firing rates exhibited in the GPi (DeLong et al. 1985). Although no data are available 

from normal humans, consistent with these observations, the mean firing rates of the GPi 

are greater than those in GPe in patients with PD (Vitek et al. 1993; Hutchison et ai. 

1994a; Beric et ai, 1996). The two subdivisions of the GPi in parkinsonian patients, a 

posteroventral portion (GPii) and an anterodorsd portion (GPie), display different mean 

firing rates with activity in the GPii being even more eievated than in the GPie 

(Hutchison et al. 1994a). These observations support the box mode1 which predicts an 

increase in GPi firing rates and a decrease in GPe firing rates in PD. 

Firing patterns of the globirs pallidrrs 

in addition to an increase in mean firing rates of the GPi following MPTP- 

treatment in monkeys, an increase in bursting activity is observed (Boraud et ai. 1998; 

Bergman et al. 1994; Wichmann et ai. 1999) and is conelated with the degree of 

parkinsonism (Filion and Tremblay 199 1). In the GPe, neurons that display "low 

fiequency discharge bursting" behavior have more fiequent and longer bursts in the 

parkinsonian monkey (DeLong et al. 1985; Filion and TrembIay 1991). 

Tremor cells (TCs) are defined as cells with periodic bursting or Lboscillatory" 

activity that is time-locked to limb tremor. They are present in the GPi of patients with 

PD (Hutchison et al. 1997; Lemstra et al. 1999; Hurtado et al. 1999). Using simultaneous 

microelectrode recording techniques, it has been demonstrated that GPi neurons with 

tremor-related oscillatory activity are synchronized in parkinsonian patients (Hurtado et 

al. 1999) and in tremulous MPTP-treatedvervet monkeys @ergman et al. 1998% 1998b; 

Raz et ai. 2000) and tremulous MPTP-treated rhesus monkeys (Nini et al. 1995). It is 



interesting to note that in addition to tremor-related oscillatory activity (3-8 Hz), 

synchronized neuronal oscillations at 15-25 Hz are observed in the GPi and GPe of 

tremulous MPTP-treated monkeys (Raz et al. 2000). 

Movement related responses of the globus pullidus 

in monkeys treated with MPTP, there is an increased proportion of GPi neurons 

that are responsive to somatosensory stimulation with an increase in the duration and 

magnitude of neuronal activity to limb movement (Bergman et al. 1994; Boraud et al. 

2000a). GPi neurons in parkinsonian monkeys also have exaggerated responses and 

multi-limb receptive fields such as bilateral responses (Filion et al. 1988). In patients 

with PD, 20-35% of GPi newons respond to somatosensory input (Hutchison et al. 

1994a; Stetio et al. 1994) with many of these neurons responding to both contralateral 

and ipsilateral limb movements (Ohye et al, 1996). Sirnilar responses are observed in the 

GPe (Hutchison et al. 1994a). It is interesting to note that lesions of the STN in 

parkinsonian monkeys decrease the magnitude of responses in the GPi to 

somatatosensory stimulation (Wichrnarui et al. 1994b). 

Inactivation effect of the globus pallidus 

In both MPTP-treated monkeys and parkinsonian patients, inactivation of motor 

territories of GPi with muscimol, a GABA* agonist, aiieviates parkinsonian motor signs 

(Wichrnann et al. 1994c; Penn et al. 1998). These results suggest that part of the increase 

in GPi activity is accounted for by a decrease in the activity of the GABAergic direct 

striatopallidai projections as predicted by the box modeI. It has been shown that 



administration of the anti-glutamatergic dmg riluzole normalizes GPi hring rates in 

MPTP-treated rnonkey (Boraud et al. 2000b) supporting the notion that the increased 

activity of the glutamatergic STN drives the GPi. The direct injection of the excitatory 

amino acid antagonist, kynurenic acid, into the GPi also reverses parkinsonism (Graham 

et al. 1990; Brotchie et ai. 1991~). 

Pallidotomy significantly improves al1 cardinal parkinsonian motor signs (tremor, 

rigidity, akinesiahradykinesia) and reduces drug-induced motor fluctuations and 

dyskinesias (Laitinen et al, 1992a, 199213; Sutton et al. 1995; Lozano et al. 1995, 1998; 

Dogali et al. 1995; Baron et al. 1996; de Bie et al. 1999) with benefits lasting at least 4-5 

years following surgery (Baron et al. 2000). A review of the effects of pailidotomy 

performed by different centers is piven by Vitek and Bakay (Vitek and Bakay 1997). The 

ametioration of parkinsonian symptoms following Iesions of the GPi indicates that this 

nucleus is hyperactive andor has aberrant neuronal patterns in patients with PD (Lozano 

et al. 1995; Vitek and Giroux 2000). Direct evidence is provided by a PET study 

showing that glucose hypermetabolism in the lenticular area of PD patients is reduced 

following pallidotomy (Dogali et al. 1994). The prediction of the box mode1 that 

pallidotomy results in an irnprovement in motor function in patients with PD due to a 

release of motor cortical areas is suppotted by functionai imaging and PET studies 

(Cebailos-Baumann et al. 199% Grailon et al. 1995; Eidelberg et ai. 1996; Samuel et al. 

1997). 

However, there are two major points of interest concernhg the effects of 

pallidotomy. Fh t ,  drarnaticaiiy reducïng pallidal outfiow would be predicted by the box 

mode1 of BG function to produce hyperactive movements (i.e. dyskinesias) and not 



abolish them. It has been suggested that the reduction of dyskinesias and tremor by GPI 

lesions might be due to the desynchronizing effect of the lesion (Vitek and Ghux 2000; 

Deuschl et ai, 2000), which would be consistent with the predictions of the parallel model 

of BG function in PD. This is supported by studies dernonstrating that better tremor 

control is s h o w  in those patients in whom tremor-synchronous cells have been hcluded 

in a lesion of the GPi (Taha et al. 1997) or of the thalamus (Lenz et al. 1995). Second, it 

is interesting that movement deficits are not produced fullowing pallidotomies given that 

the BG are extensively involved in motor control. The effectiveness of pallidotomy is a 

paradox because eliminating most of the pallidal motor output might worsen voluntary 

movements (Marsden and Obeso 1994). Limited data suggest that while pailidotorny is 

effective in reducing bradykinesia of upper limb movements, it has "costs" to movement 

patterns, particularly for reach to grasp movements to objects of differing sizes ( B e ~ e t t  

et al. 1998). Another drawback of pallidotorny is that it may adversely affect cognitive 

performance if performed bilaterally but it has been reported that staged bilateral 

pallidotomies do not produce this deficit (Counihan et al, 2001). 

Furthemore, the box model of BG function does not predict that inactivation of 

motor territories of GPe in MPTP-treated rnonkeys would have no effect on parkinsonian 

motor signs (Wichmann et al. 1994~). GPe inactivation wouId be predicted to disinhibit 

the STN and worsen parkinsonism. Similarly, GPe hactivation has been shown to 

worsen dnig-hduced dyskinesias (Blanchet et al. 1994) but the opposite wodd be 

predicted by the box model. 



Deep brain stimulation of the globus pullidus 

Deep brain stimulation @BS) is a reversible neurosurgical procedure in whkh 

chronic electrodes are placed in the brain. Tt is possible to alter the electrical stimulation 

parameters in order to obtain maximal improvment in symptoms with minimal adverse 

side effects. In patients with PD, chronic bilateral GPi DBS improves parkinsonian 

symptoms such as akinesia and tcemor and drug-induced dyskinesias (Krack et ai. 

1998a). Wigh-fiequency stimulation of the GPi reduces the neuronal activity of the GPi 

ac tivity in MPTP-treated rhesus monkeys (Boraud et al. 1996) and it has been proposed 

that a possible mechanism mediating the effects of DBS in the GPi is via activation of 

GABAergic afferents within the GPi (Boraud et al. 1996; Dostrovsky et al. 2000). 

Similar to pallidotomy, irnaging studies have reveaied that GPi DBS causes increases in 

regional cerebral blood flow in motor cortical areas @avis et al. 1997; Limousin et al. 

1997). One advantage of DBS over palIidotomy is that bilateral stimuIation of the GPi 

does not produce cognitive impairment (Ardouin et al. 1999). However, given the 

position of pallidal DBS electrodes relative to the internai capsule, a possible unwanted 

side effect is that GPL DBS may inadvertently activate the corticospinai tract (Ashby et al. 

1998). 

Effects ofdopaminergic dngs on rhe giobus pailidus 

Consistent with the predictions of the box model, in monkeys made parkinsonian 

with midbrah electrolytic lesions of the nigrostriatai dopaminergic pathway, APO 

reduces the activity of GPi neurons and reverses parkinsonian symptoms (Filion 1979). 

Similar effects are observed in monkeys rendered parhsonian with MPTP following the 



administration of levodopa or APO (Filion et ai. 1992; Boraud et al. 1998; Boraud et al. 

2001). During episodes of dopaminergic drug-induced dyskinesias in parkinsonian 

monkeys, firing rates of GPi neurons are reduced or even nearly silenced (Papa et al. 

1999;Boraud et al. 2000b;Boraud et al. 2001). Metabolic studies in monkeys with APO 

or levodopa induced dyskinesias show increased activity in the GPi that is interpreted as 

an increase in the GABAergic input fiom the sûiatum (Mitchell et al. 1992). Also 

consistent with the predictions of the box model, an increase in GPe activity following 

M O  administration has been reported in MPTP-treated monkeys (Filion et ai. 1991; 

Boraud et al. 2000a). 

1.5.3 - Subthalamic nucleus 

Firing rates of the subthalarnic nucleus 

in patients with PD, the mean firing rates of neurons in the STN are 25-45 Hz 

(Hutchison et al. 1998a). In contrast to firing rate increases in the GPi of monkeys 

following MPTP-treatrnent, increases in the firing rates of STN neurons are not as 

dramatic (Miller and DeLong 1987; Bergman et al. 1994) suggesting that firing patterns 

may play a role in parkinsonian pathophysiology. 

Firing patterns and somatosensory responses ofthe subthalarnic nucleus 

An increase in bursting activity is observai in the STN foiiowing MPTP- 

treatment in monkeys (Bergman et al. 1994). There is aIso the appearance of tremor- 

related oscillatory activity in the parkinsonian monkey. Neurons with 3-6 Hz osciiiatory 

activity that is time-locked to h b  tremor are found in the STN of tremuIous MPTP- 



treated vervet monkeys (Bergman et al. 1994) and similar TC activity has been detected 

in patients with PD (Hutchison et al. 1998a; Rodriguez et al. 1998; Krack et al. 1998b). 

En addition to oscillations in the tremor Etequency range, STN neurons with 15-25 Hz 

oscillations have been reported in monkeys treated with MPTP (Bergman et al. 1994). 

Similm to the GPi, there is an increased proportion of neurons responsive to 

somatosensory stimulation and an increase in movement related excitability (duration and 

magnitude) of STN neurons after MPTP-treatment in monkeys (Bergman et al. 1994). 

hacrivation efects of the szibthalamic nucleus 

htentional lesion making in the STN of patients with PD was usually avoided 

because of the possible risk cf causing severe dyskinesias or ballism as was observed in 

normal individuals with lesions of the STN. However, local inactivation of neuronal 

activity by injecting fiber sparing neurotoxins into the STN (Bergman et al. 1990; 

Wichmann et al. 1994b, 1994c; Guridi et al. 1994, 1996) or thermocoagulative lesions 

(Aziz et al. 1991; Aziz et al. 1992) of the STN in MPTP-treated rnonkeys was shown to 

ameliorate parkinsonian symptoms and recent reports have demonstrated good 

therapeutic effects of subthalamotomy in patients with PD without adverse motor effects 

(Gill and Heywood 1997; Obeso et al. 1997a; Barlas et al. 2001; Alvarez et al. 2001). 

This anti-parkinsonian effect of STN lesions is consistent with the notion of STN 

hyperactivity in parkinsonism (Miller and DeLong 1987; Bergman et al. 1994). In 

parkinsonian monkeys, 2-deoxyglucose metabolic mapping studies indicate that STN 

hyperactivity is responsiùle for the excessive GPi activity (Mitchell et al. 1989). In 



addition, lesions in the STN in parkinsonian rats and monkeys lead to the reduction of 

GPi activity (Wichrnann et ai. 1994b; Guridi et ai. 1996; Blandini et al. 1997). 

Deep brain stimtdation of the si~bthalamic nucleus 

In monkeys rendered hemiparkinsonian by unilateral infusion of MPTP, STN 

DBS arneliorates parkinsonian motor signs (Benazzouz et al, 1993; Benazzouz et ai. 

1996). In patients with PD, STN DBS is highly effective in treating parkinsonian 

symptoms (Pollak et al. 1993; Benabid et al. 1994; Limousin et al. 1995a, 1995b; Pollak 

et al. 1996; Kumar et al, 1998a; Krack et al. 1998a; Dromey et al. 2000). STN DBS is a 

particularly effective treatment for parkinsonian tremor (Krack et ai. 1997, 1998b; Kumar 

et al. 1998b) and is comparable to the response obtained by thaiamic stimulation for 

tremor (Krack et al. 1997; Kumar et al. 1999). In patients with PD, intra-operative 

microstimulation in regions of the STN displaying tremor-related activity reduces resting 

tremor with a very short latency (Rodriguez et al. 1998). 

Similrir to GPi DBS and pailidototny, PET irnaging studies have shown that STN 

DBS causes increases in regionai cerebral blood flow in the ipsilateral supplementary 

motor area and premotor cortex (Limousin et ai. 1997; Cebailos-Baumann et al. 1999). It 

has aiso been shown that there are comparable improvements in upper limb akinesia by 

STN DBS and GPi DBS (Brown et ai. 1999). These observations support the prediction 

of the box mode1 regarding the effects of GPi or STN inactivation and the release of 

cortical areas in PD. 

UnIike GPi DBS, STN DBS can also improve the ON medication state (Kumar et 

al. 1998b). Since STN allows the reduction of anti-parkinsonian medication, it is 



therefore preferable to bilateral GPi DBS and can indirectly improve drug-induced 

dyskinesias by allowing the reduction of levodopa dosage in the long term (Krack et al. 

1998a). In addition, reduction of dopaminergic medication might partiaily reverse 

receptor sensitization phenomena resulting fiom long-term intemittent levodopa (Bejjani 

et ai. 2000). intrastriatal microdidysis in normal and partially dopamine denewated rats 

also demonstrates that high ffequency stimulation of the STN induces a significant 

increase of extracellular dopamine in the striaturn (Bruet et al. 2001). 

Dyskinesias and the strbthalamic nucleus 

It has been observed that muscimol injections (Wichmann et al. 1994b) as well as 

excitotoxic cell-specific Iesions of the STN (Bergman et al. 1990; Guridi et ai. 1994) both 

result in the emergence of transient dyskinesias in MPTP-treated monkeys. In patients 

with PD, stimulation of the STN at higher currents can also induce dyskinesias (Benabid 

et al. 2000). 

Gltctamatergic activiîy and the subthalamic nilcletis 

It is interesting to note that in parkinsonian monkeys, STN activity is increased 

&er local injection of bicuculline and decreased d e r  local injection of muscimol (a 

GABAA receptor agonist) (Bergman et al. 1994) suggesting that GABAergic input from 

the GPe pIays a roIe in STN hyperactivity. However, it has been demonstrated t b t  the 

increase in the f ~ n g  rates of STN neurons in &OHDA treated rats is not solely 

dependent on GPe (Hassani et al. 1996) suggesting that excitatory inputs to the STN, 

such as the corticosubthalamic pathway, play a role in the pathology of the parkinsoniau 



STN. It has been shown that glutamatergic transmission plays a role in parkinsonisrn 

(Klockgether and Turski 1993) and antagonism of glutamatergic mechanisms may have 

anti-parkinsonian effects (Olney et al. 1987; KIockgether and Turski 1990; Klockgether 

et al. 1991; Greenamyre 1993, 1996). in situ hybridization for the fint subunit of 

cytochrome oxidase messenger RNA in rats demonstrates that hyperactivity of the STN 

might also be due to an increase of excitatory input arising from the PPN and 

parafascicular nuclei (Orieux et al. 2000). 

Efects of dopamine on the srtbthalamic nticlem 

Consistent with predictions of the box modeI, the administration of APO 

decreases the firing rates of STN neurons of rats with 6-OHDA lesions of the aigrostriatal 

pathway (Kreiss et al, 1997). However, inconsistent with the mode1 is that the 

hyperactivity of STN in parkinsonian rats is reduced by Dl receptor agonist but not by Da 

dopamine agonists (Hassani and Feger 1999). Recall ihat APO in the STN of intact rats 

produces a prominent increase in firing rates which is attributed to activation of inûinsic 

Di receptors in the STN Weiss et ai. 1996). It should be noted that there is a substantial 

loss of the direct dopaminergic innervation of the STN in MPTP-treated monkeys and in 

PD patients (Francois et al. 2000). 

Rats with 6-OHDA lesions also disptay slow oscillations ( ~ 0 . 5  Hz) in firing rate 

of STN neurons and the systemic administration of APO increases the fiequency of these 

oscillation (Mers et al. 2000). In monkeys, metabolic studies with APO or Ievodopa 

induced dyskinesias show increased activity in the STN that is interpreted as an increase 

in the inhibition of the GPe, presurnably due to the inhi'bitory effect of dopaminergic 



stimulation on the striatal efferents to the GPe (Mitchell et ai. 1992). The effects of APO 

on the neuronal activity of the STN in parkinsonian primates or humans is presently 

unknown (see Chapter 3 section 3). 

1.5.4 - Substantia nigra pars reticulata 

Following MPTP-treatment in monkeys, an increase in firing rates and bursthg 

patterns of SNr neurons is observed (Wichmann et al. 1999). Although, SNr neurons in 

patients with PD fire at rates comparable to GPi firing rates (Le. 60-90 Hz) the pattern of 

SNr discharges in PD patients is remarkably regular and no oscillatory activity is 

observed (Hutchison et al. 1998a). These discrepancies may be due to différences in 

parkinsonisrn between hurnans and monkey or in the location of the sarnpled neurons, 

Injections of muscimol into SNr of MPTP-treated monkeys has anti-parkinsonian effsts 

(Wichrnann et al. 2001) and indicates that this nucleus is involved in parkinsunism. Rats 

with unilateral 6-OHDA lesions of the nigrostriata1 tract show ipsilated increases in 

succinate dehydrogenase and cytochrome oxidase in the SNr (two markers of neuronal 

activity) which is reversed with STN lesions (Blmdini et ai. 1997). STN lesions also 

decrease the occurrence of bursting patterns in the SNr in these anirnals (Burbaud et aI. 

1995). Similar to observations in the GPi of parkinsonian monkeys, intrastriatal 

injections of Dr and Dz dopaminergic-agonists in 6-OHDA Iesioned rats decrease the 

firing rate and regularize the neuronal discharge pattern of SNr neurons (Akkd et al. 

1996). 



1.5.5 - Thalamus 

According predictions of the box model, the characteristic loss of doparninergic 

innervation of the striatum is associated with an excessive tonic inhibition of thalamic 

motor and brainstem nuclei by the GPi (Miller and DeLong 1987; DeLong 1990; Filion 

and Tremblay 1991; Sterio et al. 1994 Boraud et al. 1998). This is supported by 

evidence fiom MPTP-treated monkeys, where a marked increase in the uptake of 2- 

deoxyglucose in the ventral anterior and ventrd lateral thalamic nuclei is observed in 

cornparison to non-parkinsonian rnonkeys (Crossman et al. 1985). in parkinsonian 

patients, metabolic studies using PET h d  a correlation between increased GPi firing 

rates and ipsilateral ventral thalamic glucose rnetabolism (Eidelberg et al. 1997). 

However, it has also been suggested that because pallidotomy (which would be expected 

to disinhibit the thalamus) doesn't improve the ON motor features, a mechanism other 

than excessive tonic inhibition of the motor thahmus rnight be responsible for 

bradykinesia, possibly where pallidotomy reduces the noise From the abnormally 

functioning BG (Pfann et al. 1998). 

Firing patterns and sonlarosensory responses of the thalamus 

The characteristics of neurons in the ventrolateral thalamus of patients with PD 

are described in detail eIsewhere (Raeva 1990; Raeva et al. 1998; Magnin et al. 2000). 

Tremor-related oscillatory neuronal activity has been identiiied in the Vop (pallidal 

receiving) and Vim (cerebellar receiving) nuclei of the thalamus in the patients with PD 

(Lenz et al. 1985; Zirh et al. 1998). in a study using siniultaneous microelectrode 

recordings, it was demonstrated that TCs in these areas are synchronized during 



parkinsonian limb tremor Gevy et al. 1999). These tremor-related neurons can also 

respond to sensory stimulation and voluntary movement (Lenz et aI. 1988a; Lenz et d. 

1990; Lenz et al. 1994). 

It is curious that parkinsonian tremor can effectively be reduced with lesions 

restricted to the Virn given that this nucleus receives cerebellar but not pallidal input 

(Diederich et al. 1992; Koller et al. 1997). Even microinjections of iidocaine (Panent et 

al. 1993; Dostrovsky et al. 1993) or muscimol (Pahapill et al. 1999) or mal1 lesions 

(Lenz et al. 1995) in areas with TCs in the Vim dramatically reduce parkinsonian tremor. 

Rigidity but not akinesia, bradykinesia or gait can also be improved by Vim thalamotomy 

(Lang and Lozano 1998b). 

Deep brain stimulation of thalamus 

Parkinsonian tremor cm be reduced with chronic Vim D M  (Benabid et al. 1991; 

Blond et al. 1992; Benabid et al. 1996). It has been proposed that the effects of Vim DBS 

are rnainly associated with a decrease in the activity of the cerebeiium (Deiber et al. 

1993). Levodopa-induced dyskinesias are also reduced by Vim DBS (Kawashima et al. 

1991; Caparros-Lefebvre et al. 1993, 1994), an effect that is possibly due to stimulation 

of the CMPF of the thalamus which itself receives input fiom the GPi (Caparros- 

Lefebvre et al. 1999). Similar to lesions, Vim DBS while improving tremor does not 

irnprove gait, akinesia, or the activities of daily living (Defetivre et al. 1996a; Koller et al. 

1997). 



2.5.6 - Pedunculopontine nucleus 

in rats with 6-OHDA lesions of the SNc, metabolic activity within the PPN 

ipsilateral to the lesion is significantly increased reIative to intact animais (Carlson et al. 

1999; Orieux et al, 2000). A detailed review of the PPN in PD is given by Pahapill and 

Lozano (2000). 

1.5.7 - Cortex 

in MPTP-monkeys, MO main disturbances of cortical activity are observed. First, 

there is a loss of the ceciprocal pattern of response of movement-related cortical celis, and 

second, the motor cortex is unable to modiQ its activity in response to peripheral input 

(Doudet et al. 1990). EEG studies demonstrate that the Bereitschafls or "readiness" 

potential recorded over the supplementary motor area in patients with PD is decreased 

@ick et al. 1989) and this decrease is correlated with the degree of motor impairment 

(Ebmeier et al. 1992). The delay in the movement related desynchronization of alpha 

band EEG (-10 Hz) recorded over the contralateral primary sensonmotor area preceding 

a voluntary movement is also related to parkinsonian akinesia (Defebvre et al. 1996b) and 

may be partially corrected by Ievodopa therapy Oefebvre et al. 1998). The 

administration of levodopa in patients with PD reestablishes the attenuation of the 

cortical "idling rhythm" during votuntary tasks providing support for the hypothesis that 

the BG controi the release of cortical etements fiom low-frequency rhythmic idhg 

activity (Brown and Marsden 1999). hadequate output fiom the BG may aiso lead to a 

disappearance of the cortical beta and Piper rhythm drive to muscle (Brown 2000). 



PET studies suggest that more cortical areas (premotor cortex, parietal cortex, 

anterior supplementary motor area, and cingulate) are recniited to perfonn sequential 

finger movements in PD relative to normal subjects (Catalan et al. 1999). It has been 

proposed that the functional deafferentation of the supplernentary motor area durhg the 

performance of a sequential task (Playford et al. 1992) is more pronounced during 

intemally-determined than externally determined movernents (Cunnuigton et al. 1995). 

The decreased activation of supplernentary rnotor area, anterior cingulate, and 

dorsolateral prefiontal areas in parkinsonian patients cari be reversed with M O  (Jenkins 

et al. 1992), DBS of the STN (Limousin et al. 1997) or the GPI (Davis et al. 1997), and is 

consistent with the predictions of the box model. 

Studies with transcranial magnetic stimulation demonstrate an impairment of 

motor cortex activation and deactivation in PD that may be a physiologcd correlate of 

bradykinesia (ElIaway et ai, 1995; Chen et al. 2001). Paired transcranial magnetic 

stimutation demonstrates a prolonged activity in intracortical inhibitory circuits when 

compared to normai individuals, an effect that is also partly reversed with levodopa 

therapy (BerardelIi et al. 1996b). It has been hypothesized that an instability of motor 

planning/preparation processes occurs in PD since these processes are more susceptibie 

to disruption by magnetic stimulation in parkinsonian subjects than controIs (Cunnington 

et aI. 1996). Motor cortex tremor-reIated activity in patients with PD has been detected 

using cortical EEG, PET, and MEG, and shares simiIar cortical areas with voluntary 

motor activity, and involves rhythmic activation at the diencephaiic levek (AIberts et ai. 

1965; AIberts et ai. 1969; Volkmann et al. 1996; M a u  et aI. 1996). 



1.6 - Aim of the present studies 

The aim of this project was to characterize the pattern of neuronal activity in the 

STN and GP of parkhonian patients and its role in the pathogenesis of PD. Neuronal 

activity was recorded with microelectrode and macroelectrode techniques during 

stereotactic surgery for movement disorders (Chapter 2). Three methods were used to 

gain insight into the function of the BG in PD and test sorne of the predictions of the box 

model and parallel model, First, the doparninergic h g  APO was administered to 

patients during surgery. This was used to coneiate the APO-induced changes in single- 

unit firing rate and pattern and somatosensory responses with the clhicai features of PD 

(Chapter 3). A major hypothesis of the box mudel of BG function that was tested is ~ a t  

the administration of APO would resuit in a decrease h the firing rates of the GPi and 

STN and an increase in the finng rates of the GPe. Second, microinjections of substances 

to inactivate the STN were performed to elucidate the role of the STN in the clincial 

features of PD, especially tremor and dyskinesias (Chapter 4). It was hypothesized that 

pharmacoIogical blockade of neuronal activity in the STN would Iead to an improvement 

in parkinsonism, Third, the sirnuItaneous recordiings of neuronal activity were used to 

examine the population behavior of neurons and the extent and variety of neuronal 

synchronization in the GPi and STN (Chapter 5) .  A major hypothesis of the paralle1 

mode1 of BG function that pairs of neurons in the STN and GPi would display 

synchronized activiîy was tested. 



Figure 1.F1 

Schematic diagram of the principal interconnections of the basal ganglia, cortical, and 

brainstem regions. GPe = globus pailidus extemus; STN = subthalamic nucleus; GPi = 

globus pallidus intemus; SNc = substantia nigra pars cornpacta; SNr = substantia nigra 

pars reticulata; PPN = pedunculopontine nucleus; SC = supenor colliculus; VL = 

ventrolateral thalamus; CM/Pf = centromedianlparafascicular cornplex of the thalamus; 

Dl = Di dopamine receptor; D2 = D2 dopamine receptor. 
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Figure 1.F2 

The senal or "box" mode1 of BG tunction in the normal (A) and parkinsonian state (B). 

Loss of doparninergic SNc neurons in Parkinson's disease leads to an increase in STN 

and GPi activity. GPe = globus pallidus externus; STN = subthalamic nucleus; GPi = 

globus pallidus intemus; Thal =thalamus. 
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CHAPTER 2 - GENERAL METHODS 

2.1 - Neuronal Recordings 

2.1.1 - Operative procedures 

A List of al1 of the patients studied in each section of the Results is shown in Table 

2.T1. Al1 patients underwent funçtional stereotaxic neurosurgery following an ovemight 

dmg holiday (i.e. OFF medication). Detailed descriptions of operative procedures are 

given elsewhere (Lenz et aI. 1988b; Lozano et al. 1996; Hutchison et al. 1998b). Briefly, 

a Leskell stereotactic frame was installed under local anesthesia and MRI or computed 

tomography imaging was used tu locate the fiame coordinates for the anterior and 

posterior commissures. For each patient, a digitized stereotactic atias plate of a sagittal 

map (Schaltenbrand and Wahren 1977) at the appropriate laterality for the target that was 

adjusted to match the patients intercornmissural distance was then printed. This 

cornputer map allowed the determination of the initial targets in the SRI or the GPi. A 

twist drill hole (-6.4 mm) in the case of lesion making or a b m  hole (25 mm) in the case 

of DBS was then made under local anesthesia. Physiological mapping of neuronal 

activity using microelectrode recordings was then perfomed through this opening. 

MicroeIectrode recording was started 15 mm or 10 mm above the intended target 

according to imaging, the microelectrode being lowered by a manual microdrive. Al1 

patients were awake during the microelectrode recordings. Microstimulation was 

perfomed to elicit sensory or motor effects and was achieved (umally through the same 

electrode) with an isolated stirnulator (World Precision Instruments or Axon system 

GS3000) which delivered trains of square wave pulses (pulse width 150 ps or 200 ps) at 
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300 Hz and up to a maximum of 100 jiA. Stimulation mapping allowed the identification 

of physiological landmarks. 

7 1.1 .a - Globus paliidus internus 

The recording procedures for the patients undergoing pailidotomy have been 

previously described (Lozano et al. 1996; Hutchison 1998b). Briefly, functionai 

stereotaxic surgery was undertaken to implant chronic DBS electrodes or to perfocm 

radio-fiequency lesions in the posteroventral GPi, Parasagittal trajectories were oriented 

at either 20 or 22 mm tiom the midline. Physiological landmarks identified by 

microstimulation were the optic tract (located ventral to the GPi) and the internai capsule 

(located anterior to the GPi). The electrode tracks were oriented so that the 

microelectrode could sample neuronal activity in the GPe and the GPi. A representative 

exarnple is shown in Figure ?.FI. 

2.1.1.b - Sttbthaiamic nriclezts 

The use of microelectrode recording to localize DBS electrode placement in the 

STN is described in detail elsewhere (Hutchison et ai. 1998a). Briefly, firnctional 

stereotaxic surgery was undertaken to implant chronic DBS electrodes or to perform 

radio-freguency lesions (subthalamotomy). Similar to pailidal surgery, single unit 

microelectrode recordings and stimdation mapping allowed the identification of 

physioIogicai landmarks and ce11 localization. However, greater emphasis was pIaced on 

characterization of neuronal activity because microstimulation yieIded less information 



than pallidal exploration due to the absence of the optic tract and, in most cases, the 

motor capsule. Parasagittal trajectories at either 10.5 or 12 mm fiom the midline passed 

through the thalamic reticular nucleus andlor anterior thalamus, zona incerta, STN, and 

the SNr. Exploration of the neuronal activity was carried out dong the entire dorsal 

/ventral extent of STN. The main characteristics that were identified in order to localize 

the motor portion of the STN were neurons with tremor-relatecl activity, neurons that 

responded to passive or active rnovements, and microstimuIation effects such as tremor 

reduction or arrest. The anterior-posterior Limits of the STN were delirnited by regions 

with sparse neuronal activity and a reduced background noise compared to that observed 

within the STN. A representative exarnple is shown in Figure 2.F2. 

2.1.2 - Single-utrit microelectrode recording 

Single-ce11 microelectrode recording is used to Locate target regions for lesion 

rnaking or DBS in patients operated at the Toronto Western Hospital. This procedure 

rninirnizes surgicd nsk by accurately deiineating subcortical structures and provides 

greater accuracy than with using M N  derived coordinates atone (Lees and Smith 1983; 

Bakay et al. 1997; Biousse et al. 1998; Alterman et al. 1999). 

2.1.2.a - OR setup and Oflitre settv 

During surgery, single unit activity recorded h m  the microelectrode was 

amplified, high-pass filtered (200-300 Hi), and monitored on a Ioudspeaker and with an 

oscilloscope (Hutchison 1998b). In some cases, signals were ampiifïed, filtered, and 



displayed using Axon Instruments equipment (GS3000 system, Axon Instruments, Foster 

City, CA.). An example of a weil isolated extracellular recording of a single neuron is 

shown in Figure 2.F3A. A11 neuronal data were recorded simultaneously with wrist 

flexor/extensor EMG and accelerometer (Acc) data to monitor muscle activity and limb 

movement, respectively. Data were stored on an analog videotape by a digital recorder 

(mode1 S-t 00, Instrutech Corp., Port Washington, NY) and analyzed off-line with a 

similar set-up. Single unit event times were discriminated using a dual window 

discriminator @DIS-1, BAK Electronics, Mount Airy, MD) and a storage oscilloscope in 

spike-trigger mode or by template matching spike-sorting software (Spike2, Cambridge 

Electronic Design, Cambridge, England). 

2.1.2.6 - Regular electrode designs 

Single units were recorded using electrodes made by inserthg a parylene-C 

coated tungsten microelectrode with an exposed tip size of 15-25 microns (Microprobe 

Inc.) into a 25 gauge stainless steel tube (SmaIl Parts Inc., HTX-25 tubing) that was then 

covered by Kapton tubing (Micro ML Tubing, #23 polyimïde tubing). These parts were 

glued together with epoxy. Microelectrode tips were plated with gold and platinum to 

reduce the impedance to about 0.2 to 0.4 Msà at 1 kHz. This electrode was inserted 

through a guide tube made of 19 gauge steel tube (Small Parts, HTX-19). A schematic of 

the micmelectrode construction is s h o w  in Figure 2.F3B. 



2.1.3 - Dual microelecîrode /stimulation /injection apparaius 

The simultaneous recording of neuron pairs in this thesis was performed using a 

double electrode set-up in which two microelectrodes were inserted either as a gIued pair 

separated by a distance of 250 to 300 um or independently in which the electrodes were 

separated by 600 um and each electrode was driven by a separate microdrive. The latter 

technique used a novel dual microelectrode/cannula assembly that was conceived and 

built by the author for the purposes of dual recording, electrical stimdation and neuronal 

recording (Dostrovsky et al. 2000), and local drug injection and neuronal recording. The 

assembiy Lits a standard Leskell stereotactic h e  (mode1 G). The assembly is capable 

of holding two microelectrodes, a microelectrode and an injection cannula, or a 

microelectrode and a macroelectrode. The two microelectrodes or the cannula and 

microelectrode occupied separate guide tubes (23 gauge stainless steeI tubes) and the 

guide tubes were positioned medial-lateral to one another at a center to center distance of 

-600 p. The assembly is shown in Figure 2.F4 configured with two rnicroelectrodes. 

In most cases dual electrode recordings were only obtained on one side (usually the k t ) .  

The electrode used for the glued pair or in the assembly was a b'thin" eiectrode and is 

discussed below. 

Siniilar to the regular electrode design discussed above, thin electrodes were made 

by inserting a parylene-C coated tungsten microelectrode with an exposed tip size of 15- 

25 microns (Microprobe) into a 30 gauge stainless steel tube (Smaii Parts, HTX-30). 

This was covered by Kapton tubing (Micro ML Tubing, #28 poIyimide tubing). These 
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parts were glued together by applying epoxy in the same manner as the regular electrodes 

discussed above, Microelectrode tips were plated with gold and platinurn to reduce the 

impedance to about 0.2 to 0.4 Mn at 1 kHz. Glued pairs of electrodes were carefully 

joined using epoxy so as to fit through a standard 19 gauge guide tube and recordings 

were perfomed using the regular stereotactic set-up. In the case of recordings perfomed 

using the assembly, thin electrodes were used individually and fit a thinner guide tube 

made of 23 gauge steel tube (Srnail Parts, HTXI3TW). 

2.1.3.6 - Microinjection cannitla and macroelectrode design 

injection cannulae could also be used as macroelectrodes and were constructed 

fiom a 30 gauge stainless steel tube (Small Parts, HTX-30) which was covered by Kapton 

tubing so as to be insulated to 0.3-0.5 mm of the tip (Micro ML Tubing, #28 polyimide 

tubing). These parts were glued together by applying epoxy in the same manner as the 

thin electrodes discussed above. The injection/macroelectrude cannulae were used in the 

dual microelectrode/cannula assembly. 

The injection cannula was comected to a 10-15 cm piece of polyethyiene tubhg 

(PE 50, inside diameter 0.58 mm) and seaied with epoxy glue. Substances were 

preloaded in the cannula and polyethylene tubing and in a 25 pi, Hamilton syringe. An 

air bubble (-1 cm in Iength) was introduced in the polyechylene tubing to ailow the visual 

determination of the movement of the solutions. The polyethyiene tubing was then 

friction fit over the tip of the Hamilton m e .  



2.1.4 - Local field potential recordings 

Bipolar "macroelectrode" recordings of field potentials were performed through 

adjacent contacts of the DBS leads between two and seven days after implantation. The 

DBS leads consist of four concentric cylindrical contacts (length 1.52 mm, diameter 1.27 

mm) separated by 1.5 mm. Contacts were labeled O, 1, 2 ,3 h m  the most ventral to the 

most dorsal contact respectively. Differential recordings between pairs of contacts were 

arnplified and digitally recorded (CED1401, Cambridge Eiectronic Design) at a sampling 

rate of 1000-1200 Hz. Ali patients had the DBS leads internalized seven days following 

microelectrode surgery. In some cases, ùitra-operative monopolar macroelectrode 

recordings were made with the macroelectrode cannula used in the dual 

microelec trodelcannula assernbly. 

2.2 - Clinical assessments 

2.2.1 - Intra-operative apomorphine injecîion 

Al1 patients in the APO senes of experiments (see Chapter 3) were challenged 

pre-operatively with systernic M O  to establish a dose çufficient to produce an ON state, 

but not produce dyskinetic movements. In order to rate the clinical effect of APO, 

patients underwent a pre-operative partial Unified Parkinson's Disease Rating Scale 

motor assesment (UPDRS) (Part iU) during the practically defined OFF state (12-14 

hous after last medication) and during an APO induced ON state. Motor scores were 

determined by surnming UPDRS items 18-3 1 (Le. greatest possiile score is 108). In 



general, the higher the UPDRS score, the worse the parkinsonian symptoms (Stebbhs 

and Goetz 1998). 

Patients were studied during the stereotaxic surgery 12-14 hours afler the last oral 

dose of levodopa and were considered to be in the OFF state (Le. non-medicated). Al1 

patients were premedicated with domperidone (Motilium, Janssen), a peripherally acting 

dopamine receptor antagonist to minimize undesirable side effects (nausea, vomiting, and 

hypotension). The time course of the effects of APO was evaluated intra-operatively by a 

trained clinician. Patients were asked to report when they sbrted to feel the effects of 

M O .  The time and duration of limb tremor or the occurrence of drug induced dyskinetic 

or dystonic movements were also noted. 

in each patient, a stable and we11 isolated single unit was found and APO was 

administered subcutaneously following 2-3 minutes of stable recording. These neurons 

were recorded for as long a period as possible, usually until there was an was an objective 

effect of the medication (tremor reduction, dyskinesias) and patients felt a subjective 

beneficial effect of medication. However, in some cases stable recordings fiom single 

neurons were lost a e r  a shoaer penod of t h e .  

2.2.2 - Limb tremor measurements 

Lirnb tremor was quantified using EMG or accelerometer (Acc) (Entran EGAX-5, 

Fairfield, NJ) recorded simultaneousIy with neuronal activity. Signais were usually 

recorded at 500 Hz and Iow passed filterd below -55 Hz. The upper iimit of 55 Hz was 

used to avoid any contamination due to 60 Hz line noise. An example of a rectified EMG 

signai of ongoing limb tremor is shown in Figure 2S3C. 
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2.2.3 - Intra-operative microinjecîions 

Previous studies have shown the safety and utility of controlled microinjections of 

[idocaine and rnuscimol in the thalamus and GPi of patients with movement disorders 

(Dostrovsky et al. 1993; Penn et a[. 1998; Pahapill et al. 1999). Al1 injections were 

perforrned with the patients in the OFF state (12-14 hours after last anti-parkinsonian 

medications). In order to rate the clinical effect of microinjections, patients undenvent a 

partial UPDRS assessrnent of bradykinesia (item 24), rigidity (item 22, arm/wrist), and 

tremor (items 20 and 21, armlwrist). Rigidity was assessed by a lrained clinician before 

and folIowing injections. Tremor, bradykinesia, and dyskinesias were assessed fiom 

camera tapes by a trained clinician. When possible, bradykinesia was also assessed using 

quantitative tasks measuring movement time and amplitude such as wrist 

pronatiodsupination or repetitive pointing with the index finger fkorn the patient's chest 

to a target placed -50 cm in fiont of the patient (total trial Iengths -10s). Riejdity was 

also quantified in a few cases using a comrnercially available device (Prochazka et al. 

1997). This device allows the accurate determination of rigidity by quantifjmg the 

impedance provided by a limb to an applied force imposed by the examiner. 

2.3 - Data analysis of single neuron discharge 

Tonic spontaneous single unit activïty was coiiected with the patients at rest and 

without any passive joint manipulation or voluntary mc'vements. The average neuronal 

discharge or firing rate per unit t h e  (usually 1 second) was noted for ai i  ceils sampIed. 



The pattern of neuronal discharge was also characterized. Bursting discharge was 

defined as "periodic" if bursts appeared to be rhythrnic in time (Le. a constant penod of 

tirne between each burst). "Aperiodic" bursting was defined as bursting activity that may 

have also occurred without any uaderlying periodicity (i.e. this tenn was used to describe 

bursting in general). Although neurons displayhg oscillatory "bursting" activity can be 

regarded as a special case of apenodic bursting cells, it is important to compare the effect 

of M O  on both types of discharge patterns because these phenomena may occur with 

different rnechanisms and may have different physiological meanings (Kaneoke and 

Vitek 1996). These neuronal discharge characterizations are discussed in detail below. 

2.3.1 - Aperiodic burstirrg discharge 

Aperiodic or general bursting discharge was quantifiai using two different burst 

measures. (1) The Poisson "surprise" method of burst detection as described by Legendy 

and Salcman (Legendy and Salcman 1985) was employed to detect burst discharges with 

a Poisson surprise value of greater than 5. This method defines a %urst" as an 

improbable epoch of elevated discharge rate in a spike train. The number of spikes in 

burst discharges was compared to the total number of spikes sampled in each ce11 and the 

percentage of spikes in bursts was caIculated (Wichmann et al. 1999). This gave a 

measure of the "burstiness" of each neuron since irregularly discharging neurons will 

have a greater proportion of spikes that participate in busts when compared to reguIarly 

discharging neurons. (2) The spike discharge pattern of groups of newons was M e r  

characterized by labeling each neuron as being "regular", 'tandom", or 'ïnegulai' by 

comparison to a Poisson process. The method employed here is a simplifieci version of a 



burst analysis scheme presented by Kaneoke and Vitek (1996). Briefly, the discharge 

density of a neuron was determined by calculating the number of spikes in an interval 

qua1 to the reciprocal of the mean f i g  rate. The number of occurrences of no spikes, 

one spike, two spikes (and so on) in each tirne interval was then counted and a discharge 

density histogram was constructed. This discharge density histogram represents the 

probability distribution of the neuron's discharge density and can easily be compared to a 

discharge density of a Poisson process with a mean of 1 by using a X2 goodness-of-fit test. 

If the neuronal discharge pattem was "random", its discharge density distribution would 

be statistically similar to that of a Poisson process. if the neuron's discharge pattern was 

significantly non-random then two possibilities existed. Either the spikes occurred in a 

"repIar" discharge pattem where the probability of finding one spike per tirne segment 

was high, or the spikes occurred in a "irregular" discharge pattern where the probability 

of finding no @ c e s  or many spikes per tirne segment was high. Shce a Poisson process 

with a mean of one has a variance equal to one, the former case represents a significantly 

non-Poisson discharge density dismbution with a variance of less than one and the latter 

case represents a significantly non-Poisson discharge density distriiution with a variance 

of greater than one. This method was a convenient way to characterize regular, random, 

and irregular spike discharge patterns betweea groups of neurons since the patterns of 

neuronal discharge between two cells with different mean tonic activity could be directly 

compared. It should be pointed out that the classification of neurons using these methods 

does not mie out the possibility that there may be subgroups of neurons within any one 

group that might be distinguishable on the basis of some other type of pattern analysis. 



2.3.2 - Periodic bursting discharge 

Periodic bursting discharge was quantified using both time (auto-correlation) and 

fiequency (spectral) domain andysis, Auto-correlation can be used to distinguish 

between intermittent bursting discharge and oscillatory discharge. Auto-correlations of 

oscillatory discharge are smoother and contain multiple evenly spaced peaks. Auto- 

correlations of intermittent bursting discharge typically display a large short latency peak 

followed by long period of inhibition. Tu detect and test the sipificame of multiple 

oscillation Frequencies, spectral techniques were employai. 

2.3.2.a - Tinte domain anaiysis 

Auto-correlation histograms ofspike trains were plotted for 1.0 second to 100 ms 

offsets using 10 ms to 0.5 ms bin widths. Al1 correlation histograms were quantified to 

the units of rate (spikesls) (Abeles 1982). Auto-correlation distributions were used to 

index the strength of the periodic activity. The strength of the oscillation was graded 

according to standard examples given by Karmon and Bergman for oscillating cells in 

MPTP-treated non-human primates (Karman and Bergman 1993). For example, only 

TCs with a strength of five or greater were considered for furuier analysis. Oscillatory 

modulation of ongoing discharge was initially detected by locating at least two successive 

peaks within the auto-correIation hctions. Oscillatory activity was then assessed by 

ca1cuIating codidence h e s  at f 2 standard deviations (-95% confidence interval) or t 

2.68 standard deviations (-99% confidence interval) of the baseline firing rate (Abeles 

1982). Peaks were considered sigaificant ifthey were fowd outside the area dehned by 

the confidence Lines. The fiequency of oscillation was then determinai by calculating the 
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reciprocal of the peak-to-peak tirne of two successive peaks. 

2.3.2.6 - Freqztency domain analysis 

Spectral analysis was used to characterize the fiequency content of neurons with 

oscillatory activity. Spike trains were transformed from a series of events to a continuous 

function representing the density of spikes in time (using conversion software from 

Spike2, Cambridge Electronic Design, Cambridge, England). This is graphically 

demonstrated in Figure 2.FS. The final digitization rate was 200 Hz to 1000 Hz 

depending on the range of oscillatory fiequencies investigated. Standard spectral 

techniques resulted in a final fiequency resolution ranging fiom 0.39 Hz to 1.95 Hz 

(Spike2 software, Cambridge Electronic Design, Cambridge, England). in general, the 

frequency resolution depended on the length of time that the neuron was sampled. The 

only limitation irnposed by this procedure of spike to spike density conversion is that 

oscillation fiequencies investigated could not be greater than the fiequency of the firing 

rate. Graphitai disptays of fiequency versus time were constructed by calculating the 

fiequency content within consecutive IO or 20 second windows and were scaled to the 

ratio of signal to noise. Spectral noise was defined as the average power estimate over al1 

spectral fiequencies (usually 0-35 Hz), 

2.3.3 - Recepîive fields 

Only ceI1s that had a stable baseline and were clearIy distinguishable fiom the 

background noise were chosen for receptive field (RF) mapping. The time spent 



investigating the somatosensory RF properties of a neuron was considerably longer than 

the time vent  recording tonic activity when the patient was at rest. RF mapping took on 

the order of 3-5 minutes per ce11 and was canied out following tonic activity samphg. 

Passive rnovernents were performed in a vigorous manner about a single joint. A positive 

response was indicated by a phasic excitation or inhibition of neural discharge which was 

robust to repeated trials. Contralateral and ipsilateral wrist, elbow, and shoulder (and 

sometimes ankle) manipulation were assessed. We did not check for knee and hip 

responses because bnsk movements of the entire leg often resulted in slight movement 

artifacts in the microelectrode recording or loss of the neuronal recording. The responses 

of al[ of the cells tested to passive limb manipulation were divided into the following 

categories: no response, single joint, double joint, and multiple joint responses (more han 

two joints or bilateral responses). Some limitations of this RF testing is that we did not 

distinguish between muscle and joint receptive fields, that biarticulate muscle responses 

may have accounted for some of the double or multiple joint responses, and that cells 

with inhibition or activation responses were not discriminated and rnay have provided 

more Somat ion (Boraud et al. 2000). 

2.3.4 - Statistical cornparisons of populations of single neurons 

Statisticai anaiyses on the firing rates or busting properties of populations of 

neurons were carried out using ANOVA foiiowed by an Ail Pairwise Multiple 

Cornparison Procedure (Student-Newman-Keuis) for normaiiy distri'buted data. In cases 

of non-normality, data were compared using an AVOVA on ranks procedure (rCniskal- 

Wallis) followed by an Al1 Pairwise MuItiple Comparison Procedure (Dunu's Methad). 



Differences in proportions of cells in different categories were evaluated using X2 tests. 

Statistical significance was assigned at p < 0.05 (i.e. a = 0.05). Unless indicated 

ohenvise, al1 errors are reported as standard errors of the mean (SE). 

2.4 - Data analysis of the discharge of pairs of single neurons 

Correlations between separate spike trains c m  arise from functional connections 

between pairs of neurons that include b'direct" synaptic connections ancilor "indirect" 

connections such as common input frorn presynaptic sources (Moore et al. 1970). Data 

analysis on pairs of neurons used both time dornain and fiequency domain analysis. 

Although there is some overlap in these analyses, cross-correlograms can indicate 

coincident discharges in tirne and thereby assess short latency interactions such as direct 

synaptic connections. Furthermore, cross-correlation analysis can detect aperiodic 

synchronization (e.g. between two non-rhythmic bursting neurons) and this is displayed 

as a single symrnetric or asymmetric peak in the correlogram. Coherence analysis is a 

retiable and conse~ative method that ailows us to detect the statisticai significance of the 

similarity between two oscillatory signals. Only well isolated single neurons recorded 

fiom different electrodes were examîned thereby avoiding the difficulties of interpreting 

cross-correlograms constructed from multiunit recordings (several undiscriminated ceiis 

recorded on a single electrode) (Bedenbaugh and Gerstein 1997; Bar-Gad et al. 2001). 

2.4.1 - Tirne domain anahsis 

Cross-correlation anaiysis was used to detect coincident activity between pairs of 



neurons and detect and grade the rhythmic neuronal activity within these pairs. 

Correlation histograms of spike trains were plotted for 1.0 second to 100 ms offsets using 

10 ms to 0.5 rns bin widths. Al1 correlation histograms were quantified to the units of 

rate (spikesjs) (Abeles 1982). Aperiodic synchronization of a neuron pair was assessed 

by detecting single peaks or troughs in the cross-correlograms that consisted of at least 

three or more consecutive bins with values outside a 99% confidence intemal about the 

rnean firing rate (Abeles 1982). Oscillatory synchronization of the neuron pair discharge 

was initiaily detected by locating at least two successive peaks within the cross- 

correlation iünctions. Peaks were considered significant if they were found outside a 

99% confidence interval about the mean firing rate (Abeles 1982). The fiequency of 

oscillation was then determined by calculating the reciprocal of the peak-to-peak time of 

two successive peaks. Phase shifts were detemined by calculating the time of the 

highest peak (typically the peak closest to zero time) divided by the oscillation period. 

joint peri-stimulus time histogram analysis (JPSTH) was employed to correlate the 

discharge activity of a pair of neurons in conjunction with a movement (Gerstein and 

Perkel 1972). A JPSTH plot is a scatter diagram of the joint occurrences of spikes £tom 

each neuron relative to the times of stimulation. in a JPSTH plot, dependence of spike 

trains on the stimulus appear as vertical or horizontal bands of increased or decreased 

point density while functional connections between the pair of neurons appear as 

diagonal bands of bcreased or decreased point density. 



2.4.2 - Frequency domain analysis 

The similarity in osciiiatory frequency content of two oscillatory signaks was 

calculated using coherence techniques. Coherence is a function of Erequency and is 

calculated Çom the cross-spectral density between the two waveforms normalized by the 

power spectrai density of each waveform. Coherence values can range from O if the 

spike trains are not linearly related to a value of 1 if the spike trains have a perfectly 

Linear relationship. Since coherence is a measure of linear sirnilarity, the phase shifi must 

be constant and the amplitudes of the two waveforms must have a constant ratio to be 

completely coherent at a particular frequency over a given time range. A statisticaIIy 

significant coherence value between the discharge of two neurons was used to Uidicate 

the presence of oscillatory synchronization. A 100$% confidence level was determined 

by calculating a coherence value given by Coherence = 1 - (1 - P) "L"), where p = 0.99 

and L = number of windows used (Rosenberg et al. 1989). This vatue or greater was 

considered to indicate a significant probability @<0.01) of a hear relationship between 

two cells. Phase relations were also assessed for those pairs of neurons that had a 

significant coherence at some frequencyh using Phase (fJ = arctan (- Q(n / Lm), where 

J is the i' spectral estirnate, Q is the real part and L is the irnaginary part of the cross- 

spectra between a pair of neurons (Glaser and Ruchkui 1976). Graphical displays of 

coherence or phase versus time were constniçted by calculating the coherence or phase 

within consecutive 10 second windows. 



2.5 - Data analysis of the local field potentials 

Macroelectrode signals recorded post-operatively were low passed filtered ( 4 0 0  

Hz) and then down sampled to a cornmon sarnpling rate of 200 Hz to facilitate 

cornparisons between the power specha of different patients and of different trials. 

Standard spectral techniques resulted in 256 spectral estimates between O and 100 Hz 

thereby yielding a frequency resolution of 0.39 Hz (unless otherwise indicated). 

Statistical significance of spectral peaks was assessed by comparing each macroelectrode 

recording to a white noise signal with the same mean power in the range 0-55 Hz (i-e. 

mean spectral "noise"), The upper limit of 55 Hz was used to avoid any contamination 

due to 60 Hi line noise. Spectral estirnates were deemed significant if they were equai to 

or greater than the upper bound of a 100*(1-a)% confidence interval about this white 

noise signal. The upper bound was given by 2N- f(o) lx&,,, where f is the power, o is 

the kequency, SN is the effective degrees of fieedom, and N is the number of sarnpling 

windows (Chatfield 1996). Plots of fiequency versus time displayed normalized spectra 

where each spectral estimate was divided by the spectral noise in the respective window. 

In addition, the signal-to-noise ratio of significant peaks in the fiequency spectra was 

calculated by averaging the signal-to-noise ratio over the range of fiequencies given by 

the width of the peak at half the maximum peak value. 



Table 2.T1 

A list of al1 of the patients studied in each section of the Results. Data fiom some 

patients were used in more than one section. 



Patients studied in each section of the Results 

Section 1 ( Section 2 ( Section 3 1 / Section 1 1 Section 2 1 Section 3 

Table 2.T1 

Chapter 5 Chapter 5 Chapter 5 Chapter 3 Chapter 3 Chapter 3 Chapter 4 



Figure 2.F1 

An example of microelectrode trajectories through the globus pallidus (sagittal section at 

20 mm from the midiine). Each vertical line represents the trajectory of a micrelectrode. 

A DBS electrode is show positioned in the most antenor track. GPe = globus palIidus 

extemus; GPi = globus pallidus intemus; IC = internal capsuie; OT = optic tract; V = 

visual response to microstimulation; M = motor response to microstimulation. 
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Figure 2.F2 

An example of  microelectrode trajectones through the subthalamic nucIeus (sagittal 

section at 12 mm kom the midhe). Each vertical lirie represents the trajectory of a 

micrelectrode. A DBS electrode is shown positioned in the middle track, rTh = reticular 

thalamus; Voa = nucleus ventro-oralis anterior; Vop = nucleus ventro-oralis postenor; 

STN = subthalarnic nucleus; SNr = substantia nigra pars reticulata. 
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Figure 2.F3 

Microelectrode design and physiological signais from cells and muscles. A: Extracellular 

recording of a single neuron recorded with a rnicroelectrode. This is an example of a raw 

trace fiom a well isolated STN neuron. B: Schematic of a regular microelectrode. C: An 

example of a rectified EMG trace of limb tremor. 
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Figure 2.F4 

The dual microelectrode/cannula assembIy built by the author. A: A picture of the head 

stage showing the angled positionhg the microdrive slave cylinders. The assembly is 

configured with two microelectrodes. 8: A picture of  the two microelectrodes protniding 

from the end of the assembly. The diameter of the coin is 19 mm. 





Figure 2.F5 

Spike trains were transformed fiom a senes of  events to a continuous function by 

replacing each spike with a raised cosine with unit area under the cuve  and a width of 10 

ms. Each vertical line represents a single spike. Summation resulted in a smooth 

continuous function representing the density of spikes in time that was used in 

subsequent Fast Fourier transform analysis. 
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CHAPTEB 3 - MOMORPHINE GLTERS NEURONAL ACTMTY IN THE 

GLOBUS PALLIDUS AND SUBTEALAMIC NüCLEUS 

The degeneration of the neurons in the SNc leads to the loss of the dopaminergic 

innervation of the striatum. in animai rnodels of PD, this dopamine-depleted state has 

been associated with an excessive tonic inhibition of thaiamic motor and brainstem nuclei 

(DeLong 1990) by the GPi (Miller and DeLong 1987; Filion and Tremblay 1991). 

Inhibition of thalamic motor and brainstern nuclei is believed to result in the cardinal 

symptoms of rigidity, bradykinesia, and tremor (DeLong 1990). The amelioration of 

parkinsonian symptorns following lesions of the GPi or STN is consistent with the view 

that both these nuclei are hyperactive andlor display aberrant discharge patterns in 

parkinsonian rnonkeys and patients with PD (Bergman et al. 1990; Aziz et al. 1991; 

Lozano et al. 1995; Lang et al. 1997; Obeso et al. 1997a; Gill and Heywood 1997). 

Since changes in the neuronal activity of the basai ganglia are secondary to a 

decrease in striatal dopamine, it is possible that the antiparkinsonian effect of 

dopaminergic medication may be related to a reversa1 of these pathological patterns and 

rates of activity. The aim of this chapter was to test the hypothesis that changes in 

neuronal firing rates and patterns and receptive field responses in the basal ganglia occur 

concurrently with observed improvements in the clinical features of PD patients due to 

the administration of APO, a nonselective dopamine receptor agonist. 



3.1 - Effects of apomorphine on discharge rates in the globus pailidus 

Abstract 

This study examines the effect of APO, a non-selective Di- and Dz-dopamine receptor 

agonist, on the mean firing rates of neurons in the GPi and GPe of patients with PD. 

Single unit microelectrode recordings were conducted in 14 patients undergoing a 

pallidotomy. FolIowing baseline recordings fiom a single neuron, APO was administered 

and the activity of the neuron followed for an average of 15 minutes. Other neurons 

sampled during the course of the procedure were included in a population study. 

Injections of APO during single unit recordings decreased the firing rate of 10112 GPi 

neurons wbile increasing the firing rate of 313 GPe neurons. Similar results were also 

observed when the mean firing rates of separate populations of GPi and GPe neurons 

were calculated. Before APO administration, the mean firing rate of 200 GPi neurons 

was 74t1.3 Hz (SE) and the mean £king rate of 85 GPe neurons was 45i1.6 Hz (SE). 

Maximal changes in mean firing rates occurred at 25-35 minutes f i e r  APO 

administration. During this period, the mean fuing rate of 33 GPi neurons was 36S.4 

Hz (SE) and the mean firing rate of 7 GPe neurons was 72k6.6 Hz (SE). These resuIts 

indicate that the APO-induced amelioration of parkinsonian symptoms is related to a 

decrease in the spontaneous discharge of GPi neurons and an increase in the spontaneous 

discharge of GPe neurons as predicted by the current mode1 of basal ganglia function in 

PD. 



3.1.1 - Introduction 

The administration of APO decreases the mean spontaneous discharge of the GPi 

in monkeys rendered parkinsonian with MPTe (Filion et ai. 1991). This decrease occurs 

concurrently with the irnprovement in bradykinesia within the tirne course of the 

behavioral "ON" period associated with the medication. An APO induced decrease of 

GPi activity is hypothesized to result fiom MO separate striatal influences, (1) driving of 

the direct GABAergric striatopallidal pathway and (2) inhibition of the glutamatergic 

drive corn the STN to the GPi (Miller and DeLong 1987; Bergman et al. 1994). The 

latter influence is believed to be due to stimulation of striatal dopamine Dg receptors 

resulting in disinhibition of the GABAergic GPe projections to the STN (Albin et al. 

1989a). An increase in GPe activity following N O  administration has been reported in 

MPTP treated monkeys (Filion et al. 1991). The aim of this section was to examine the 

changes in mean fixing rates in the GPi and GPe following the administration of APO and 

an improvement in clinical symptoms. 

3.1.2 - Methods 

APO was administered subcutaneously during 14 stereotactic pallidotomy 

procedures for the treatment of idiopathic PD. Pailidotomy is descnbed in detail in the 

General Methods (sections 2.1 .La) and single-unit rnicroelectrode recording is desm'bed 

in detail in the General Methods (section 2.1.2). Briefly, stereotactic single unit 

microelectrode mapping of the GP ailowed the identification of physiological Iandmarks 

and characterization of regional cellular activity (Lozano et ai. 1996). AI1 patients 

withheld antiparkinsonian medication for 12 hours previous to surgery and were 

8 8 



considered to be in the "OFF" state. APO administration is described in the General 

Methods (section 2.2.1). In each patient APO was given after a stable and isolated single 

unit recording was found. The cell's activity was monitored for up to a total time of 30 

minutes. Other neurons included in this study were sampled for at Least 20 seconds 

before or d e r  APO administration and were included in a population study. A simple 

burst index was calculated by dividing the reciprocal of the modal interval (Le. the peak 

of the inter-spike interval histogram) by the mean f i n g  rate. Higher values of this burst 

index are taken to indicate that the neuronal discharge was more "bursty". The time 

when patients reported feeling the effects of medication or the time of the appearance of 

hg-induced dyskinesias were noted. 

Cells were grouped according to their locations in GPe or GPi, the latter being 

subdivided into GPie and GPii based on the reconstructions of microelectrode track 

trajectories (Hutchison et al. 1994a). 

3.1.3 - Results 

Chical effects of APO 

MI patients were challenged pre-operatively with APO and total motor scores of 

the UPDRS (fart m) were assigned. This is shown in Table 3.1 ,TI. The doses of APO 

given intra-operatively gave rise to clinka1 improvements in the total motor scores of the 

UPDRS which were highly significant (p c 0.01). 

APO Gects on single rrnits (peri-injection Mects) 



A total of 12 GPi and 3 GPe units were followed for 10 to 30 minutes after APO 

administration. Figure 3.1 .Fl shows examples of the changes in m g  rates and patterns 

of a GPi and a GPe neuron. The time course of the mean firing rates (average taken over 

60 second intervals) of the 12 GPi cells are shown in Figure 3.1.F2A and the 3 GPe cells 

are shown in Figure 3.1 .F2B. Of the 12 GPi cells studied, 10 showed a significant 

decrease (p < 0.0001, paired t-test) in firing rate at 10 minutes and al1 3 GPe neurons had 

increases in their firing rate after APO injection. 

The mean normalized inter-spike interval histograms of 5 GPi and 3 GPe neurons 

before and 15 minutes after APO injection are displayed in Figure 3.1 .F3A and Figure 

3.1.F3B, respectively. The plot for the GPi cells indicates that the reduction of mean 

f i n g  rates was due to a decrease in shorter intervals and an increase in longer intervals, 

suggesting that the cells discharge with more bursts. The plot for the GPe cells indicates 

that the increase of mean firing rates was due to an increase in shorter intervals and a 

decrease in longer intervals. However, the simple burst index calculated for the 12 GPi 

cells was 3.3k1.7 (SD) before APO and 4,311.1 (SD) at 10 minutes afler APO which was 

not significantly different @ = 0.37, paired t-test). The simple burst index for the GPe 

cells was 4.7Jt2.3 (SD) before APO and 2.4k0.1 (SD) 15 minutes after APO @ = 0.14, 

paired t-test). 

Apomorphine efecrs on separate p~ptdations of pallidal narrons 

The total number of cells sampIed in al1 patients before the administration of APO 

was 3 12 and the results of the popuIation study are shown in Table 3.1.T2. The regional 

mean firing rates were similar to those reported in another group of patients with PD 



(Hutchison et al., 1994a). The locations of units sampled before and fier  APO 

administration is given in Figure 3.1 14 .  Pre- and post-APO distributions within each 

nudeus were sirnilar md it is unlikely that the observed changes in cellular activity were 

a result of differences in the location of neurons in the paiiidd nuclei, 

There were 184 neurons sampled aAer the administration of M O .  The mean 

firing rates of neurons in each region as a function of time (5 minute bins) after APO 

injection are displayed in Figure 3.1.FS. There were 8 patients that reported feeling ON 

(Le. the effécts of APO) at 6 to 15 minutes after APO dosing, while 3 patients were noted 

to be dyskinetic within 16 to 23 minutes. Recavery to baseline values for al1 three 

regions (GPii, GPie, GPe) occurred at about 80 minutes. There was no significant 

difference between firing rates of  neurons in GPie and GPii over time and thest two 

groups were Iumped together for statistical analysis. For GPi cells, firing rates were 

significantly decreased versus baseline values 15 minutes after APO administration @ < 

0.001, one-way ANOVA). The distribution of firing rates occunhg before APO and 25 

to 35 minutes after APO for the GPi and GPe are shown in Figure 3. t .F6A and Figure 

3.1 .Fm, respectively. 



Table 3.1.Tl 

Patient charactenstics and pre-operative effects of APO on Unified Parkinson's Disease 

Rating Scale (UPDRS) Motor Scores. 



The clinical efects of M O  in 14 patients with PD 

*Significantly different from zero (p<0.01, z-test). 

APO 

dose 

(mg) 

4.1 

2 -10  

OFF - ON 

Age at 

operation 

Table 3.1.Tl 

UPDRS Total 

Motor Score 

Disease 

duration 

(~ears) 

58.8 

45-71 

UPDRS Total 

Motor Score 

(~ears) 

14.3 

5-19 

OFF 

44.9 

26-67 

ON ( d e r  APO) 

15.1 

5-34 



Figure 3.1.H 

The effects of APO on GPi [A) and GPe (B) single unit discharge. Rate histograms were 

calculated using 1 second bins. Samples of the discharge patterns before and after APO 

administration are shown beLow each rate histogram. Ewh vertical line represent one 

action potentid. 
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Figure 3.1.E 

The effects of APO on the spontaneous discharge of aii followed GPi (A) and GPe (B) 

neurons- Means of single uni& were calculate using 1 minute bins. 
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Figure 3.1.F3 

The mean normalized inter-spike interval histograms of the GPI (A) and GPe (B) 

murons. inter-spike interval histograms were calculated using 0.5 ms bins and 

normalized by the total number a€ inter-spike inter& for each cell. 
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Table 3.1.TZ 

The mean firing rates o f  pdlidal neurons sampled before the administration of APO. SD 

= standard deviation. 



Mean firing rates of pallidal neurons before APO administration 

Mean fin'ng rate (Hz) 

S.D. 

n 

GPe 

45.0 

15.0 

8 5 

GPie 

66.9 

14.1 

125 

GPÜ 

85.2 

18.6 

75 
- 



Figure 3.1.F4 

Sagittal sections (at 17,20, and 22 mm fiom the midline) based on the Schaltenbrand and 

Wahren stereotactic atlas (standardized to the patients anterior-posterior commissural 

distance) displaying the locations of pallidal neurons sarnpled before and after APO 

administration. 



Figure 3.1 .F4 



Figure 3.1.FS 

The effect of APO on the mean tirhg rates of separate populations ofpallidal neurons. 

Means were calculated using 5 minute bins. 
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Figure 3.1.F6 

The distributions of firing rates fiom separate populations of GPi (A) and GPe (B) 

neurons sampled before and 25-35 minutes after APO administration. 
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3.1.4 - Discussion 

This section demonstrated that the administration of APO led to a decrease in the 

activity of neurons in the GPI and increased the activity of those in the GPe. The APO- 

induced changes in mean firing rates occuned in the GPi and GPe at both the single ce11 

and population level. The observed changes in mean finng rates occurred concurrently 

with the onset and duration of clinical effects of APO (Gancher, 1995). These results 

support similar observations in MPTP-treated monkeys (Filion et al. 1991; Boraud et al. 

1998) and suggest that the anti-parkinsonian effect of APO is due, in part, to a 

normalization of the mean firing rates in the GPi and GPe. An APO-induced decrease in 

the firing rates oFGPi neurons in parkinsonian patients have now been confirmed by 

other groups of mearchers (Stefani et al. 1997; MereUo et al. 1999). 

The reduction in akinesia and bradykinesia, the main therapeutic effect of APO 

(Gancher, 1995), is possibly due to a disinhibition of the motor thatmus secondary to a 

decrease in the mean spontaneous activity in the GPi as predicted by the box mode1 of the 

pathophysiology of the basal ganglia in PD (Albin et al. 1989a; Delong 1990). An APO- 

induced reduction in the firing rates of GPi neurons may be mediated by activity in the 

direct pathway a n d h  indirect pathway as discussed in section 1.4.1. APO-induced 

changes in the fZng pattern of GPi and GPe neurons were also observed. A detaiIed 

analysis of the effects of APO on flrhg patterns and somatosensory responses of neurons 

in the GPi and STN is given in the next two sections of this chapter. 



3.2 - Effects of apomorphine on discharge patterns in the interna1 segment of the 

globus pallidus 

Abstract 

This study examines the effect of APO on the discharge patterns and somatosensory 

responses of neurons in the GPi of patients with PD. Single unit rnicroelectrode 

recordings were conducted in 6 patients undergoing a pallidotomy. Doses of APO (2.5-8 

mg) were sufficient to produce an ON state, but not intended to induce dyskinetic 

movements. Following baseline recordings fiom a single neuron, APO was administered 

and the activity of the neuron foilowed for an average of 15 minutes. The spontaneous 

discharge of GPi neurons encountered before (n=309), during (n=146,10-60 minutes), 

and afier the effect of APO had waned (n=127, >60 minutes) was also sarnpled and the 

response to passive joint movements was noted. APO significantly decreased the ovenIl 

firing rates of GPi neurons @<0.01), produced an increase in the overall proportion of 

spikes in burst discharges (as detected with Poisson "surprise" analysis) and Ied to a 

greater proportion of cells with an irregular discharge pattern. Concurrent with a 

reduction in iimb tremor, the percentage of TCs was found to be significantly reduced 

fiom 14% to 0% following M O  administration. During the OFF state, more than 15% of 

neurons tested (63 ceils tested) responded to passive movement of two or more joints. 

Mer APO, tfiis proportion decreased significantiy to 4% of GPi ceiis (26 ceils tested), 

These hdings dernonstrate that MO produces dramatic changes in the discharge 

patterns of GPi neurons and indicate that the ad-parkinsonian effect of APO is probably 

not solely due to a decrease in overaii activity in the GPi as predicted by the current 

modet ofbasd ganglia function in PD. 



3.2.1 - Introduction 

It has been observed that following the depletion of striata1 dopamine, ihe pattern 

of neuronal discharge in the GPi is altered. in MPTP-treated monkeys, GPi neurons 

display increased bursting activity (Filion and Tremblay 1991; Wichmann et al. 1999). 

Periodic bursting or "oscillatory activity" that is tirne locked to limb tremor is also 

observed in MPTP monkeys (Bergman et al. 1994; Nini et al. 1995) and PD patients 

(Hutchison et al, 1997). GPi neurons in parkinsonian animals also have exaggerated 

responses and multi-limb receptive fields (Filion et al. 1988). The aim of this section was 

to test the hypothesis that changes in the pattern of neuronal activity and somatosensory 

responses in the GPi following the administration of APO are related to parkinsonian 

symptoms. 

3.2.2 - Methods 

The recording procedures for the GPi are descnied in the General Methods 

(sections 2.1.1 .a aud 2.1.2). The patients in this study were those undergoing 

pallidotomy. The indications for pallidotomy were akinetic-rigid parkinsonian syndromes 

with fluctuating on-off periods and cimg-induced dyskinesias (Lozano et ai. 1996). This 

group consisted of 6 of the 14 patients in whom APO-induced changes in mean firing 

rates were previously reported (see Chapter 3, section 1). Furcher analysis of changes in 

fjring patterns, receptive fields, and TCs are now reported here. Unless otherwise stated, 

errors are reported as standard errors of the mean (SE). These 6 patients received an 



average of 3.X0.6 mg (SE) of APO during their pallidotomy. The protocol for APO 

injection is described in the Generai Methods (section 2.2.1). in each patient, a stable 

and weli isoiated single unit was found and APO was administered subcutaneously 

following 2-3 minutes of stable recording. The peri-injection activity of these neurons 

were then rnonitored, Other neurons sampled before and after APO administration were 

included in a population study if they were well isolated (Le. a high signal-to-noise ratio 

of the action potential versus the background noise) and stable. In this study, the median 

sampling time of each neuron was 30.1 seconds (n=261, minimum=28 seconds) and the 

median number of discriminated action potentials per neuron was 1880. 

Al1 neuronal data were subdivided into three groups. The "pre-APO t h e "  block 

group included al1 cells sampled before the administration of APO, the "APO perd"  

time block group included al1 cells sampied between 10 and 60 minutes aAer the 

administration of APO, and the "post-APO tirne block group comprised a l  cells 

sampled at 60 minutes or more following APO administration. This breakdown followed 

the time course of GPi and GPe cells following M O  administration used in the preceding 

section and matched the time course of the clinical effects in the pre-operative APO trials 

of the 13 STN patients (see Chapter 3, section 3). It has aiso been reported that APO is 

rapidly absorbed following subcutaneous injection, with peak levels achieved within 5-10 

minutes in most patients (Gancher 1995). Data analysis of single unit activity is descriied 

in the GeneraI Methods (section 2.3). NeuronaI responses to somatosensory stimulation 

were carried out by noting the receptive fields (RF) of neurons to passive movements of 

the ümbs and is descnied in the Generai Methods (section 2.3.3). 



3.2.3 - Results 

Clinical efects of APO 

There was a significant pre-operative beneficial effect of APO administration in 

the group of 6 patients with median UPDRS motor scores improving from 46.0 to 16.5 

(p<0.01, Wilcoxon signed rank test). Following the intra-operative administration of 

APO, two patients reported that they were becoming ON at 6 and 11 minutes but they did 

not display APO induced involuntary movernents. At the start of the procedure three 

patients had a pronounced limb tremor and the administration of APO was found to 

abolish limb tremor and to produce dyskinesias. The remaining patient did not report 

feeling ON yet this patient developed mild drug-induced dyskinesias. 

Single rinit stzidies 

Three GPi neurons were recorded for at lest  10 minutes following the 

administration of APO. The change in firing rates (top panel) and the corresponding 

change in the proportion of spikes in bursts as detected with Poison surprise analysis 

(Iower panel) are shown in Figure 3.2.Fl. Al1 three patients felt the effects of the 

medication during this t h e  (time of occurrence hdicated by black dots) which 

corresponded to a reduction from the pre-APO baselme fixing rates (mean decrease 

-30%). These decreases in fring rate were associated with increases in the proportion of 

spikes in bwsts. One patient becam mildly dyskinetic after a 40% decrease in the firing 

rate of the single celi (dashed üne, indicated by x), The celi had a discharge rate of - 60 

spikeslsec during episodes of mild dyskinesias. in another patient (dotted Iine), there was 

a marked reduction in spontaneous discharge that coincided with a cessation of ongoing 



limb tremor at 5 minutes after the APO dosing (indicated by 7) and the appearance of 

dyskinetic movements 4 minutes afler the end of the single unit recording. 

Population analysis -firing rates and pattern 

The distributions of the average neuronal h g  rates and the discharge firing 

patterns of GPi neurons are shown in Figure 3.2.F2. There was a significant decrease of 

the average neuronal fuing rate to 39 Hz (E2.5, n=51) during the APO period compared 

to both pre-APO (72 Hz (&2.9), n=93) and post-NO periods (82 Hz (&4.1), n=53) 

(tp<O.Ol, ANOVA on ranks) (lefhost panel). The proportion of neurons thst discharged 

in an irregular or random pattern significantly increased during the APO period (*p<0.01, 

X Z  = 16.2, n=197). The proportion of spikes in bursts was also increased from 16.2% 

(F1.2) to 26.1% (Ir2.4) during the APO period (tp<O.Ol, ANOVA on ranks). There was 

no difference in the change of the mean h g  rates from pre-APO values between the 

patients with and without dyskinesias. In addition, the mean firing rates of cells recorded 

in the four patients during t h e  penods with dyskinetic movements (n=30,40.5 Hz 

(k5.0)) to those recorded in the two patients without dyskinesias during the APO period 

(n=18,39.6 Hz (35.2)) were not different (p4.45, ANOVA on ranks). There was no 

difference in the proportion of spikes in bmts  between the two groups @=0.40, ANOVA 

on ranks). 

Population analysis - oscillnrory cells 

Before the administration oFAPO, 14% (13/93) of ai l  GPi neurons exarnined 

dispiayed tremor-related activity. These celIs were located in four patients (3 of whom 



had a pronounced limb tremor at the start of the procedure). The average fixing rate of 

the TCs was 84.5 Hz (f7.3) and was significantly higher than the firing rate of the non- 

oscillatory GPi neurons in these 4 patients (65.3 Hz (S.1), n=54 cells, p<0.01). Only 2 

GPi neurons with a hi@-Erequency oscillation (>IO Hz oscillation) were encountered in 

al1 6 patients. The distribution of oscillatory kquencies of GPi neurons sampled during 

pre-APO period, APO penod, and post-APO period is shown in Figure 3.2.F3. There 

were no TCs encountered in the GPi during the APO period (5 1 neurons examined in the 

six patients). During the post-APO period 22.6% (12153) of the neurons were TCs. 

These neurons were located in the same 4 patients who displayed TC activity before the 

administration of MO.  The firing rate of the 12 TCs was 96.0 Hz (28.9). This was 

significantly higher than the firing rate of non-oscillatory cells found in this group of 4 

patients (78.8 Hz (k4.3, n=37, p<0.05). 

Population analysis - Receptive fie l is  

The proportions of neurons that had no detectable RF and those that responded to 

movements about one, two or more joints are displayed in Figure 3.2.F4. The 

administration of APO decreased the proportion of cells that responded to Iimb 

movement fiom 54% to 20% (p~0.01, $ = 9.43, n=102). APO decreased the proportion 

of cells that responded to passive movement of two joints fiom 10% to 4%. During the 

APO period, there were no neurons with a multiple or bilateral RF encountered. The 

rdative proportions of single RFs to doubIe and muItipIe RFs did not significantiy change 

during this penod or during the post-APO period @=0.11, X2 = 4.50, n=46). There were 

no significant differences between firing rates, bursting, or oscillatory behavior of ceiis 



that did not have a detectable RF and those that did have detectable RFs nor was there 

any significant differential effects of APO on the neuronal activity of these groups. 



Figure 3.2.Fl 

Plots of fixing rate (top panel, 2 minute bins) and the proportion of spikes in bmts (lower 

panel, 2 minute bins) of three GPi neurons. One patient (indicated by dotted line) had a 

cessation of limb tremor at 5 minutes following dosing and became dyskinetic 4 minutes 

afler the end of the single unit recording. Another patient had a loss of limb tremor and 

reported feeling ON at 7 minutes aAer dosing. The patient also becarne dyskinetic at 10 

minutes. The patient was still ON at 45 minutes and the timb tremor recurred at 63 

minutes (indicated by dashed line). 
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Figure 3.2.F2 

Graphs and plots showing the effects of APO on populations of neurons in the GPi. 

Population firing rate distributions are shown in the lefùnost panel (10 Hz bins). The 

downward arrows in this graph represent the mean of the corresponding distriiution. 

Numbers in parentheses at the bottom of the lefi set of vertka1 bars (i.e. proportion of 

random, irregular, and tegular disctiarges) indicate the nurnber of cells within each p u p .  

Data fiom the same cells were used to constnict the firing rate distributions and the right 

bar graphs. APO reduced the mean firing rate of GPi neurons hom pre-APO values and 

post-APO means (tpCO.01, ANOVA on tanks). APO significantly increased the 

proportion of neurons with inegular or random h g  patterns (*pcO.Ol, = 16.2, 

n=197) and the proportion of spikes in b u t s  of GPi neurons (tp<O.Ol, ANOVA on 

ranks). 
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Figure 3.2.F3 

Distribution of oscillation fiequacies of cells in the GPi. Total number of cells sarnpled 

is given in upper lefi of each panel. CelIs with tremor activity or a high-frequency 

oscillatory component are represented by gray squares. 
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Figure 3.2.F4 

Bar graphs showing the proportions of neurons that had no response (no detectabIe RF), 

and single, double, and multiple RFs before APO administration (pre-MO), during the 

M O  period (APO), and during the post-APO period (post-APO) in the GPi. Significant 

differences from the proportion of ceils with no response before and d e r  the APO period 

are indicated by ** (p<O.Ol). Numbers under grouped vertical bars indicate the ratio of 

the total number of ceils versus the number of patients in which these cells were sampled. 
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3.2.4 - Discussion 

This section dernonstrated that the administration of APO produces alterations in 

the pattern of neuronal activity in the GPi and many of these changes can be diiectly 

related to the ciinical antiparkinsonian effect of this dopaminergic medication. APO 

administration, in addition to decreasing mean firing rates, brought about changes in 

discharge patterns and somatosensory responses of neurons in the GPi. The 

demonstration of tremor related activity in this nuclei is consistent with previous reports 

of TCs in the GPi of parkinsonian patients in the OFF state (Le. no anti-parkinsonian 

medication) (Hutchison et al. 1997; Hurtado et al. 1999). This is the first report of the 

effects of dopaminergic medication on tremor-related activity in the BG of parkinsonian 

patients. Following APO administration, a decrease in the proportion of GPi TCs was 

observed and was related to the APO-induced decrease in limb tremor. 

Therefore, the alterations in firing pattern produced by APO might have, in 

addition to decreasing the firing rates of GPi neurons, contributed to the therapeutic 

effects of the drug. indeed, it has been suggested that increased irregularity of discharge 

and bursting in the GPi and STN contribute to the development of the disorders of 

movement seen in PD (Filion and TrembIay 199 1; Miller and DeLong 1987; Bergman et 

al. 1994; Wichmann et al. 1999). Specifically, these changes in fkhg patterns involve an 

increase in the proportion of (1) aperiodic b d g  cells and (2) oscillatory ceiis or 

periodic bursting cells such as GPi TCs. AIthough neurons displayhg oscillatory 

"bursting" activity can be regarded as a special case of aperiodic bursting cells, it is 

important to compare the effect of APO on both types of discharge patterns because these 



phenomena may occur with different mechanisms and mrry have different physiological 

meanings (Kaneoke and Vitek 1996). 

Surprisingly, this study demonstrated that bursting discharge was increased in the 

GPi during the penod of time in which APO reduced the patient's parkinsonism, in 

apparent contradiction to the notion that increased bursting contributes to the 

parkinsonian pathophysiology. However the results frorn previous studies examining the 

effect of doparninergic medication in the GPi of parkinsonian monkeys or patients with 

PD are unclear. In MPTP-treated monkeys, Filion et al. (1991) reported that APO 

administration was associated with a more regular firing pattern in the GPi, even when 

APO induced only a moderate decrease in firing rate but still produced a dyskinetic state. 

This is in contrast to Boraud et al. (1998) who found no significant decrease in the 

number of GPi bursting cells with L-dopa administration in MPTP-treated monkeys. in 

agreement with our results, Merello et al. (1999) reported that previously hi& fiequency 

tonic discharge neurons in the GPi displayed reduced tonic firing rates and burst-like 

discharges during APO-induced dyskinesias in patients with PD. 

En the 4/6 GPi patients presenting mild dyskinesias, the mean activity of the GPi 

was not significantly lower than in those GPi patients without dyskinesias. It is however 

possible that the neurons in this sample were not related to the area of the body in which 

the dyskinesias occurred. A recent study by Papa et al. (1999) found that GPi neurons in 

MPTP-treated monkeys were nearly silenced during episodes of drug-induced 

dyskinesias. However, the dyskinesias were produced by administration of oral 

carbidopa/Ievodopa doses that were at l e s t  twice as high as those used to reverse 

parkinsonian disability without producing dyskinesias. It has been reported that MPTP- 



treated monkeys or patients with PD can develop APO-induced dyskinesias even when 

the firing rates of GPi neurons are not dramaticaily reduced (Filion et al. 1991; MereUo et 

al. 1999). 

The somatosensory responses observed in this section are consistent with several 

studies that have noted that foIlowing MPTP treatment and the emergence of 

parkinsonian symptoms, GPi neuronal responses to passive Iimb movement increase in 

magnitude and lose specificity (Filiun et at. 1988; Boraud et al. 2000a). Although the 

effect of APO on sornatosensory responses from the leg was not determined (and 

therefore underestimated the number of "leg" responsive neurons), the results for the 

upper extremities are nonetheless highiy relevant because of the anti-parkinsonian effect 

of APO on these body regions (as dernonstrated with the preoperative effect of APO on 

UPDRS motor scores). 



3.3 - Effects of apomorpbine on discharge rates and patterns in the subthalamic 

nucleus 

Abstracl 

This study examines the effect of M O  on the discharge patterns and somatosensory 

responses of neurons in patients with PD. Single unit microelectrode recordings were 

conducted in 13 patients undergoing implantation of DBS eIectrodes in STN. Doses of 

APO (2.5-8 mg) were sufficient to produce an ON state, but not intended to induce 

dyskinetic movements. Following baseiine recordings from a single neuron, APO was 

administered and the activity of the neuron foilowed for an average of 15 minutes. The 

spontaneous discharge of other neurons encountered before (n=309), during (n=146,10- 

60 minutes), and afier the effect of APO had waned (n=127, >6O minutes) was aiso 

sampled and the response to passive joint movements was noted. Although APO 

produced a ciear therapeutic benefit, there was no change in the overall firing rate of STN 

neurons (p4.68). However, APO increased the overall proportion of spikes in burst 

discharges (as detected with Poisson "surprise" analysis) and a p a t e r  proportion of cells 

with an irregular discharge pattern was observed. In contrast, the mean f i ~ g  rates of 

STN neurons during APO-induced movements (choreic or dystonic dyskinesias) that 

occurred in 4 patients were significantiy lower than OFF-period baseline values (p<O.OS). 

Concurrent with a reduction in limb tremor, the percentage of TCs was found to be 

significantly reduced ûom 19% to 6% foiiowing APO administration. APO aiso 

decreased the firing rate of STN TCs (pc0.05). During the OFF state, more than 15% of 

neurons tested (93 cells tested) responded to passive movement of two or more joints, 

Af:x APO, this proportion decreased significantly to 7% of STN ceiis (28 ceiis tested). 



These hdings demonstrate that the anti-parkinsonian effect of APO administration is 

associated with changes in the pattern of neuronal discharge in the STN rather than 

changes in overall mean firing rate. 

3.3.1 - Introduction 

Similar to observations in the GPi, the pattern of neuronal discharge in the STN is 

dso altered following the depletion of striatal dopamine. in monkeys made parkinsonian 

with MPTP, increased bursting and tremor-reiated oscillatory activity is observed in the 

STN (Bergman et al. 1994). Tremor-reiated oscill~tory activity is also observed in 

patients with PD (Rodriguez et al. 1998). Since the GPi receives direct afferent input 

fiom the STN, it is possible that NO-induced changes in discharge rate and pattern of 

GPi neurons, as described in the preceding sections, is also present in the STN. For 

exarnple, in rats made parkinsonian with 6-hydroxydopamine-induced lesions of the 

nigrostriata1 pathway, APO has been shown to decrease the firing rates of STN neurons 

(Kreiss et al. 1997). The effect of APO on the STN in parkinsonian monkeys or humans 

is not known. The aim of this section was to test the hypothesis that changes in the rate 

and pattern of neuronal activity and somatosensory responses in the STN following the 

administration of APO are related to parkinsonian symptoms. 

3.3.2 - Methods 

Studies of the STN were perfonned in 13 individuals undergoing microelecûode 

guided placement of bilaterai DBS electrodes for the treatment of the symptoms of PD. 



The group consisted of 7 females and 6 males and at the time of operation had a mean 

age of 62.8 years (range 46-76). The average duration of the disease was 15.9 years 

(k1.2 SE) and al1 had PD for at least 10 years. The median OFF Hoehn and Yahr rathg 

of the patients was IV (range II-V). One patient had a previous pallidotomy and only 

ceils Born the non-lesioned side were included. Two other patients were given the 

anaesthetic propofol when the bun holes were drilled and only data fiom cells recorded at 

least 30 minutes after propofol had completely worn off were included. A subsequent 

cornparison between these two individuals and the other STN patients confirmed that 

there were no differences in the neuronal discharge characteristics. The indications for 

STN DBS are bilateral limb and axial manifestations of PD, medication-rehctory motor 

fluctuations and levodopa-induced dyskinesias (Kurnar et al., 1998b). 

The recording procedures for the STN are descnbed in the General Methods 

(sections 2.1 .l .b and 2.1.2). The protocol for APO injection is described in the General 

Methods (section 2.2.1). In each patient, a stable and well isolated single unit was found 

and APO was administered subcutaneously following 2-3 minutes of stable recording. 

The peri-injection activity of these neurons were then monitored. Other neurons sampled 

before and d e r  APO administration were included in a population study if they were 

weil isolated (Le. a high signal-to-noise ratio ofthe action potential versus the 

background noise) and stable. The median sarnpling time of each neuron was 28.5 

seconds (n=6 11, minimum=20 seconds) and the median number of discriminated action 

potentids per neuron was 1100. Patients were always at rest when tonic activity was 

sampled. 



Similar to the preceding section on GPi discharge patterns, al1 neuronaI data were 

subdivided into three groups. The "pre-APO tirne" block group included al1 cells 

sampled before the administration of APO, the "APO period" tirne block group included 

al1 cells sampled between 10 and 60 minutes after the administration of APO, and the 

"post-APO time block group comprised ail cells sampled at 60 minutes or more 

following M O  administration. Data analysis of single unit activity is described in the 

General Methods (section 3.3)- NeuronaI responses to somatosensory stimulation were 

carried out by noting the receptive fields of neurons to passive movements of the limbs 

and is described in the General Methods (section 2.3.3). 

3.3.3 - Results 

Clinical effects of APO 

Pre-operative APO administration significantly improved the median UPDRS 

motor scores fiorn 44.5 to 15.5 (pc0.01, Wikoxon signed rank test). Al1 of the 13 

patients in the STN group were given an intra-operative amount of APO that was 

intended to produce an ON state without dyskinesia (determined fiom the pre-operative 

M O  trials). However, in 3 patients this dose was insufficient and a supplemental APO 

injection was adrninistered (112 the original dose). I l  patients reported feeling ON at a 

mean time of 18.9B.0 minutes (SD) after the M O  injection (the second injection for the 

3 patients receiving a suppIemental dose). Conditions in the operating room such 3s the 

stress and anxiety for the patient as weiI as a prolonged drug hoiiday likely led to the fact 

that some patients dispIayed APO induced dyskuietic movements and others required 

higher doses than pre-operative amounts. The two patients that did not report feeling ON 



were not given a supplemental dose of APO since they displayed dnig-induced 

movements (dystonic dyskinesias). in total, there were 4 patients who became dyskinetic. 

In ail cases, dyskinetic (choreic or dystonic) movements were mild, intermittent, and 

involved low amplitude movements. Limb tremor was significantly reduced or abolished 

at 2015 minutes (SD) in the 6 of the 9 patients who had limb tremor at the beginning of 

surgery. 

Single unit studies 

A single neuron was continuously recorded before and following the 

administration of APO in 10 patients. These neurons were recorded for at least 9 minutes 

and a mean time of 14.7 minutes (k4.6SD) f i e r  M O  administration. The lefl panel of 

Figure 3.3.FlA demonstrates that there were varied changes in the firing rates of 10 STN 

neurons following APO administration. The upper right and lower right panels of Figure 

3.3.FlA show the percent change versus baseline values of the firing rates and the 

proportion of spikes in bursts, respectively. Decreases in the average firing rate of 

greater than 30% with a concurrent increase in the proportion of spikes in bursts were 

observed in 4 neurons; three of these patients reported Feeling the effects of the 

medication during the period of the recordings. A firing rate histogram of one of these 

neurons (indicated by the thick dashed line) is displayed in the Ieft panel of Figure 

3.311B and examples of the pattern of firing of this neuron are shown in the right panel. 

This patient became mildly dyskinetic during 14-43 minutes post-APO. Dyskinesias also 

appeared during the period of recording in one other case. In both cases f i g  rates were 



more than 30% below the pre-APO value at the tirne the dyskinesias appeared (indicated 

with an x in Figure 3.3.FIA). 

Changes in tonic firing rate were dso associated with the emergence of tremor- 

reiated activity and concurrent limb tremor in one cell. Figure 3.3.FlC shows the 

changes in the auto-correlogram (calculated over non-overlapping 2 minute time 

segments) of the STN neuron that, following an initial increase, was seen to decrease its 

firing rate by 40% (marked by the thick dotted line in part A), The patient developed 

prominent bilateral tremor in the upper extremities shortiy after the administration of 

APO. This is seen in some patients and has been temed "beginning-of-dose 

deterioration" (Merello and Lees 1992), The development of bilateral tremor matched 

the t h e  course of the increase in tonic f i ng  rate and the appearance of 4 Hz oscilIatory 

neural discharge. Furthemore, a subsequent decrease in firing rate was accompanied by 

a decrease in the oscillatory neural activity and limb trernor. 

Population analysis -Jiring rates and pattern 

There were 216,95, and 74 ceils examined during the pre-APO period, AFO 

period, and post-APO time period respectively. The distniution of the average neurond 

fuing rates and the discharge f'iring patterns of STN neurons are shown in Figure 3.312. 

The means of the £king rate distributions were not significantly different h m  the 

baseline value of 37.1 Hz (k1.1) during the APO period or pst-APO pend @=0.68, 

ANOVA on ranks) (Figure 3.312, Ieftmost panel). Note also that there was no change in 

the shape of the population firing rate distribution. However there was an increase in the 

proportion ofneumos that discharged in an irregular or random manner (*p<O.O5, X2 = 



4.75, n=3 1 1). These changes in discharge firing patterns were accompanied by an 

increase in the overall proportion of spikes in bursts fiom 20.2% (f.O.8) to 25.6% (k1.6) 

during the APO penod (fp<O.Ol, ANOVA on ranks) and remained elevated at 23.8% 

(k1.5) during the post-APO period. in four of the patients with APO-induced 

dyskinesias, there was a significant decrease &om the baseline mean firing rate of 38.3 

Hz (f 1.7, n=63) to 28.1 Hz (k1.8, n=25) (p<0.05, ANOVA on ranks) and the proportion 

of spikes in bursts increased frorn 19.8% (k1.3) to 23.8% (k1.8) @<O.OS, ANOVA on 

ranks) for cells recorded during the time period when these movements were present. 

Popztlation analysis - oscillatory cells 

Before the administration of MO, 19% (42/216) of al1 STN neurons examined 

displayed significant tremor-related activity. These celis were found in 10 patients, 9 of 

whom had limb tremor at the beginning of the surgery. TCs were observed during 

episodes with lirnb tremor and also during episodes with no noticeable limb tremor. An 

example of a typical autocorrelogram and power spectrum for an STN TC is given in 

Figure 3.3.F3A. The average overall hing rate of these cells was 43.5 Hz (f2.2). 

Oscillatory ftequencies other than within the limb tremor fiequency range were aIso 

observed. There were 18 neurons that displayed a high-fiequency oscillatory component 

that was between 10 to 30 Hz, An example is shown in Figure 3.3.F3B. The average 

firing rate of these high-fiequency oscillatory cells was 43.6 Hz (f4.7). Neurons with 

hi&-ftequency oscillatory components were located in areas containhg TCs; lu18 high- 

fiequency oscillatory ceils were Iocated w i t b  1 mm of TCs. In addition, six of the TCs 

were also observed to have a hi@-fkquency oscillatory component (X0 Hz). An 



example of an STN neuron with multiple fkequency oscillatory behavior is shown in 

Figure 3.313C. Both TCs and bigh-kequency oscillatory cells were found to have 

significantly higher firing rates than non-oscillatory cells (34.6 HZ (&1.2), ~ 1 5 6 )  

(pc0.01, t-test). The distribution of oscillatory fiequencies of STN neurons sampled 

during pre-APO period, APO period, and post-APO period is shown in Figure 3.3.F4. 

Following the administration of N O ,  the proportion of TCs encountered was 

significantly reduced from 19% to 6.3% (6195 neurons sampled in 1 1 patients) (p<0.01, 

X Z  = 9.34, n=3 1 1). In the six patients in whom APO significantly reduced or abolished 

Iimb tremor (49 neurons sampled), oniy 1 TC and 8 neurons with high-fiequency 

oscillatory activity were encountered and they were al1 in one patient (see Figure 3.3.F4, 

middle panel). The meau Firing rate of the 6 TCs was 24.6 Hz ( 5 0 )  and was 

significantly lower than the mean firing rate of TCs before the administration of M O  

(p<0.05, ANOVA). Neurons with hi@-fiequency oscillatory activity had similar firing 

rates during APO to those encountered before APO dosing (43.2 Hz (k5.3)). APO did 

not affect the firing rates of non-oscillatory STN cells (n=76) but these cells did have a 

greater proportion of spikes in bursts when compared to pre-APO period values 

(n=1 S6)(p<O.O 1, t-test). 

During the post-APO period, the proportion of the TCs (14174) was the same as 

that found before the administration of APO ( ~ 4 . 9 5 ,  X2 = 0.34, n=290). These TCs were 

found in 6 patients (limb tremor was abolished and no TCs were found during the APO 

period in 3 of these). The mean firing rate of the TCs was 44.0 Hz (kS.9) which was 

significantly higher thau that found during the APO penod and the same as the mean TC 

f i g  rate of the pre-APO period (p<O.OS, ANOVA). 



Population anaipis - Receptive fields 

The proportion of neurons that reçponded to movements about one, Wo or more 

joints or had no detectable RFs (Le. no response) are displayed in Figure 3.335. Ilte 

administration of APO was found to decrease the proportion of cells that had a response 

to limb rnovement f'rn 56% to 25% and decrease the proportion that responded to two 

joints h m  13% to 7% (gcO.05, xZ = 8.31, n=150). niere were no neurons with multiple 

or biIatera1 RFs found during the APO period. During the post-APO periud, the 

proportion of cells with no detectable RFs decreased to 52% (n-14). The reiative 

proportions of single RFs to doubie and multiple RFs did not significantly change in 

either the APO period or the pon-APO penod (p=0.71, XL = 0.66, n=74). When the 

average Liring rates, bursting, or oscillatory patterns were compared between groups of 

cells that had no response, single, double, or multiple RFs no significant differences were 

evident and APO did not preferentidiy affect any of these groups. 



Figure 3.3.Fl 

The effects of APO on the h g  rates and discharge firing patterns of single neurons in 

the STN. A: The lefi panel shows the firing rates of 10 STN neurons following the 

administration of APO (2 minute bins). An x indicates the t h e  that patients became 

dyskinetic during these mordings. The thick dashed h e  indicates the neuron shown in 

part B while the dotted line indicates the neuron s h o w  in part C. nie upper right panel 

shows the percent change of firing rates versus baseline values. Horizontal thin dotted 

lines represent 30% increases/decreases fiom baseline. The Iower right panel shows the 

percent change of the proportion of spikes in b m t s  versus baseline values of these 10 

neurons (2 minute bins). B: The Ieft panel shows an example of the firing rate of an STN 

neuron that decreased its mean firing rate concurrent with the APO induced ON effect. 

The right panel of part B shows examples of firing patterns ofthis neuron reveating 

increased irregularÏQ and Longer pauses in the discharge pattern d u h g  the ON period. 

C: A composite plot showing mean firing rate and autocorrelograms for an STN neuron 

that first displayed an increase in its firing rate concurrent with the appearance of severe 

bilateral tremors. The Iirnb tremors subsided as the f i ~ g  rate decreased and the patient 

felt the e ffects of APO. The oscillatory activity of the ce11 is shown using auto- 

correlograms (750 ms time lag, 10 ms bin width) that were calculated over 2 minute 

periods. Al1 auto-correlugranis were quantified to the units of firing rate (spikeds) and 

each was constructed using at least 4500 event intervaIs. 
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Figure 3.3.F2 

Graphs and plots showing the effects of APO on populations of neurons in the STN. 

Population firing rate distributions are shown in the l e h o s t  panel (10 Hz bins). The 

downward arrows in this graph represent the means of the correspondhg distributions. 

Numbers in parentheses at the bottorn of the lefi set of vertical bars (Le. proportion of 

random, irregular, and regular discharges) indicate the number of cells within each group. 

Data from the same cells were used to construct the firing rate distributions and the right 

bar graphs. There was no significant diffaence in the mean firing rate of neurons in the 

STN due to APO administration but the proportion of cells with a regular discharge 

pattern decreased during the APO period (*- p<0.05, X2 = 4.75, n=3 1 1). APO also 

significantly increased the proportion of spikes in bursts in STN neurons when compared 

to pre-APO values (Tp<O.Ol, ANOVA on ranks). 
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Figure 3.3.F3 

Examples of oscillatory activity in STN neurons (A-C) with three types of periodic 

oscillatory activity before the administration of APO. Each row shows a smoothed 

autocorrelogram (time base of 750 rns and bin width is 1 ms) of the neuronal discharge, 

power spectnun of the spike signai (0.39 Hz resolution), and an inter-spike interval 

histogram (ISQ for a single neuron (1 ms bins). A: An STN neuron with tremor related 

activity. Patient was tremulous at this time. A strong single peak at 4 Hz is evident in 

the power spectnun. B: STN neuron with hi&-fiequency oscillatory activity centered 

around 16 Hz. The ISI histogram is single peaked and nearly symmetrical suggesting 

that the oscillatory pattern is not due to intermittent bursting activity. C: STN neuron 

with multiple fiequency oscillatory behavior. The power spectrum gives one peak at 4 

Hz and another at -18 Hz. Dashed horizontal lines in autoconelograms are the average 

discharge rate. The number at the bottom right corner is the nurnber of events used to 

construct the autocorrelogram. The signal-to-noise ratio of peaks in the power specûum 

is indicated by the number above each peak. The arrows in the inter-spike interval 

histopuns indicate the median inter-spike interval. 
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Figure 3.3.F4 

Distribution of oscillation trequencies of celis in the STN. Total nurnber of cells sampled 

is given in upper lefi of each panel. Cells with trernor activity or a high-fiequency 

oscillatory component are represented by gray squares. Cells with tremor activity and a 

high fiequency component are represented by white squares (Le. both fiequencies are 

denoted so that each ce11 is represented by two squares). The squares with a dot represent 

a group of cells al1 recorded in one patient dwing the ON period (see Results of Chapter 

3, section 3). 
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Figure 3.3.FS 

Bar graphs showing the proportions of neurons that had no response (no 

detectable RF), and singlz, double, and multiple RFs before N O  administration (pre- 

APO), during the APO period (NO),  and during the post-APO period (post-NO) in the 

STN. Significant differences fiom the proportion of cells with no response before and 

after the APO period are indicated by * (p~0.05). Numbers under grouped vertical bars 

indicate the ratio of the total number of cells versus the number of patients in which these 

cells were sampled. 
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3.3.4 - Discussion 

This is the hrçt demonstration of the effects of APO in the primate STN. 

According to the current mode1 of the basal ganglia, systemic administration of APO is 

predicted to decrease the mean firing rates of STN neurons (Miller and DeLong 1987; 

Bergman et al. 1994). However, evidence supporthg this prediction is unclear. APO has 

been shown to decrease the spontaneous discharge of STN neurons in 6-OHDA-treated 

rats (Kreiss et al. 1997), but contrary to predictions APO increases the firing rates of STN 

neurons in intact rats (Kreiss et al. 1997). In the present study, both increases and 

decreases were observed in the mean firing rates of single STN neurons following APO 

administration. It is unlikely that this was simply due to the fact the cells were rnonitored 

for only a short period of time. in 5 STN cells monitored for 15 minutes or more no 

mean overall increase or decrease was observed although the patients started to 

experience the effects of APO during the recording penod (Figure 3.3.FlA). In addition, 

in contrast to GPi (see Chapter 3, section l), there was no significant difference in the 

overall mean firing rate of STN neurons recorded in the APO period when compared to 

the pre-APO period. Since the APO period did not consist of a hue steady state in terms 

of clinical effect and blood levels, it is possible that significant changes in mean firing 

rate related to a particular state rnight have been missed in this analysis. It is interesthg 

that the increase in GPi firing rates following the induction of parkinsonism by MPTP in 

monkeys is much greater than the increase in the firing rates of neurons in the STN 

(Miller and DeLong 1987; Bergman et aI. 1994), and may explain why APO, when 

producing a therapeutic benefit, had a much Iarger and more consistent effect on GPi 

neurons than STN neurons. 



The variability in the effect of APO on the firing rates of single STN neurons 

observed in this study may be due to sampling of functionally different neurons that have 

different comectivity and sensitivity to APO. Heterogeneity in the fiinction of STN 

neurons is suggested by the diversity of brain regions that provide afferent input to the 

STN. As well as input fiom GPe, the STN receives massive input fiom the cerebral 

cortex (Carpenter et al. 1981; Canteras et al. 1990). The STN foms reciprocal 

projections with the PPN (Hamrnond et al. 1983; Lavoie and Parent 1994) and receives 

input from the parafascicular nucleus of the thaiamus (Mouroux et al. 1995; Orieux et al. 

2000). in a recent study by Orieux et al. (2000), it was demonstrated that STN 

hyperactivity in the 6-hydroxydopamine treated rat rnodel of PD is due in part to an 

increase of excitatory input arishg fiom both these nuclei. Dopaminergic agonists cm 

also influence STN activity by acting on dopaminergic cells projecting to the STN 

(Meibach and Katzman 1979; Campbell et al, 1985; Descarries et al. 1987; Hassani et al. 

1997; Francois et al. 2000) and at dopamine receptors within the STN itself (Campbell et 

al. 1985; Bouthenet et al. 1987; Kreiss et al. 1996; Hassani and Feger 1999; Mehta et al. 

2000). 

The demonstration of tremor-related oscillatory activity is also consistent with 

previous reports of TCs in the STN of parkuisonian patients @utchison et al. 1998a; 

Rodriguez et al. 1998; Magarinos-Ascone et al, 2000). The mean firing rates of TCs in 

both the STN and the GPi (as shown in section 3.2) before APO administration were 

significantly greater than the mean firing rates of neurons with no oscilIatory components 

and this is similar to the finding of previous studies in PD patients (Hutchison et al. 

1994b) and in MPTP-treated rnonkeys (Bergman et al. 1994). These findings suggest 



that excessive neuronal activity in these nuclei might promote tremorgenesis. 

InterestingIy, APO related changes in mean firing rates of STN neurons were closely 

associated with changes in tremor-related activity (see Figure 3.3.FlC). 

A novel tinding was that a significant number of STN neurons have high- 

fiequency oscillatory activity and that some neurons concurrently display a tremor 

fiequency cornponent. Similar observations have been reported in the STN and GPe of 

tremulous MPTP-treated monkeys (Bergman et ai. 1994; Raz et al. 2000). In the present 

study, many neurons with high-fiequency oscillations were found in regions that 

contained TCs and apart fiom a single patient who displayed high-fiequency oscillations 

(and 1 TC) in the ON state, the incidence of these neurons followhg APO administration 

was reduced along with the proportion of TCs. Yet unlike TCs, the firing rate of neurons 

with high-frequency oscillations was not changed due to APO, suggesting that tremor 

oscillations and high-frequency oscillations in the STN might be due to separate 

mechanisms. 

Lastly, this section dernonstrated that, similar to the results obtained for the GPi 

(see section 3.2), bursting activity was increased in the STN during the period of tirne in 

which APO reduced the patient's parkinsonism. The APO-induced changes in 

somatosensory responses in the STN were also similar to those observed in the GPi. 

Unlike TC activitywhich has a clinical conelate (Le. limb tremor) and may be related to 

hyperpolarization of thalamic target of the GPi (Jahnsen and Llinas 1984), the functionai 

si@cance of the change in bursting that is not rhythmicai or changes in somatosensory 

responses is not predicted by the box model. It is possl%le that changes in bursting 

discharge or somatosensory responses may be related to changes in the paraiiel 



organization of the BG as discussed in section 1.4.2. Therefore, the role of bursting 

activity and somatosensory responses will be examined with more powerful methodology 

such as simultaneous recording techniques that can assess the degree of correlation of 

spikes between basal gangiia neurons and the effect of dopamine@ medication (see 

chapter 5). 



CHAPTER 4 - INACTIVATION OF THE SUETHALAMIC NUCLEUS 

REVERSES PARKINSONIAN SYMPTOMS 

A bstract 

inactivation of neurons in the STN of the PriPTP-treated monkey mode1 of PD has been 

shown to reIieve parkinsonian motor symptoms. In patients with PD, neurons in the STN 

display hyperactive firing rates and rhythmic discharge activity such as tremor-related 

oscillations (3-8 Hz) and high-fiequency oscillations (15-30 Hz). in this study, 

microinjections of lidocaine (n = 4) and muscimol (a GABAA receptor agonist)(n = 2) 

were performed in the STN of 6 patients with PD to determine whether the focal 

suppression of STN neuronal activity can lead to an improvement in tremor, 

bradykinesia, and rigidity. The first use of microelectrode recording of the effects of 

microinjections on neuronal activity in the human brain (n = 2) is also reported. 

Microinjections of 10-23 pL of lidocaine produced striking improvements in 

bradykinesia, limb tremor, and rigidity in 313 patients. These improvements were 

correlated with good thenpeutic effects of subsequent STN DBS performed in the sarne 

microelectrode trajectories as these injections. The most dramatic observation following 

lidocaine injections was the appearance of dyskinetic limb movements. In one patient, 

simultaneous microelectrode recording during an injection of 3.5 pL of lidocaine 

demonstrated a suppression of neuronal activity at distances of c 0.9 mm fiom the 

injection site but no suppression was observed at 2 1.2 mm fiom the injection site. 

Microinjections of 5-10 pL of muscimol in a region with tremor-related activity resulted 

in suppression of limb tremor in 2/2 patients. Interestingly in one of these patients, 4 Hz 

oscillatory activity was diminished in a neuron recorded 1.3 mm fÏom the injection site, 
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but there was no reduction in the mean firing rate or 20 Hz oscillatory activity. These 

results demonstrate that inactivation of neuronal activity in the STN of patients with PD 

improves motor symptoms. These findings aiso suggest that a focal block of the STN 

might alter the oscillatory activity of neurons located beyond the inhibited region. 

4.1 - lniroduciion 

Local inactivation of neuronai activity in the STN in the MPTP-treated non- 

human primate mode1 of PD has been shown to arneliorate parkinsonian symptoms 

(Bergman et al. 1990; Wichmann et al. 1994b; Gwidi et al. 1996). This therapeutic effect 

is consistent with the notion of STN hyperactivity or dysfunction in parkinsonism (Miller 

and DeLong 1987; Bergman et al. 1994). intentional lesion making in the STN of 

patients with PD has usually been avoided because of the possible nsk of causing severe 

ballism. However, recent reports have demonstrated good therapeutic effects of 

subthalamotomy in patients with PD without significant adverse effects (Gill and 

Heywood 1997; Obeso et ai. 1997a; Muthane et ai, 1998; Alvarez et al. 2001; Barlas et 

al. 200 1). STN DBS has also been shown to be highly effective in treating parkinsonian 

syrnptoms (Limousin et ai. 1995b; Kuxnar et al. 1998a; Krack et ai. 1998a). To determine 

the theraperitic and neuronal effects of blocking STN activity in patients with PD, 

microinjections of the local anesthetic lidocaine and muscimoI, a y-aminobutyrïc acid-A 

receptor agonist (GABA*) were carrieci out in the STN. Lidocaine has the effect of non- 

selectively blocking axonal fibers of passage as well as neurons while muscimol 

selectively inhibits the ce11 bodies of neurons. 



Elucidating the population behavior of STN neurons and its role in the dynamics 

of the basal ganglia is essentiai to extendhg our understanding of the pathophysiology of 

PD (Ryan et al. 1992; Plenz and Kital 1999; Magill et ai. 2000). The neuronal population 

in the STN has been shown to exhibit synchronous oscillatory activity (Plenz and Kital 

1999; Magill et al. 2000; Marsden et al. 2001; Brown et al. 2001) and it has been 

suggested that increased oscillatory synchronization in the basal ganglia underlies the 

development of parkinsonian limb tremor in MPTP-treated monkeys (Bergman et ai. 

1998a; Raz et al. 2000). Synchronized 3-8 Hz tremor-related activity has a h  been 

shown in the GPi (Hurtado et al. 1999) and in the motor thalamus of parkinsonian 

patients with PD (Levy et al. 1999). Therefore, if parkinsonian limb tremor is due in part 

to an elevated Ievel of oscillatory synchronization between basal ganglia subcircuits 

(Bergman et al. 1998a), it is conceivable that pharmacological blocks, in addition to 

inactivating local neuronal activity, might influence the oscillatory behavior of neurons 

beyond the region directly affected by the block. In theory, invasive surgical therapies 

could act to reduce lirnb tremor by desynchronizing pathological oscillations in the basal 

ganglia-thalamo-coaical network (Bergman et al. 1998a; Deuschl et aI. 2000). In the 

present chapter, this issue was addressed by recording the activity of a STN neuron that 

dispiayed both tremor-related and high-fiequency oscillations and was Iocated outside of 

a region of pharmacologically blocked TCs. This is the first dernonstration of the use of 

simultaneous microelectrode recordiig to assess the effects of microinjection of 

substances in the human brain. 



4.2 - Methods 

Patient group 

Studies of muscimol and lidocaine microinjections into the STN were performed 

in 7 PD patients undergohg microelectrode-guided placement of DBS electrodes (n=5) 

or a STN lesion (n=2) for the treatrnent of the symptoms of PD. The results for one of 

these patients is not presented because post-operative MRi revealed that microinjections 

were pefiormed at the ventral border of the STN. Results for the rest of the patients are 

presented here. This group consisted of 2 females and 1 males who at the t h e  of 

operation had a mean age of 55 years (range 48-67). The average duration of the disease 

was 12.2 years (kI.8 SE) and al1 had PD for at least 7 years. Al1 patients gave infonned 

consent and the studies were approved by the Human Experimentation Cornmittee of the 

Toronto Hospital. 

Ihjections 

Lidocaine (2% Xylocaine, Astra Pharma inc.; 20 mgh l  without preservative) and 

muscimoI (Sigma, St Louis, MO; 1 mgml [8.8 mM] in sterile saline, 0.2 pn filter 

sterilized) were injected into the STN through a stereotactically placed 30 gauge injection 

cannula. The construction of the injection cannula is desmied in the General Methods 

(section 2.1.3.b). Substances were injected at a rate I 1.25 pL per minute except in one 

patient in whom lidocaine was injected at 2.5 pi, per minute (patient C). The injection 

cannula was Ieft in the brain for 20-25 minutes after microinjection to reduce the 

tikelihood of an injected solution diffusing back up the cannuia track. tu one case, two 

injections (saline followed by muscimol) were carried out by employing two f k d  



parallel injection cannulae (-350 pn apart) with two separate Hamilton syringes. This 

technique avoided the need to remove a single injection cannula in order to insert a 

second cannula filled with a different solution, and thereby reduced the Iikeiihood of 

backflow along the cannula track. 

Detemination of the target area for microinjection in STN 

The recording and localization procedures for the STN are described in the 

General Methods (sections 2.1 .l .b and 2.1.2). Briefly, parasagittal trajectories at either 

10.5 or 12 mm fiom the midline passed through the thalamic reticular nucleus andor 

anterior thalamus, zona incerta, STN, and the SNr (Schaltenbrand and Wahren 1977). 

Microinjections were performed in the sarne microelectrode track that would later be 

used to insert the DBS electrode (5 patients). Microinjection in the one patient 

undergoing a subthalarnotomy was performed at a location that was 3 mm antenor to the 

center of a subsequent lesion (see Figure 4.F1). The assessrnent of clinical changes due 

to microinjections is described in the General methods (section 2.2.3). Post-operative 

MM was canied out in 4 patients to identify the placement of DBS electrodes or lesion in 

the STN and to confirm that microinjections were performed in the desired location in the 

STN (see Table 4.T1). Al1 patients undenvent post-operative UPDRS assessrnent of the 

clinical improvement due to lesion or DBS (in the OFF drug state). 

Simultaneous microinjection and microelectrode recording of neuronal activiiy 

In MO patients (patients A and F), simultaneous microelectrode recording of 

neurond activity during microinjection was performed using a second independently 



driven microelectrode that was inserted in parailel with the injection cannula at a center 

to center distance of -600 pn. This set-up is described in detail in the General Methods 

(section 2.1 -3). Microelectrode recordings were performed postenor-ventral to the 

injection site (i.e. microelectrode was advanced ahead of the injection site). Spectral 

analysis of single-neuron discharge activity is described in detail in the General Methods 

(section 2.3.2.b). 512 spectral estimates were made between O and 500 Hz thereby 

yielding a frcquency resolution of 0.98 Hz. Statistical significance of spectral peaks was 

assessed by comparing spectra to a white noise signal with the same mean power in the 

range 0-40 Hz (Le. mean spectral "noise"). Spectral estirnates were deemed significant if 

they were equal to or greater than the upper bound of a lW(1-a)% confidence interval 

about this white noise signal. The upper bound was given by 2Nf(o) l&,, where f 

is the power, w is the fiequency, 2N is the effective degrees of fkeedom, and N is the 

number of sampling windows (Chatfield 1996). 

4.3 - Results 

Locakation of injections 

Figure 4x1 displays digitized parasagitta1 plates (Schaltenbrand and Wahren 

1977) of the STN (standardized to the patients anterior-posterior cornmissural distance) 

to show the location of the microelectrode tnjectories and to provide information about 

the neuronal activity and the location of the individual rnicroinjections. In aii patients, 

microinjections were performed in regions of the STN populated by neurons with 

movement-evokcd activity, trernor-rdated activity, or newons characteristic of those 



found in the motor portion of the STN (Hutchison et al. 1998a). As shown in Table 4.T1, 

STN DBS in 5 patients and the subthalamotomy in the remaining patient (patient A) 

resulted in a dramatic improvement in contralateral bradykinesia, tremor and rigidity. 

Post-operative MRI was available in 4 patients and confkmed that the interventions were 

perfomed in the STN. 

Lidocaine injections 

The difision of lidocaine was examined in patient A by simultaneously recording 

neural activiiy close to the injection cannula. These data are shown in Figure 4.F2. M e r  

3.5 pL of lidocaine was injected over a 5 minute period, there was a dramatic decrease in 

neural activity recorded 0.6 mm fiom the injection site. When the recording electrode 

was moved to another ceIl 0.78 mm away (relative to the tip of the injection cannula), 

neural discharge at this site decreased approximately 30 seconds later. However, neural 

activity 1.2 mm away was not blocked at 5 minutes after the end of the injection period. 

No change in contralateral arm rigidity, tremor, or bradykinesia was observed at 13 

minutes &er the injection (data not shown). 

A marked anti-parkinsonian effect was observed in 3 patients (patients B, C, D). 

AN these patients received 21O@ of lidocaine and the results are displayed in Figure 

4 3 3 .  in al1 three patients there was a decrease in rigidity and this reached a minimum 

value -10-20 minutes afler the start of injection. Recovery of rigidity to baseline vatues 

was obsewed in two patients (B, C). There were no "recovery" data avaihble for patient 

D because iidocaine was injected near the end of the stereotaxic procedure. Lidocaine 

microinjections into regions of the STN with tremor-related activity reduced contralateral 



arm tremor in the two patients with tremor during the procedure (patients B and D). 

Accelerometer traces at the bottom of Figure 3 show that the baseline resting tremor of 

patient D was intermittent with brief (-10 second) periods of tremor. At 6 minutes, 

tremor amplitude was decreased and the residuai tremor was more intermittent. Patients 

B and D performed quantitative movement tasks. There was a significant decrease in the 

tirne required for patient B to perform repetitive chest to button board pointing after the 

injection (displayed in the upper right bar graph in Figure 4.F3, see Methods). In patient 

D, the amplitude of wrist pronationhpination movernents increased afler lidocaine 

injection (traces shown to the right of UPDRS ratings). 

Following lidocaine injections, dyskinesias were observed in al1 3 patients. 

Patient B developed low amplitude choreoathetotic movements of the ipsilateral foot 

(indicated by dashed arrow in Figure 4.F3). Patient C developed dystoriic contralateral 

wrïst movements at 15 minutes after injection. These movements interféred with the 

patient's ability to perfom hand-gripping movements (filled squares in Figure 4F3, 

middle panel, UPDRS item 24). Patient D displayed dystonic dyçkinesias (Le. a 

sustained posturing) of the contralateral foot at 6 minutes following injection. At 9 

minutes following injection, myoclonic jerking movements were aiso observed. 

Dyskinehc movements in the foot were also observed when the patient performed wist 

pronatiodsupination movements during this period (1 1 minutes fier initial injection). 

Muscimol injections 

A marked anti-parkinsonian effect foliowing muscimol injections was observed in 

patients E and F. Figure 414  demonstrates that muscimol but not saline (both Ïnjected at 



a rate of I pL per minute) injected into an area of the STN with tremor-related activity in 

patient E caused a dramatic reduction in contralateral resting tremor within 5 minutes 

after the start of injection. This was also observed using an accelerometer placed on the 

index h g e r  of the contralateral hand (bottom traces in Figure 4.F4). The patient was 

asked to perf'onn mental arithmetic throughout the sarnpling period to enhance 

spontaneous resting tremor. Muscimol also improved the performance of d s t  

pronationfsupination movements. 

An injection of 5 pL of muscimol into a region with tremor-related activity also 

decreased resting tremor in patient F. The changes in hand tremor and the discharge 

activity of a neuron that was located 1.3 mm fiom the injection site are shown in Figure 

4.F5. A 5 Hz resting tremor of the hand was measured with an accelerometer (Acc) 

placed on the contralateral index finger (Figure 4.FSA). There was no elbow tremor and 

piIl rollhg movements were not observed. Therr was no other detectable tremor on the 

side contralateral to the recording. The patient had a resting tremor of the ipsilaterai 

hand/wrist and ipsilateral foot. Changes in ngidity and bradykinesia were not assessed in 

this patient because of the need to maintain a stable microelectrode recordiig h m  the 

single neuron. Microstimulation along this microelectrode trajectory produced tremor 

arrest in the contralateral hand (1 mm above to 3 mm below injection site in Figure 491). 

The Ief€ panel of Figure 43SB demonstrates that before the injection of muscimol, the 

neuron displayed two peaks in the frequency spectra, one peak at 4 Hz and another at 20 

Hz. The Iower fiequency oscillatory component of the recorded neuron was not coherent 

with the contralateral wrist flexor EMG or the accelerometer signai at any tirne (not 

shown). FoUowing the injection of muscimol, the lower fiequency osciuatory componeat 



decreased concurrent with a reduction in contralateral hand tremor (Figure 4.FSB, right 

panel). No change was observed for ipsilateral tremor. Interestingly, there was no 

suppression in the firing rate of the neuron (see Figure 4F5A) or the 20 Hz oscillatory 

activity. Tirne-fiequency analysis revealed that the reduction of 4 Hz oscillatory 

neuronal discharge was due to a decrease in al1 oscillatory activity < 10 Hz rather than an 

increase in the moment-to-moment variability of a peak within this fiequency band. 

Contralateral hand tremor reappeared approximatety 5 minutes after the end of the 

injection period and at that time, the recorded neuron started to display a lower Grequency 

oscillatory component in addition to the 20 Hz high-fiequency oscillatory component. 



Figure 4.F1 

Sagittal sections f?om the Schaitenbrand and Wahren stereotactic atlas at 12 mm fiom the 

midline displaying the microelectrode trajectories, neuronal activity, and location of 

microinjection in the 6 patients (definitions of the sytnbols used are at the bottom of the 

figure). DBS electrodes were placed in the same microelectrode trajectory as the 

microinjection in patients B-F. The Lesion in patient A was placed 3mm posterior to the 

location of the lidocaine microinjection. The diameter of the injection cannula was 0.3 

mm but is drawn as 0.2 mm so as not to obscure data in the figure. Simultaneous 

recording of neuronal activity during microinjection was performed in patients A and F 

(see Methods). STN = subthalarnic nucleus; Thal = thalamus; SNr = substantia nigra pars 

reticulata; H2 = Fields of Forel; rTh = reticular nucleus of the thalamus; Voa = nucleus 

ventralis oralis antenor; Vop = nucleus ventralis oralis posterior; Vim = 

ventrointermedius. The dashed Iine represents the anterior-posterior commissural line; 

RF = receptive field (a neuron that responded to passive or active limb movement). 
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Table 4.T1 

Al1 patients were assessed in the OFF drug condition (following an ovemight h g  

holiday). For patients B-F, data reported as the UPDRS score for DBS OFF / DBS ON 

@BS at optimal parameters and contacts). For patients A, data reported as the UPDRS 

for pre-operative score 1 post-operative score. Scores are reported for the body side 

contralateral to the side of injection in the STN. *Stimulation used and post-operative 

time of assessrnent is indicated in parenthesis. TTremor is calculated as the sum of 

WDRS items 20 and 21 (unilateral scores; maximum possible score of 12). SRigidity is 

calculated fiom UPDRS item 22 (unilateral scores; maximum possibIe score of 8). 

g8radykinesia is calculated as the sum of UPDRS items 23-26 (unilateral scores; 

maximum possible score of 16). 



The clinical efects of microinjections and SïNDBS or subthalamotomy 
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Figure 4.M 

Microelectrode recording of neuronal activiw during the microinjection of lidocaine in 

patient A. Lidocaine was injected at the volumes (& bold numbers in gray boxes) and 

times indicated by the gray boxes to the left side of vertical timeline. The relative 

distance f?om the tip of the injection cannula to the tip of rnicroelectrode is indicated by 

the nurnbers on the lefl hand side of the figure. Neuronal recordings were sampled at the 

tirne indicated by position of traces with respect to timeline. 
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Figure 4.F3 

The effects of lidocaine injections in the STN of three patients. The 3 plots show the 

effects of lidocaine injection on the UPDRS measures of tremor, rigidity, and hand grips 

and the rigidity meter readings (see box at bottom right for distinction of graph symbols, 

values for the body side contralateral to the injected STN). The gray bars show time 

period over which lidocaine was injected, the volume of lidocaine in pL is given by the 

numbers in the bars. Lidocaine resulted in a decrease in rigidity in ail three patients and 

the rigidity in two of these patients (B, C) was observed to recover to baseline values. 

Lidocaine reduced limb tremor in patients B and D (patient C did not have limb tremor 

during the procedure). Traces at the bottom of the figure are accelerometer traces of 90 

seconds of resting tremor of patient D (traces were sarnpied starting at the times indicated 

to the lefi). The bar graph at the top right shows that lidocaine injections in patient B 

resulted in improved performance on a movement t h e  task (see Methods, *P < 0.05, 

ANOVA on ranks). The traces at the bottom right show the improvement in repetitive 

wrist pronation/supination movements (WPS) in patient D following lidocaine injections. 

The time of appearance of dyskinetic movements is indicated by downward dashed 

arrows. Following lidocaine injections, al1 three patients developed dystonic or 

dyskinetic movements (see Results). 
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Figure 4.F4 

The effect of muscimol injection in the STN on ciinical symptoms in patient E. The plot 

at the top lefi shows the cffect of muscimol on bilateral resting tremor and rigidity 

(UPDRS scores, see box at bottom right for distinction of graph symbols). The gray bar 

(muscimol) and the white bar (saline) show time period over which each substance was 

injected and the volume of substance in pL in the bars. The plot shows that contralaterd 

but not ipsilateral UPDRS resting tremor was reduced by a muscimol injection into an 

area of the STN with tremor-reiated activity (see Figure L). Muscimol also improved the 

performance of wrist pronatiodsupination (WPS) movements (traces at top right). The 

traces at the bottom of the figure demonstrate that muscirnol but not saline reduced 

spontaneous resting tremor recorded with an accelerometer (see Results). 
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Figure 4.F5 

Effects of muscimol injection in the STN of patient F. A: The top trace shows the 

accelerometer recording of the handiwrist tremor (accelerometer was placed on index 

fuiger, Acc). The histogram shows the firing rate (20 second bins) of an STN neuron 

recorded during the injection and Iocated 1.3 mm fiom the cannula tip. The gray bar 

represents the time period over which the 5 pL of muscimol was injected. B: Power 

spectra of oscillatory neuronal discharge recorded before (lefi panel, 0-3 minutes) and 

after (right panel, 9-12 minutes) muscimol injection (0.24 Hz resolution). The inset in 

each plot shows the fiequency spectra of the accelerometer over each t h e  penod (0.39 

Hz resolution). C: Time-fiequency analysis of oscillatory neuronal discharge (0.98 Hz 

resolution x 20 second bins). The color legend indicates those spectral estirnates with 

signal-to-noise ratios (green to light green) that were greater than a 99.8% confidence 

interval about the mean spectral noise. These plots demonstrate that the lower fiequency 

oscillatory activity of the recorded neumn but not firing rate or 20 Hz oscillatory activity 

was reduced concurrent with a reduction in hand tremor. 
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4.4 - Discussion 

This is the first report of microinjections of muscimol and lidocaine in the STN of 

humans. This study dernonstrates that local inactivation of the STN using 

pharmacoIogicai blocking agents results in a transient improvement in akinesia, rigidity, 

and limb trernor in patients with PD. These results support the current mode1 of basal 

ganglia pathophysiology that predicts that a reduction of excessive activity in the STN of 

patients with PD should produce a therapeutic benefit (DeLong 1990). These results in 

humans are consistent with previous observations made in the non-human primate MPTP 

mode1 of parkinsonism (Bergman et al. 1990; Aziz et al. 1991, 1992; Guridi et al. 1994; 

Wichmann et al. 1994b). 

Although subthalarnotomy and STN DBS in patients with PD improves ail 

parkinsonian cardinal motor signs (Limousin et al. 1995b; Obeso et al. 1997a; Gill and 

Heywood 1997; Alvarez et al, 2001), it is unknown if these effects are due solely to 

inactivation of STN neurons rather than an action on fibers passing through or near the 

affected region. The anti-parkinsonian effect of muscimol in this study c o n h n s  that 

suppression of STN sensorirnotor-related neuronal activity, as opposed to possible 

atterations in nearby pallidofigal fibers, results in a therapeutic benefit. 

Since Lidocaine acts on fibers passing through the blocked volume of ce11 bodies, 

it can indirectly affect other STN regions by preventing transmission through both 

inhibitory and excitatory afferent inputs and excitatory efferent projections. Although 

inhibition of GABAergic afferent fibers h m  the GPe would be predicted to enhance 

STN activity (Rouzaire-Dubois et al. 1980), it has been suggested that the increased 

activity of the STN in PD is due prirnarily to excitatory drive (Hassani et aI. 1996; Levy 



et al. 1997). As well as input fiom GPe, the STN receives massive glutamatergic input 

fiom the cerebral cortex (Monakow et al. 1978; Rouzaire-Dubois and Scarnati 1985; 

Canteras et al. 1990; Nambu et al. 1996), forms ceciprocal projections with the 

pedunculopontine nucleus (Hammond et al. 1983; Lavoie and Parent 1994) and receives 

input from the centromedian-parafascicular complex of the thalamus (Sadikot et ai. 

1992b; Mouroux et al. 1995; Oneux et al. 2000). Miiiition by lidocaine of these 

excitatory afferent projections to other regions of the STN, in addition to the inhibition of 

just STN neurons, would also be predicted to have an anti-parkinsonian effect. 

Equivalently, inhibition of efferent axonal projections fiom ather STN neurons (whose 

somata are not within the blocked area) by Iidocaine would aiso act to decrease 

glutamatergic excitatory outfiow h m  the STN. Therefore, it is possible that the 

firnctional volume of the STN that is bIacked using Iidocaine is larger than the volume of 

the affected ce11 bodies. Since muscimol specifically inhr'bits ceil bodies, the anti- 

parkinsonian effects of muscimol observed is this study are likely due to the focal 

inhibition of excitatory output from the blocked region only. 

The involvement of the STN in the pathogenesis of dyskinesias is supported by 

many studies (Crossman 1990). Dyskinesias and dystonic postures are observed in 

normal monkeys following excitotoxic ceil-specific lesions (Hamada and DeLong 1992b) 

or electrical stimulation of the STN (Beurrier et al, 1997). Dyskinesias c m  also be 

induced by injection of the GABA antagonist bicucuiiine in the GPe (Matsumura et al. 

1995) and disinhibition of the GPe shodd Iead to decreases in STN activity. In METP- 

treated monkeys, inactivation of the STN results in transient dyskinesias in addition to 

improving parkinsonism (Bergman et al. 1990; Aziz et al. 1991,1992; Wichrnann et al. 



1994b; Guridi et al. 1994). in patients with PD, choreic or dystonic dyskinesias are 

sometimes observed during penetration of the STN target by rnicroelectrodes or DBS 

electrodes or during lesion making (Benabid et al. 2000; Alvarez et al. 2001). 

Limousin et al. (1996) demonstrated that STN DBS at higher voltages than those 

required to control parkinsonism could also induce dyskinesias in patients with PD. It 

was suggested that because the anti-parkinsonian effect and dyskinetic effect occurred 

with different stimulation parameters, the mechanisms responsible for these two effects 

might be distinct. In the present study, 2 lOpL of lidocaine reduced parkinsonian 

symptoms and produced dyskinesias in 3 patients while in the remaining patient (patient 

A), no motor benefit was obtained and no dyskinesias were observed following an 

injection of 3.5 pi, of lidocaine. These results suggest that in parkinsonian patients, the 

dyskinetic effect requires a greater degree of STN inactivation than does the an& 

parkinsonian effect. This would explain why injections of muscimol did not produce 

dyskinesias in this study but did produce an anti-parkinsonian effect, if the volume of the 

STN inactivated by rnuscimol produced only a threshold anti-parkinsonian effect, but was 

not large enough to produce dyskinesias. It is also of interest that both choreic and 

dystonic dyskinesias were observed in the present study. These types of dyskinesias were 

typical of those seen during levodopa-induced dyskinesias (Fahn 2000) and support the 

finding that the neuronal activity of the STN in patients with PD is reduced during APO- 

induced dyskinesias (as dernonstrated in Chapter 3, section 3). 

The location of microinjections into the STN in this study was determined using 

mkmelectrode techniques and post-operative MRI verification of DBS electrode or 

lesion position relative to the STN. In addition, DBS in the same microeIecîrode tracks 



as the injections resulted in an improvement in tremor, rigidity, and bradykinesia. The 

simultaneous recording of neuronal activity in two patients was also used to confirm that 

injections were performed in the STN. This technique is the most direct way to assess 

the effectiveness and spread of inactivating agents (Mdpeli 1999), and was especially 

important with regard to patient A because it demonstrated that the lidocaine injection 

was well targeted and that the injection effectively inactivated neuronal tissue although 

no clinical effect was observed. 

By recording neuronal activity at muitiple distances from the injection site, it was 

possible to assess the spread of lidocaine and the size of the effective block. It took -5 

minutes for 3.5 pL of lidocaine to block neuronal activity wiihin -lm i?om the 

injection site in the posterior-ventral direction (i.e. below the cannula, see Figure 4,Fl). 

Our results are comparable to those of Martin and Ghez (1999). They demonstrated, 

using autoradiographic monitoring of glucose uptake/metabolism, that following an 

injection of 1 pL of lidocaine a reduction in gIucose uptake within -1mm of the injection 

center was attributable to drug spread. Other observations of diffusion distances in rat 

thalamic and spinal tissue have demonstrated that a 1 pL injection of lidocaine would 

result in a block of neuronal activity in a sphencal region of radius 0.8 mm at 10 minutes 

after injection (Myers 1966; Sandkuhler et ai. 1987). Although 3.5 pL was injected in 

the present study whereas these studies injected 1 pL of lidocaine, there are many factors 

that could account for variability in difision distances. For exampIe, it is assumed that 

the distribution of lidocaine is sphericai in shape in nuclear and cortical regions (Myers 

1966; Martin and Ghez 1999) but there is significant aniçotropy in the direction and 

extent of difision fiom the injection site in regions containing fibers of passage 



(Sandkuhler et al. 1987). Some of the injected lidocaine might have also preferentially 

diffused up along the cannula shafl and therefore reduced the diffision distances 

observed with our simultaneous microelectrode recording set-up. Hupe et al. (1999) 

demonstrated that with pressure injections, inactivation is more efficient above than 

below the pipette tip and that the volume of inactivation has an ellipsoidal form centered 

above the tip of the pipette, Other factors contributhg to the observed differences in 

diffision distances uiclude: the volume of the extracellular space, the d i i b i l i t y  of the 

drug through the extracellular space, the homogeneity of the medium of diffusion (white 

matter versus gray matter), the vascularization of the tissue swrounding the injection 

cannuia (which would affect the washout of the drug), how fast the drug is degraded, and 

the rate of dnig delivery (Sandkuhler et ai, 1987; Malpeli 1999). 

One caveat of this study is the inabiiity to completely rule out that the observed 

effects were not due to diffision oflidocaine or muscimol into neighboring structures 

(especially when simultaneous recording was not perfonned), most notably the SNr. The 

effects of these agents on this nearby structure might have a similar efféct to STN 

inactivation since increased neuronal activity and abnormal discharge patterns of the SNr 

is observed in the MPTP monkey mode1 of PD (Wichmann et al. 1999). 

Although the injection rates used in this study (1-2.5 pL per minute) were greater 

than those used in animais (O. 1 pL to 2pL per minute)(Myers 1966; Demer and Robinson 

1982; Duncan et al. 1993; Wichmann et al. 1994b; Burbaud et al. 1998), there are several 

factors that indicate that volume effects did not produce the observed clinical effects. (1) 

SimuItaneous recording of neuronal activity was quite stable during the period of 

injection and indicates that tissue was not being deformed at distances 2 0.6 mm b m  the 



injection site when substances were injected at a rate of -1 pL per minute. (2) It is 

unlikeIy that the effects observed were due to a volume effect since there was a delay in 

the anti-parkinsonian effect produced by these injections. For example, in patient C (23 

pi, injected at 2.5 pL. per minute), a marked decrease in rigidity did not occur until20 

niinutes following injection. in contrast, the subsequent insertion of the DBS electrode in 

this patient resulted in an imrnediate improvement in rigidity (not shown) (n.b. if the 

maximum length of the DBS electrode (1.27 mm in diameter) in the STN is -7 mm (see 

Figure 4.F1), the volume of the STN tissue displaced by the DBS electrode is -9 a). 
Benabid et al. (2000) have also reported that a significant decrease in akinesia and 

rigidity, along with the emergence of ballistic or choreoballistic movements, occur at the 

time of insertion of the DBS electrode in patients with PD. However, Demer and 

Robinson (1983) demonstrated that injections of more than 12 pL andlor at rates > 1 pL 

per minute produced irreversible damage in a region within - 0.7 mm fiom the injection 

site that was marked by gliosis and fiber loss. Therefore, it cannot be mled out that tissue 

damage did not occur due to higher rates of injection (especially in patient C). Yet, it is 

uniikely that the observed clinical effects were due to permanent tissue damage because 

there was a return to baseline parkinsonism in ali patients in whom recovery data were 

avdabIe. 

The time course of the clinical effects of the lidocaine and muscimol injections, 

beginning 5 to 10 minutes following injection and lasting 30-50 minutes, closely matched 

those seen in animals (Sandkuhler et al. 1987; Wichmann et al. 1994b; Martin and Ghez 

1999). In contrast, recovery to baseline tremor following a 5 pi, muscimol injection 

(patient F) was observed -5 minutes after the end of the injection. This time course is 



similar to the tirne course of tremor suppression observed following injections of a 

similar volume of muscimol in the thdamus of patients with essential tremor (Pahapill et 

al. 1999). These results are consistent with studies using GABA that demonstrate that the 

duration of neuronal inactivation is proportional to the volume of substance injected 

(Hupe et al. 1999). These data suggest that the potentiai c l in id  application of 

microinjections to aid in the determination of the optimal target for lesions or DBS is 

limited. A significant advantage of the use of stimulation techniques over the use of 

microinjections as described in the present work is that inira-operative stimulation 

decreases tremor or rigidity with a very short latency (less than one minute) and is highly 

reproducible (Rodriguez eL al. 1998). 

Following MPTP-treatment in monkeys, there is a prominent increase in the 

number of STN neurons that display oscillatory activity (Bergman et al. 1994) and limb 

tremor reduction has been demonstrated following muscimol injections in the STN 

(Wichmann et ai. 1994b). In the present study, injections of muscimol into regions of the 

STN with tremor-related activity caused a reduction in limb tremor. Our results support 

the view that oscillatory activity in the STN is important in the mediation of parkinsonian 

limb tremor (Bergman et al. 1994). It is interesthg that the latency of the effect of 

muscimol or lidocaine on limb tremor was short. Five minutes afler the start of a 5 pL 

Iidocaine injection, a reduction of limb tremor in patients B and D and in patients E and F 

d e r  5 p.L of muscimol was observed. Although a long period of tirne did not elapse 

d e r  the saline injection in patient E, it was observed that saline did not affect tremor. 

The effect of muscimol occurred Unmediately after 5 pi, of muscimol was injected while 

there was no immediate effect of saIine 00th were injected at 1 Cu, per minute). Since 



tremor suppression occmed with mal1 volumes of inactivating agents and with a short 

latency, our results suggest that tremor suppression cm be accomplished by silencing the 

activity of a mal1 region of SIX containhg TCs, Evidence fiom simultaneous 

microelectrode recording techniques has indicated that potential tremor-generating 

circuits in the basal ganglia can occupy a relatively mal1 volume (< 1 mm3) (Hurtado et 

al., 1999). Our results are also consistent with those of Rodriguez et al. (1998) who 

demonstrated that microstimulation in STN regions containing TCs reduces tremor with a 

very short iatency. It has been suggested îhat microstimulation affects a smaii volume of 

tissue at currents equal to or Iess than 100 pA, the maximum generally possible with 

rnicroelectrodes (Dostrovsky et al. 2000). 

in this section, the simultaneous recording of neuronal activity during 

microinjection allowed the direct assessment of the tirne course of the effect of a 

pharmacological block in an area not directly deactivated by the block. It was 

demonstrated that the 4 Hz discharge oscillation in a neuron located outside a blocked 

region of TCs was reduced concurrent with a reduction in iimb tremor. However the 

firing rate and 20 Hz oscillatory activity remaiaed unchanged. This result suggests that a 

block of neuronal activity can modify the neuronal discharge of cells located beyond the 

blocked area. There are several possible ways that this result might be interpreted. 

First, if the recorded neuron meiveci proprioceptive input fiom the tremuIous 

contralateral handfwrist, reduction of l h b  ûemor could account for a reduction in the 

Iower fiequency oscillatory activity of the recorded neuron (Krack et al. 1998b). 

However, at no time was the oscillatory activity of the neuron coherent with wrist flexor 

EMG or the accelerometer signal whicti wouid be expected if its firing was dependent on 



sensory input. Second, if the recorded neuron received 4 Hz osciliatory input directly 

from cells at the injection site, inactivation of these cells would aiso lead to a reduction in 

the lower frequency component of the recorded neuron (Martin and Ghez 1999). Yet 

although intrinsic axon collaterals in the STN are m u e n t  in the rat (Kita et al. 1983)- 

they are rare in primates (Yelnik and Percheron 1979; Sato et ai. 2000). Furthemore, 

coincident discharge between pairs of STN neurons in patients with PD is not observed 

suggesting that STN TCs do not directiy drive the iic tivity of other STN TCs (see Chapter 

5, section 1). Third, muscimol might have affected the activity of the recorded neuron by 

acting on a dendrite extending within the biocked region. For exarnple, it has been 

show that the dendritic fields of neurons located centraIly in the STN can extend over 

nearly two thirds of the structure (Sato et al. 2000). However this would likely result also 

in a decrease in the overall spontaneous discharge of the neuron and this was not 

observed. Fourth, both parkinsonian limb trernor (Scholz and Bacher 1995) and tremor- 

related activity in the basal ganglia (Bergman et al. 1998b; Hurtado et ai. 1999; Raz et al. 

2000) have been shown to exhibit fluctuations in rhythmic activity. However, it is 

unlikely that both the decrease in 4 Hz oscillations of the recorded neuron and a decrease 

in 5 Hz limb tremor are merely due to spontaneous varïability, because these oscillations 

decreased and reappeared with a similar t h e  course. Lastly, suppression of limb tremor 

could aise as a result of, in addition to direct inactivation of trernor-related discharge, the 

"desynchronizing" effect of a smdI block of the STN upon neighboring subcircuits in the 

cortico-basal ganglia-thalarnic loop (Bergman et ai. 1998a; Deuschl et ai. 2000). 



CHAPTER 5 - NEURONAL SYNCHRONIZATLON LN THE SUBTHALAMIC 

NUCLEUS AND GLOBUS PALLIDUS 

In monkeys treated with MPTP, degeneration of the SNc and subsequent 

deptetion of striatal dopamine is retated to the emergence of periodic or "oscillatory" 

neuronal activity in the STN and GPi and increases in the somatosensory responses and 

bursting activity in these nuclei (Miller and DeLong 1987; Filion et al. L988; Filion and 

Tremblay 1991; Bergman et al. 1994; Boraud et al. 1998,2000a). These changes in the 

activity of basal ganglia neurons due to parkinsonisrn cannot be explained in terms of 

alterations in mean firing rate (Delong 1990). It has been proposed that a breakdown of 

the functional segregation between paralle1 re-entrant subcircuits of the basal ganglia- 

thalamo-cortical system (Alexander et al. 1990; Alexander and Crutcher 1990; Hoover 

and Strick 1993) might underlie parkinsonian pathophysiology (Filion et ai. 1994; Nini et 

ai. 1995), especially with regards to the pathogenesis of limb tremor (Bergman et al. 

1998a; Deuschl et al. 200). This notion is supporteci by studies using simultaneous 

microelectrode recording techniques to demonstrate that periodic or "oscillatory" 

bursting in GPi neurons of tremuious MPTP-treated monkeys is synchronized (Nini et al. 

1995; Bergman et al. 1998b; Raz et ai. 1996,2000). The aim of this chapter was to test 

the hypothesis that synchronized activity between neurons in the basal ganglia is related 

to the clinicai features of PD. 



5.1 - High frequency synchronization of neuronal activity in the subtbalamic 

nucleus of parkinsonian patients with limb tremor 

Absfract 

It has been hypothesised that in PD there is increased synchronization of neuronal f i n g  

in the basal ganglia. This study examines the discharge activity of 12 1 pairs of STN 

neurons in 9 PD patients undergoing functional stereotactic mapping. There were 4 

patients with a previous pallidotomy. A double microelectrode set-up was used to 

simultaneously record Erom two neurons separated by distances as small as 250 p. in 

the 6 patients that had limb tremor during the recording session (n=76 pairs), the 

discharge pattern of 12 pairs of TCs were found to be coherent at the frequency of the 

lirnb tremor. Both in-phase and out-of-phase relationships were observed between TCs. 

interestingly, in these 6 patients, 631129 single neurons displayed 15 to 30 Hz oscillations 

while 36/76 pairs were coherent in this Erequency range. Although the oscillatory 

Frequencies were variable between patients, they were highly clustered within a patient. 

The phase difference between these pairs was found to be close to O. High fiequency 

synchronization was observed during periods of h b  tremor as welI as during 

intermittent periods with no apparent limb tremor. In contrast, in the tfiree patients 

without limb tremor during the recordiig session, only 1184 neurons had high fiequency 

oscillatory activity and no TCs or synchronous high fiequency oscilIatory activity was 

observed (n=45 pairs). These tindings demonstrate that in PD patients with limb trenior 

many STN neurons display hi@ fiequency oscillations with a high degree of in-phase 

synchrony. The results suggest that high fiequency synchronized oscilIatory activity may 

be associated with the pathology that gives rise to tremor in PD patients. 



5.1.1 - Introduction 

The role of the SRI  in the pathogenesis of parkinsonian symptoms has gained 

prominence since the demonstration of the anti-parkinsonian effect of injections of fiber 

sparing neurotoxins into the STN of MPTP treated non-human primates (Bergman et al. 

1990). DBS or lesions (Limousin et al. 199%; Obeso et ai. 1997a; Gil! and Heywood 

1997) of the STN in PD patients have been shown to be an effective treatment for 

ngidity, akinesia, and especiatly tremor (Krack et al. 1998b; Kumar et al. 1998b). ln PD 

patients, the reduction of trernor by STN DBS is comparable to the response obtained by 

thalamic stimulation for tremor (Krack et aI. 1997). As in the thalamus (Lenz et al. 

1988a), groups of STN neurons display tremor related spontaneous activity which is 

periodic at limb tremor fiequency (Hutchison et al. 1998a) and microstimulation in these 

regions has been shown to reduce resting tremor (Rodriguez et ai. 1998). 

It has been hypothesized that in PD, limb tremor is the result of tremor-related 

neuronal discharge synchronization due to a reduction in the independence of 

functionally segregated pardel circuits in the basal ganglia secondary to a loss of striata1 

dopamine (Bergman et al. l998a). To assess whether synchronous activity between 

neurons in the STN underlies differences in parkinsonian pathophysiology, this study 

exarnined the discharge activity of pairs of neurons in PD patients with and without limb 

tremor. It is dernonstrated that groups of STN neurons osciliate in-phase at high 

fiequencies (15-30 Hz) in PD patients with h b  tremor, but are not found in those 

patients without h b  tremor, 



5.1.2 - Methods 

Szrbjects 

Niue patients underwent microelectrode guided placement of bilateral DBS 

eIectrodes for the treatrnent of the syrnptoms of PD. These patients had a mean age of 51 

years (f2.4 SE, range 34-66) at the time of operation, The average duration of the 

disease was 12 years ('1.5 SE) and al1 had PD for at least 7 years. individual patient 

characteristics are listed in Table 5.1,Tl. Al1 patients were pre-operatively assessed 

using the UPDRS. In both the pre-operative assessrnent and during surgery, patients 

were studied in the practically defined OFF state, 12-14 hours aiter the 1 s t  oral dose of 

levodopa. The mean motor UPDRS score (motor subsection III) was 50 (k2 SE) 

(maximum possible score is 108). UPDRS OFF period tremor score (maximum value is 

28) was calculated as the sum of UPDRS item 20 (resting tremor of right hand, lefl hand, 

right leg, le fi leg, face) and item 2 1 (action tremor of right hand, lefl hand). Using the 

following criteria, patients were divided into hvo groups. Those with any resting tremor 

of the limbs during the microelectrode recording session were assigned to a "ûemor" 

group (n=6). Patients without any discemable resting tremor of the limbs during the 

microelectrode recording session were assigned to a "non-tremor" group (n=3). There 

were four patients who had previously undergone a unilateral pallidotomy (see Table 

5.1 .Tl). in these patients, pallidotomy was indicated for disabling hg-induced 

dyskinesia. Two of these patients were in the "tremor" group and two were in the "non- 

tremor" group. In both the '?remor" group patients (patients A, F), pallidotomy led to a 

moderate decrease in contralaterai iimb tremor at 6 months foilowing surgery. However, 

the tremor reduction was not maintained at the t h e  of the STN recordings (33 and 28 



months post pallidotomy). One of the two "non-tremor" group patients (patient I) did 

have mild facial tremor prior to and at 6 montbs post palüdotomy but this tremor was not 

present at the time of the STN recordings. Since it is possible to induce or enhance 

parkinsonian resting limb tremor by having patients perform a cognitive task that 

demands their attention, patients were periodicaily asked to perform mental arithmetic 

during some of the microelectrode recordings. 

Recording procedure and apparatus 

The use of microelectrode recorâing to localize DBS electrode placement in the 

STN has previously been described (Hutchison et al. 1998a) and is descriied in the 

General Methods (sections 2.1.1 .b and 2.1.2). The shultaneous recording of neuron 

pairs is described in the General Methods (section 2.1.3). Recorded neurons were 

included if they were well isolated, stable, and were sampled for at least 20 seconds or at 

least 1000 action potentials. in this study, the average number of action potentials 

recorded per ce11 was 283Okl3O (SE) over an average sample time of 6 2 3  seconds (SE). 

Data analysis 

Spontaneous ongoing discharge (tonic activity) analyzed in this study was 

collected with the patient at rest and without any passive joint manipulation or voluntary 

movements. The average neuronal finng rate and the median inter-spike intervai were 

calculated for each cell. StatisticaI andysis of group values was carried out using 

Student's t-tests. h cases of non-normality, the Wcoxon Signed Rank Test or Mann- 



Whitney Rank Sum Test was employed, Statisticai significame was assigned at p < 0.05 

(i.e. a = 0.05; twa-tailed). 

Time domain analysis of single-neuron discharge activity is described in the 

General Methods (section 2.3.2.a). Spectral analysis of single-neuron discharge activity 

is described in the General Methods (section 2.3.2.b). Time domain analysis of the 

discharge between two neurons employai the cross-correlation technique and is 

described in the General Methods (section 2.4.1). Spectral analysis used the coherence 

technique. Coherence analysis was used to compare the linear correlation between two 

signals over a range of fiequencies and is described in the Generat Methods (section 

2.4.2). 

5.1.3 - Resulis 

OsciLlatory activiiy ofsingle neurons in the STN 

A total of 213 single neurons (hm 121 pairs) was recorded fiom the STN of the 

9 patients. Three types of rhythmic activities were identified over the range of the 

rhythmic fiequencies investigated: 1) TCs (4% of total STN population, n=8) which 

disptayed rhythmic activity at tremor fiequency concurrently with limb tremor (Figure 

5.1.F1A), 2) cells with hi& (>IO Hz) fiequency oscillations (20% of total STN 

population, n=44) (Figure 5.1FlB), and 3) cells with both tremor frequency and high 

fiequency oscillation components (6% of total STN population, n=12) (Figure 5.1 PIC). 

The median h g  rate of ail STN neurons was 45.7 Hz (25% = 34.7,75% = 61.7). Cells 

with no osciliatory discharge had a median firing rate of 43.1 Hz (25% = 32.4,75% = 

61.1) while cells that displayed osciilatory activity had a median firing rate of 53.4 & 



(25% = 40.2,75% = 64.4) which was significantly greater (pc0.05, Mann-Whitney Rank 

Sum Test) (Figure S.1.FlD). There was no significant difference in the FRs of TCs and 

cells with high fiequency oscillatory activity. 

Almost al1 (63164) of the neurons with tremor fiequency activity (Le. TCs) andlor 

high fiequency osciIlations were found in the 6 patients of the "tremor" group (129 single 

neurons examined) including the two patients (A, F) with a pallidotomy (ipsilaterd to the 

recordings). in the 3 patients of the "non-tremor" group, only 1/84 STN neurons was 

found to have a hi& frequency oscillation. Figure 5.1 .FIE shows box plots of the 

frequency distributions of the high fiequency oscillatory neurons in the "tremor" group 

(fiequency calculated fiom auto-correlograms). Each of the 6 patients had high 

frequency oscillations that were tightly centered about one frequency in the range fiom 

15 to 25 Hz. in one patient high fiequency oscillatory activity was recorded on both 

sides and the frequency was similar on the two sides, Three of the patients in the 

"tremo?' group had TCs and the distribution of TC kequencies is also s h o w  in Figure 

5.1 .F1 E. For cells which had both a tremor fiequency oscillation and a high frequency 

oscillation (n=12), the ratio of the mean high kequency oscillatory component to the 

mean frequency of the tremor component was 4.0 (fO.1 SE). 

Highly synchronous high fieqtrency oscillatory activiy in the Sm of "tremor " group 

patients 

A total of 121 neuron pairs was recorded in the STN. Single short latency peaks 

in the cross-correlogram that would indicate short-interval interactions between STN 

neurons were never observed. However, 44/76 pairs of neurons were found to have a 



significant cross-correlation at high fiequencies (>IO Hz) in the "ûemor" group. Xgh 

fiequency oscilla tory activity was more evident in cross-correlograms than in auto- 

correlograms of single neurons (551129 single STN neurons with high fiequency 

oscillatory activity in the "tremor" group). The oscillation strength ratings were stronger 

for cross-correlation (7.4 (H.1 SE)) than for auto-correlation (6.9 (k0.1 SE)) (two-tailed 

t-test, p<O.Ol). Figure 5.1.F2A shows the spontaneous ongoing discharge of two 

simultaneously recorded STN neurons and Figure 5.1.F2B shows the correspondhg 

correlogarns and spectra for this pair. Although the spectral signal to noise ratio of the 

high fiequency oscillation of unit 2 is lower than for unit 1, there is a statistically 

significant coherence between the pair. Figure 5.l.F2C shows examples of cross- 

conelograms and coherence functions of neuron pairs with synchronous high fiequency 

oscillatory activity fiom 4 patients in the "trernor" group; these pairs ail oscillated in- 

phase but each patient had a unique oscillation frequency. Fur&hermore, 36/76 pairs of 

STN neurons were found to have a significant coherence at a high fiequency (mean 

sample time for the pairs of neurons was 79.3 s ( 3 . 3  SE)). Coherence analysis revealed 

that fast oscillatory cells were also in synchrony for long penods of time. For example, 

eight of these pairs were seen to be coherent and in-phase for longer than 2 minutes. 

Figure 5.1.F2D is a plot of the proportion of the pairs that displayed high 

fiequency oscil1atocy cross-correlation in each patient to each patient's pre-surgical 

WDRS tremor rating score. There was a roughly linear relationship between the amount 

of high frequency synchronous activity and the patients' tremor ( h . 6 7 ,  p4.01). Data 

obtained fiom those patients in whom TCs were encountered during the tirne of surgery 

are indicated by tnangIes. AIthough ali 6 of the 'bemor" group patients had limb tremor 



during the procedure, the high fiequency rhythmic k g  was also present during some 

episodes when these patients did not have any noticeable tremor. TCs were found in 3 of 

the 6 "tremor" group patients. The TCs encountered appeared to be localized to regions 

that also contained cells with a high fiequency oscillatory component (see Figure 5.115). 

There were 9 instances of recording a TC on one electrode and no discernible TC 

fiequency component for the other neuron; 3 of these pairs showed significant high 

fiequency coherence. There were 9 instances in which two TCS were recorded 

simultaneously, and the tremor oscillation in 8 of these pairs was found to be coherent 

over the total amount of time sarnpled. 

Figure 5.1 .F2E demonstrates that the phase relationship between high fiequency 

oscillatory pairs (detected fiom the cross-correlograms) was not dependent on the 

distance between the recording sites. There were 61 pairs of STN neurons investigated 

that were separated by 250 um and 60 STN pairs which were separated by distances 

greater than 600 um. Figure 5. LF2E shows that fast fiequency pairs were synchronous 

and in-phase (absolute phase difference) over distances up to 1.5 mm. 

Temporal relationships between ümb tremor and neural pair synchronization were 

analysed in detail by using time-Erequency plots. Figure 5.1,F3A displays individual 

power spectrums of two STN units (scaled ta the ratio signal / noise) and the coherence 

between them as a function of time during ongoing wrist tremor. Unit 1 was a STN TC 

with a high fiequency component while unit 2 predominantly displayed hi& fiequency 

oscillatory activity. During a period of limb tremor (40-70 seconds), both cells were 

coherent at tremor fiequency and at 20 Hz. When wrist tremor was suppressed by an 

examiner holding the patient's wrist, the pair of n i t s  displayed an even stronger high 



frequency synchronization (as indicated by the value of the coherence). In contrast to 

this type of modulation, high fiequency synchronization in several pairs was observed by 

inducing or enhancing resting tremor. Figure 5.1.F3B shows the changes in coherence 

between two cells where, Following a rest period and some repetitive passive and 

voluntary movements (see accelerometer trace - Acc), resting tremor was induced by 

asking the patient to mentally count backwards. Tt can been seen that when no tremor 

was present there was no coherence between the two ceils but during ankle tremor 

(approximately 3.3 Hz) there was a strong high fiequency oscillatory synchronization. 

Due to the limited time resolution it is not possible to ascertain whether coherence 

precisely coincides with the limb tremor. However at 83 seconds, the ankle tremor was 

suppressed by having an examiner hoId the patient's &le for approximately 5 seconds 

and then releasing thereby letting tremor re-appear. At this point (preceding the high 

fiequency synchronization) the two celIs were coherent at tremor fiequency. Note also 

that these cells were not coherent during the passive am movements but did show 

coherence at 26-28 Hz during voluntary anHe rnovements. There was one other example 

in a different patient where the hi@ frequency synchronization appeared during limb 

tremor (not shown). The issue of whether high fiequency oscillatory synchronization 

occurred during activity other than tremor was not hlly explored. There were some 

neuron pairs that had ongoing high fiequency osciliatory synchronization during 

repetitive voluntary limb movements such as pointing with one hand and tapping with the 

other hand. An example is shown in Figure 5.1.F4A where the pair displayed 

synchronization of their 24-28 Hz oscillation during passive repetitive elbow movements. 

Synchronization within this fiequency range was absent during the voluntary pointing 



and tapping movements but synchronization at about 15 Hz remained or became even 

stronger. These data indicate that high fiequency synchronization between STN neurons 

is dynarnic and depends on the state of limb tremor a d o r  passive/voluntary movements. 

Phase relationships ofpairs of STNoscillatory natrons. 

Figure 5.1 .F4A also demonstrates that the pair of STN neurons with a high 

fiequency coherence had a stable phase relationship for a long period of t h e  (>3 

minutes). This is in contrast to pairs oFSTN TCs. An example of the phase variability of 

two TCs is shown in Figure 5.1E4B. These cells go fiom being in-phase at 50-60 s to 

nearly out-of-phase at 70-80 S. It is conceivable that lower coherence values were 

obtained in the tremor activity fiequency range versus the high fiequency activity range 

due to differences in phase variability behveen TC activity and high fiequency oscillatory 

activity (Le. a high coherence value is related to a stable phase relationship, see 

Methods), 

The tremor oscillations in pairs of TCs within the same patients were also 

observed to have variable phase relationships. Figure 5.1.FS shows the spatial 

distribution of oscillatory activity in a singIe patient in which two independent electrodes 

were used. During these recordings the patient had a robust 4-5 Hz resting tremor in both 

the contraiateral hand and foot. The first STN ce11 was encountered at 3.2 mm, while the 

last STN ce11 (a TC) was found at -1.0 mm. The schematic illustrates the oscillatory 

behavior of singIe units and the distances between the pairs of neuons. As indicated by 

the cross-correlograms and the conesponding coherence functions, some pairs of TCs 

were in phase (e.g. pair 0.6 x 1.1) while others were out of phase (e.g- pair0.2 x 0.0). It 



can atso be seen that the phase relationships between neighboring TCs could be out-of- 

phase even at distances as small as 200 um between neurons (e.g. cells in track 2 at 0.9 

mm and 1.1 mm versus ce11 0.6 mm in track 1). Furthemore, not al1 pairs of TCs studied 

in this patient were coherent (e.g. pair 1.3 x 1.7). Synchmnization between neurons with 

high frequenc y oscillations was, in contrast to TC activity always close to O. The mean 

phase difference between the high fiequency oscillatory pairs in the two micmelectrode 

tracks was only 8.7 degrees (Ic4.4 SE, maximum value is 31 degrees). Differences in 

coherence values between TCs and high frequency oscillatory neurons observed in Figure 

5.1 .Ç5 could also be due to differences in sampiing time. That is, over a long sampling 

time (Le. pair 1.3 x 1.7 was sarnpled for 130 seconds) Iower coherence vaiues might be 

obtained for pairs of TCs with a variable phase retationship. Close inspection of Figure 

5.1 .FS also reveals that it was possible to detect oscillatory synchrony fiom the cross 

correlograms even if there was no significant oscillation in the auto-correlogram of one 

of the pair of neurons (e.g. pair 1.6 x 1.8, and pair 0.6 x 0.9). 



Table 5.1.Tl 

Patient characteristics. *Age and years with PD at tirne of STN recording. f UPDRS 

scores calculated from pre-operative values (see Methods). $ Patients with a pallidotomy. 

Value in parentheses indicates nurnber of months after pallidotorny. 
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Figure1 5.1.Fl 

The oscillatory behavior of singIe neurons in the STN of PD patients. A-C: Examples of 

autocorrelograms (lefi column; dashed line is mean discharge rate) and fiequency spectra 

(right column; numbers above peaks are the signal to noise ratio of the peak) for three 

types of oscillatory STN neurons. A: Ce11 with only a tremor fiequency component 

(fiom patient D; see panel E). B: Ce11 with ody a hi& frequency oscillatory component 

(fiorn patient B). C: Ce11 with both oscillatory cornponents (fiom patient B). D: 

Distribution of firing rates of oscillatory and non-oscillatory STN newons (10 Hz bins, 

data nonalized by total ce11 number in each group). The mean spontaneous finng rate of 

cells with an oscillatory component (n=64) was significantly higher than the firing rate of 

cells without any oscillatory components (n=149) (pc0.05). E: Box plot of fiequencies of 

high fiequency oscillations (gray boxes, top) and of tremor fiequency oscillations (open 

boxes, bottom) of patients in "tremor" group, Arrows indicate the mean limb tremor 

fiequency during the stereotaxic procedure. Numbers above patient letter designations 

indicate total number of single STN neurons that were sampled in each patient. Numbers 

above boxes show the number of singe STN neurons in each group. in the box plot, the 

box indicates the 25", 5oth (median), and 75Ih percentiles, the error bars indicate the 10' 

and 90" percentiles, and the dots represent outliers. 
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Figure 5.1.F2 

Synchronization of STN neurons with high fiequency oscillations. A: Traces 2 and 3 

show the discharge activity of two simultaneously recorded neurons during wrist tremor 

(patient E). The top trace is the recording ofrectified wrist extensor electromyographic 

activity (EMG). Note that the two neurons tend to Cire in synchrony with each other. 8: 

Corresponding correlograms (top row) and spectra (bottom row) of the traces shown in A 

(the total sample time used to construct these plots was 29 seconds). In al1 correlograms, 

the lines indicate mean FR. in the cross-correlogram (right panel of top row) unit 1 is 

used as the trigger. The thick dashed line in the coherence fùnction indicates the level of 

significant coherence and number by the peak is the phase difference (right panel of 

bottorn row, see Methods). C: Examples of cross-correlograrns (left column, the dashed 

lines indicate mean f 2SD) and coherence functions (right colurnn) of pairs of STN 

neurons with a high fiequency oscilIatory component fiom 4 separate patients (A, D, B, F 

respectively). D: Linear regression analysis of percentage of pairs of STN neurons with a 

high fiequency cross-correlation as a function of amount of total limb tremor (üFDRS: 

s u .  of action tremor and rest tremor) measured pre-operatively. The triangles indicate 

those patients in whom TCs were aIso fond. E: Linear regression analysis of the phase 

relationship between pairs of fast oscillatory STN neurons as a fùnction of the distance 

between the microe1ectrodes @hase calculated fiom cross-correIograms). 
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Fignre 5.l.F3 

Examples of the dynamic relationship between high fiequency oscillatory 

synchronization and iimb tremor. A: Two STN neurons recorded fiom patient D. 

Bottom 2 paneIs show the power spec tms  for each neuron, scaied to the ratio of signal 

to total noise (see Methods). Top panel shows the coherence between the two neurons. 

The top trace shows the electromyographic activity (EMG) from the patient's wrkt 

flexors smoothed to give an estimate of the strength of the tremor (shown in detail at the 

top nght of the figure for the 60-64 second period). Each unit displays both frequency 

cornponents. However, the power spectnim of unit 1 shows that unit 1 has a larger 

tremor component oscillation while power spectnim of unit 2 shows that unit 2 has a 

larger high fiequency component oscillation. Note that high fkequency coherence 

between unit I and unit 2 becomes maximal when the wrist is held. B: Two STN newons 

recorded fiom patient B. Power spectrums (bottom two panels) and coherence plot 

between two STN neurons during periods of ankle tremor, voluntary and passive ankie 

movements and rest. The two cells are synchronized at 15 Hz during resting limb tremor 

of approximately 3.3 Hz. Due to the time resolution of the coherence plot, it is unclear as 

to whether this synchronization precedes or follows limb tremor. M e r  the ankle is 

released, tremor amplitude increases and the neuron pair resynchronizes at the same 

osciitation kquency. Top trace shows foot accelerometer (Acc) output. Coherence and 

auto-spectra pIots were constructed by analysing consecutive 10 second sections of non- 

overlapping data. 
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Figure 5.1.F4 

Changes in phase relationship between oscillatory STN neurom over tirne. A: Power 

spectms, coherence, and phase (at -1 7 Hz) behveen two STN neurons during a long 

sarnpling penod containing passive and voluntary movernents of elbow and am (patient 

B). Note that the phase remains constant over the 3 minute sarnpling period. Coherence 

during passive repetitive elbow movements was at around 17 Hz and 24-28 Hz. 

Coherence during voluntary pointing and tapping with the opposite hand was limited to 

approximately 17 Hz. Top trace shows hand accelerometer (Acc) output. Same legend 

as in Figure 5.1 .F3. B: Same plots as in A showing that the phase relationship between 

two STN TCs varies over time (patient D). The top left trace shows the srnoothed EMG 

from the patient's wrist extensors. Phase at -5 Hz was calculated for time periods in 

which the pair of TCs displayed significantly coherent activity at this fiequency. 
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Figure 5.1.F5 

The central box shows a reconstruction of simultaneously recorded neuron pairs tiom 2 

microelectrode tracks in a single patient (patient D). Pairs of neurons are denoted by 

their location along each track (track 1 x track 2). The rneaning of the symbol shape and 

shading are indicated at the bottom. The strength of the high frequency component is: 

none = ~ 6 ,  weak = 6-7, strong = 8-10 (see Methods). This patient had a 4-5 Hz resting 

tremor in the hand and foot during these recordings. The first column of each pair of 

columns is the cross-correlograrn and the second column is the corresponding coherence 

Cunction (resolution 1.95 Hz, dashed line indicates significance level) between each pair 

of neurons. The nurnbers at top Iefi of each pair of plots indicate the depth of the pair of 

neurons in track 1 and 2 respectiveiy. The numbers in parentheses indicate sampling 

time in seconds. The numbers beside each significant peak in the coherence fùnction 

indicate the phase difference in degrees. 
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5.1.4 - Discussion 

The existence of tremor related activity in the STN in some of the PD patients in 

this study supports previous findings by our group and others (Rodriguez et al. 1998; 

Hutchison et al. 1998a; Krack et al. 1998b). This study provides the first demonstration 

of neurons with high fiequency oscillatory activity in the STN of PD patients and 

associates the synchronization of these neurons with TC activity and limb tremor. High 

frequency oscillatory activity was better detected fiom cross-correlograms or coherence 

functions than from auto-correlograms or auto- spectra suggesting ihat hi& fiequency 

oscillatory behavior of the STN reflects population synchronization rather than individual 

neuron behavior. Our study found that the median discharge rate of cells with no 

rhythmic discharge was lower (43 Hz) than that for neurons with rhythmic discharge (53 

Hz). This is opposite to the findings of Rodriguez et al. (1998) who reported that the 

mean firing rate for TCs was 25 Hz and 49 Hz for other nemns. However, data from the 

present study are consistent wiîh findings fiom MPTP monkeys that indicate that there 

are differences in the spontaneous discharge rate of oscillatory versus non-oscillatory 

STN cells (Bergman et al. 1994). Following MPTP treatment in Afncan green monkeys, 

there was an increase in the overall spontaneous discharge of STN neurons from 19 to 26 

Hz while tremor related neurons showed a .  even more prominent Ulcrease in firing rate 

to 35 Hz. in addition, the mean firing rates of oscillatory neurons was greater than the 

firing rates of other neurons in al1 3 parkinsonian monkeys. Our observations support the 

hypothesis that the STN is hyperactive in PD patients, especially those patients with 

significant Limb tremor. 



The relationship between oscillatory neural activity and limb tremor has been 

explored in various monkey species in which limb tremor is differentially present 

foilowing MPTP treatment, In a study by Bergman et al. (1998b), neuronal oscillations 

in the GPi were synchronized and more in-phase in tremulous MPTP-treated vervet 

(AEican green) monkeys than in nontremuIous parkinsonian rhesus monkeys (Le. MPTP- 

treated rhesus monkeys display short episodes of 10-16 Hz posturaVaction tremor). 

Parkinso~an A6ican green monkeys have a 3-5 Hz limb tremor that closely resembles 

that found in patients with PD. It has also been demonstrated that the induction of Iimb 

tremor in the MPTP Afiican green monkey mode1 not only brings about low Eequency 

tremor related activity in the STN, but also hi& fiequency oscillations in the frequcncy 

range of 8 to 20 Hz (Bergman et ai. 1994). The present study supports these observations 

and further demonstrates that TCs and cells with high fiequency oscillations in the STN 

of PD patients discharge in oscillatory synchrony. One caveat to this study is that the 

precise nature of the temporal relationship between limb tremor and high fiequency 

synchronization was not ascertained. in some pairs of STN neurons in the "tremor" 

group, the appearance of Iimb trernor coincided with high fiequency synchronization 

while others displayed increases in oscillatory synchronization when limb tremor was 

suppressed (see Figure 5.l.F3). However, there was a paucity of single neurons with 

oscillatory activity and no synchronous osciiîations between pairs of STN neurons in the 

three patients that did not have significant ümb tremor (45 neuron pairs examined). For 

the group of 9 patients the proportion of high fiequency synchronized neuron pairs 

encountered during the stereotaxic mapping was correlated to the presperative UPDRS 

tremor score. Together these findings indicate that ümb tremor and TC activity are 



associated with synchronized high frequency oscillations. These results dso imply that 

in those patients with rigidity or akinesia but little tremor, oscillatory synchronization is 

not an underiying factor. That is, different neuronal activity patterns at the level of the 

STN are present in PD patients expresshg different clinical features. The present study 

also demonstrated that in each patient, not al1 STN TCs were coherent with each other 

and therefore supports the hypothesis that there are independent '?remor-generating" 

circuits in the basal ganglia (Alberts et al, 1965; Hurtado et al. 1999; Raethjen et al. 

2000). Pairs of TCs were found to be coherent and out-of-phase at distances as mal1 as 

-250 um suggesting that each "trernor-generating" circuit could occupy a relatively small 

volume of the STN. Our finding of variability in phase differences over time between 

pairs of STN TCs is also consistent with the hypothesis that parkinsonian tremor is non- 

stationary (Bergman et al. 1998b; Hurtado et al. 1999). 

The STN play a central role in basal ganglia circuitry (Alexander and Crutcher 

1990). in this study, no neuron pairs were found that displayed a single short latency 

peak in the cross-correlograrn, This indicates that oscillatory synchronization is likely 

not due to intra-nuclear interactions as a result of recurrent collaterais (Kita et al. 1983) or 

possible interneurons (Rafols and Fox 1976) although the existence of interneurons in the 

STN remains unclear (Yelnik and Percheron 1979; Van Der Kooy and Hattori 1980; 

Ryan et aI. 1992). The main difference between neural synchronization that occureci at 

the tremor fiequency compared to high fiequency synchronization was that ai1 high 

frequency oscilIatory activity was consistently in-phase and independent of the distance 

between recording sites. Pairs of neurons with high fiequency osciilatory 

synchronization displayed constant phase differences over long sampiing periods wbiIe 



pairs of TCs did not, Also, the distribution of high fiequency oscillations was tightly 

centered about a frequency that was unique to each patient. These findings imply that the 

underlying mechanisms of the two types of oscillatory synchrony are different. It is 

likely that the in-phase high frequency synchronization observed in the STN of PD 

patients is due to synchronous activity occurring in other areas. Two likely candidates 

are the GPe and the cerebral cortex, both of which send massive input to the STN 

(Carpenter et al. 1981; Canteras et al. 1990). These two areas are integral to cortico- 

striatal-GPe-STN-GPi ("indirect" pathway) and cortico-STN-GPi-thalamic circuitry, 

respectively (Alexander and Crutc her 1990). 

The STN sends excitatory output to GPe and also receives GABAergic input h m  

the GPe, and thus the GPe rnay provide feedback inhibition to the STN (Rouzaire-Dubois 

et al. 1980). It has been s hown that the GPe influences the firing rate and discharge 

pattern as weIl as the degree of correlated 6ring of adjacent STN neurons in the rat (Ryan 

et al. 1992). in a study by PIenz and Kital (1999), evidence from iri viîro rat organotypic 

brain slices of the STN and the GPe suggests that together these nuclei fom a central 

pacemaker capable of sustained synchronous in-phase and out-of-phase oscillations. 

However, synchronized oscillations between STN neurons occurred at fiequencies that 

were significantly lower (<4 Hz) than those reported in this study. Yet it was also 

demonstrated that a few GPe neurons have a considerabLe control over synchronized 

activity in the STN. It is therefore possibie that synchronization could occur in the GPe 

or the striatum. It has also been shown that tonicaiiy active neurom (TANS; cholinergie 

interneurons) in the striatum of monkeys display synchronized high Erequency oscillatory 



activity (-15 Hz) following the depletion of dopamine due to MPTP treatment (Raz et al. 

1996). 

The STN receives a substantial excitatory glutarnatergic input from the cortex 

(Rouzaire-Dubois and Scarnati 1985; Afsharpour 1985b) and it has been shown that 

neighboring STN neurons share common cortical inputs (Ryan et al. 1992). Furthemore, 

the increase in the firing rates of the STN in 6-OHDA treated rats is not solely dependent 

on GPe (Hassani et al. 1996) suggesting that direct cortico-subthaiamic connections could 

be involved in the pathology of the parkinsonian STN. The response of the STN to 

cortical stimulation can be shaped by the GPe (Ryan and Clark 1991; Mouroux et al. 

1995). The interaction between the STN and GPe is intimately related to cortical activity 

and rhythmic oscillatory activity in STN-GPe may be dnven by cortex (Magill et al. 

2000). Direct cortico-STN input can also modulate the inhibitory influence of the direct 

striato-nigral pathway on SNr neurons (Maurice et al. 1999). It is therefore possible that 

the source of the overt synchronization of high fiequency activity in the STN of PD 

patients with limb tremor is due to disturbances in cortical synchrony. The involvement 

of the cortex in parkinsonian tremor has been well documented (Parker et al. 1992). 

DafTau et aI. (1996) showed that during periods of limb tremor in PD patients, there were 

increases in the normalized regional cerebral blood flow in areas which were also 

modulated by voluntary repetitive arm movements. In patients with PD, cortical tremor 

related network oscillations have been observed using magnetoencephalography 

(Vohann et al. 1996) and electroencephalography (Alberts et ai. 1969). Disturbances 

in cortical synchronization of parkinsonian patients at fiequemies other than limb tremor 

frequencies have also been repoaed (Makela et ai. 1993; Neufeld et al. 1994; Brown and 



Marsden 1999). These disturbances are hypothesized to result fiom the inability of the 

parkinsonian basal ganglia to release cortical elements from low hequency "idling" 

rhythrns, such as aIpha (-10 Hz) and beta (15-30 Hz), and allow for synchronization in 

the gamma range (30 to 50 Hz) (Brown and Marsden 1998). 

In summary, highly synchronous in-phase oscillatory activity is present in the 

STN of PD patients with tremor predominant symptoms. Synchronized hi@ kequency 

activity in the STN is likely invotved in the pathophysiology of PD tremor and might in 

itseIf contribute to the expression of limb tremor. 



5.2 - Synchronized neuronal discharge in Che basal ganglia of parkinsonian patients 

is limited to oscillatory activity 

Absitact 

Tt has been proposed that an increase in synchronization behveen neurons in the basal 

ganglia conûibutes to the clinical features of PD. To examine this hypothesis, we Iooked 

for cotrelations in the discharge activity of 163 pairs of neurons in the GPi, GPe, and the 

SNr. Recordings were performed in PD patients undergoing functional stereotactic 

mapping for pallidotomy (8 patients) or STN DBS (4 patients). A double microelectrode 

set-up was used to simultaneously record f'rom neurons separateci by distances as small as 

250 urn. in the 5 pallidotomy patients without limb tremor during the procedure, none of 

the 73 GPi pairs and 15 GPe pairs displayed synchronous activity. In the 3 palfidotomy 

patients with limb tremor, 6/21 GPi pain and 5/29 GPe pairs displayed oscillatory 

synchronization in the fiequency range of the ongoing limb tremor (3-6 Hz) or at higher 

hquencies (1 5-30 Hz). Synchronized activity was not obsei-ved in the SNr (10 pairs) 

and pallidai border neurons were not synchnized with each other or GP neurons (15 

pairs). JPSTH analysis of pairs of GP neurons duriag a voluntary pointing task (7 pairs) 

or limb tremor (5 pairs) did not reveal synchronous spiking activity during any phase of 

these movements. These results indicate that neuronal synchronization is iimited tu 

tremor-related oscillatory activity and is not associated with the pathoIogy that gives rise 

to akinesia or rigidity in patients with PD. 



5.2.1 - Introduction 

Akinesia, limb tremor, and rigidity are the main motor symptoms of PD (Lang 

and Lozano 1998a) and have been associated with an excessive inhibition of thalamic 

motor and brainstem nuclei by the GPi, the major output nucleus of the basal ganglia 

(Miller and DeLong 1987; Albin et al, 1989a; DeLong 1990). In addition to an 

augmentation of GPi Firing rates, rnonkeys rendered parkinsonian with MPTP display an 

increase in the bursting activity of GPi, GPe, and SNr neurons (Miller and DeLong 1987; 

Filion and Tremblay 1991; Boraud et al. 1998) that may be partially explained by the 

presence of tremor-related activity (Bergman et al. 1994; Wichmann et al. 1999). As 

demonstrated in the preceding section (Chapter 5, section l), tremor-related periodic 

bursting or "oscillatory" activity is synchronized in the STN. The GPi receives 

substantial excitatory input fiom the STN (Parent and Hanati, 1995a) and also displays 

synchronized oscillatory activity that is related to limb tremor (Nini et al. 1995; Bergman 

et al. 1998b; Raz et al. 1996,2000; Hurtado et al. 1999). 

However, the hctional significance of the increase in aperiodic bursting in 

parkinsonisrn is unclea. (Wichrnann and DeLong 1996) and sirniIar to oscillatory tremor- 

related activity may be due in part to an increase in synchronization between basal 

ganglia neurons (Vitek and Giroux 2000). Therefore, it was postulated that neurons in 

the GPi, GPe, and SNr might discharge in a temporally synchronous manner and that this 

population behavior would contriiute to such non-tremulous symptoms as bradykinesia, 

akinesia or rigidity in patients with PD. To test this hypothesis, the degree of correlation 

was assessed between the discharge of pairs of neurons in these nuclei in patients with 

PD. 



5.2.2 - Metlrods 

Subjects 

Neurons were recorded during microelectrode guided placement of a unilaterai 

pallidotomy (8 patients) or biIaterd DBS electrodes in the STN (4 patients). The 

indications for pallidotomy were akinetic-rigid parkinsonian syndromes with fluctuating 

on-off periods and drug-induced dyskinesias (Lozano et ai. 1996). Similarly, the 

indications for STN DBS were bilateral limb and axial manifestations of PD, medication- 

refractory motor fluctuations and drug-induced dyskinesias (Kumar et ai. 1998b). AU 

patients were studied during the stereotaxic surgery 12-14 hours d e r  the last dose of 

anti-parkinsonian medication and al1 were typically akinetic/rigid with some patients 

displaying limb tremor (see Results). The patients had a mean age of 59 years (range 49- 

69) and the average duration of the disease was 14 years (range 7-20) at the time of 

operation. 

Recording procedure and apparatus 

Detailed descriptions of the use of microetectrode recording to localize the GPi 

are given in the General Methods (sections 2.1.1 .a and 2.1 2) and to localize the STN are 

given in the Generai Methods (sections 2.1 -1.b and 2.1.2). The simuItaneous recording of 

neuron pairs is described in the Generai Methods (section 2.1.3). In this study, the mean 

number of action potentials recorded per ceil was 6776k530 (SE) over an average 

sample time of 73k4.3 seconds (SE). M y  weU isolated single neurons recorded h m  

different electrodes were examined. 



Data analysis 

Spontaneous ongoing discharge (tonic activity) analyzed in this study was 

collected with the patient at rest and without any passive joint manipulation or voluntary 

movements, Bursting discharge was quantified using the Poisson surprise method of 

burst detection as described in the General Methods (section 2.3.1). Time domain 

analysis of single-neuron discharge activity is described in the General Methods (section 

3.3.3.a). Spectral analysis of single-neuron discharge activity is described in the Generai 

Methods (section 2.3.2.b). Time domain analysis of the discharge between two neurons 

ernployed the cross-correlation technique and is described in the General Methods 

(section 2.4.1). Spectral analysis of used the coherence technique. Coherence analysis 

was used to compare the linear corretation between two signals over a range of 

fiequencies and is described in the General Methods (section 2.4.2). 

The effects of voluntary movement on neuronal synchronization were assessed 

using JPSTH analysis which is described in the Generai Methods (section 2.4.1). For a 

voluntary task, patients perf'ormed chest to target reaching movements. Following a go 

cue indicated with a light, patients made three movements back and forth between their 

chest and a button board Iocated -50 cm in fiont of their chest. Patients were required to 

press 1 of 5 buttons (also indicated with a light) each t h e  they reached the button board. 

The maximum distance between the furthest two buttons was 20 cm and the buttons were 

oriented in a horizontal row. Multiple trials were performed. Pairs of neurons were 

anaiyzed only ifboth neurons were moduiated by voluntary movement. Synchronization 

between neuron pairs with tremor-related oscillations was also assessed using JPSTH 



analysis by triggering off each cycle of the limb tremor (as detected with an 

accelerorneter). 

5.2.3 - Results 

There were 163 pairs of neurons recorded, Figure S.2.F 1 displays digitized 

parasagittal plates (Schaltenbrand and Wahren 1977) of the GP (top two rows of panels) 

and the SNr (bottom row of panels) to show the location of the microelectrode 

trajectories and to provide information about the neuronal activity and the locations of the 

simultaneously recorded neuron pairs in each patient. There were 318 pallidotomy 

patients and 314 STN DBS patients with limb tremor at the time ofthe recordings and 

oscillatory neuronal activity was lirnited to these patients. Examples of spike trains from 

3 GPi neurons with oscillatory bursting discharge, aperiodic bursting discharge, and non- 

bursting discharge are shown in Figure 5.2.FZA. Al1 three spike train segments (top, 

middle, and bottom) had simiIar firing rates (130, 11 1, and 124 spikels) but differed in 

the percentage of spikes in bursts (25,17, and O %). Tt can be observed that the bursts of 

spikes are penodic (-4 Hz) in the osciIIatory bursting discharge example. The mean 

firing rate and percentage of spikes in bursts of single neurons in each nucleus is given in 

Figure 5.2.F2B. These mean finng rates of neurons in these nuclei were similar to those 

reported in other patient groups (Hutchison et aI. 1994% 1998a), The percentage of 

spikes in bursts in the GPi was also similar to that reported in another patient group 

anaiyzed in Chapter 3 (section 2) and was significantIy lower than the percentage of 

spikes in bursts found in the GPe. 



in the S non-tremulous patients, single GP neurons did not display oscillatory 

activity and ail of the cross-correlograms in the GPe (15 pairs) and GPi (73 pairs) were 

flat. An example of cross-correlograms from 20 pairs of GPi neurons recorded h m  a 

single non-trernulous patient is displayed in Figure 5.2.F2C (this is the patient whose 

efectrode tracks are shown in the top nght panel of Figure 5.2.Fl). The percentage of 

spikes in bursts of single GPi neurons in these pairs was 12.3% (k1.4 SE), similar to that 

found in the GPi of ail pallidotomy patients. There were 15 pairs of neurons in which 

one or both neurons of the pair was a pallidal border ce11 (BOR, neurons located at the 

periphery of the pallidaI segments (DeLong 197 1)) and no synchronized activity was 

observed irrespective of whether the patient had limb tremor or not (7 BOR-GPi pairs, 6 

BOR-GPe pairs, and 2 BOR-BOR pairs were studied). Synchronized activity was also 

not observed in the SNr (10 pairs). In the 3/4 patients who had Iirnb tremor at the time of 

the SNr recordings (see Figure 5.2.F1), STN celIs displayed synchronized oscillations at 

tremor frequency or 15-30 Hz. 

Ln those palIidotomy patients (3 patients) with limb tremor during the 

microelectrode recordings, a majority of the cross-correlograms in the GPe (23/29 pairs) 

and GPi (15f21 pairs) were also flat. There were 12/41 GPi and 2/47 GPe single neurons 

(that were sampIed h m  pairs) that displayed oscilIations in the tremor fiequency range 

(3-7 Hz). An example of a single GPi neuron that showed a strong coherence with 

resting tremor of the hand (as measured with an accelerometer) is shown in Figure 

5.2.F3A. Coherence between the GPi neuron firing and the limb movement was Iimited 

to the period of time with ümb tremor. Al1 non-flat cross-correlograms between GP 

neuron pairs in tremuIous patients were oscillatory (with the exception of one pair, see 



below). Coherence analysis revealed that 516 pairs of GPi TCs displayed significant 

tremor-related synchronization. Neurons in each of these pairs were located 250-1000p 

from one another. Two examples of trernor-related coherence are displayed in Figure 

5.213B (these are from the patient whose eiectrode tracks are shown in the top lefi panel 

of Figure 5.2.Fl). Variable phase relationships (Le. 0-180") were observed between 

neurons with tremor fiequency syncbronization. 

in one of the 3 tremulous pallidotomy patients, 1 pair of GPi neurons and 5 pairs 

of GPe neurons also displayed coherent hi&-fiequency oscillatory activity. The mean 

fiequency of the oscillatory synchronization was 20.6 Hz (range 19-22) with a mean 

absolute phase di fference of 16.0" (range 3-35). Examples of high-Çequency coherence 

in a pair of GPe and GPi neurons are shown in Figure 5.2S3C. in the same patient, 1 

pair of GPe neurons displayed an asymrnetnc trou@ in the cross-correlogram that was 

centred at -2 ms, likely indicating a direct hhibitory connection from one neuron to the 

other (see Figure 5.2.F3D) (Perkel et a[. 1967). 

The effect of voluntary movement on simultaneous neuronal activity was assessed 

in 6 pairs of GPi and 1 pair of GPe neurons. Although al1 single neurons studied were 

modulated by the task, no coincident discharge ac tivity between neurons was observed 

during any tirne period of the task (as ascertained by JPSTH analysis). Figure 5.2.F4A 

and 5.2.F4B shows an example of peri-stimulus tirne histograms and a JPSTH plot, 

respectively, for a pair of GPi neurons during the voluntary pointing task. Both neurons 

were modulated in a similar manner by the task (i.e. inhiiition during am extension to 

the button press). In the JPSTH plot displayed in Figure 5.2143, activity related solely 

to the stimulus (JPSTH aligned to the button presses) appears as horizonta1 and vertical 



bands while coincident spiking activity between the neuron pair, whicb would be 

observed as a diagonal band, is not observed. Similarly, JPSTH analysis of the 5 pairs of 

GPi neurons with tremor-related coherence did not reveai direct or indirect synchronized 

activity. Figure 5.2.F4C shows two GPi TCs (same pair as ceU 1 x ceU 2 in Figure 

5.2.F3B). It c m  be observed that the out-of-phase oscillatory synchronization of these 

two TCs is not due to an inhiiitory interconnection between the two neurons since there 

are no diagonal bands. For cornparison, Figure 5.214D shows the appearance of indirect 

and direct synchronization in a JPSTH plot of two thalamic neurons in a tremulous 

parkinsonian patient- There is a narrow diagonal band of increased point density located 

on the principal diagonal (the diagonal passing through the origin) that is indicative of a 

c o m o n  excitatory input to both cells. Another diagonal band of decreased point density 

can be observed offset Çom the principal diagonal and indicates a direct inhibitory 

connection between the pair of neurons (Le. neuron 2 synaptically inhibits neuron 1). 



Figure 5.2.Fl 

Sagittal sections based on the Schaitenbrand and Wahren stereotactic atlas (standardized 

to the patients anterior-posterior commissural distance) displaying the microelectrode 

trajectories (dashed lines) and neuronal activity in the 12 patients (definitions of the 

symbols used are at the bottom of the figure). The distance fiom the midline is given in 

the upper nght hand corner of each panel. The horizontal distance separating neurons in 

pairs recorded in the same trajectory has been s lightly expanded for clarity (actually < 

600 Fm, see Methods). GPi = globus pailidus internus; GPe = globus pailidus extemus; 

IC = intemal capsule; OT = optic tract; STN = subthalamic nucleus; SNr = substantia 

nigra pars reticulata; H2 = Fields oFFore1. Simultaneously recordecl pairs of neurons are 

joined by lines. OT and IC responses were obtained using microstimulation. 
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Figure 5.2.F2 

Patterns of neuronal discharge and an example of cross-correlograms in a non-tremulous 

patient, A: Examples of spike trains from 3 GPi neurons showing osciilatory bursting 

discharge, apenodic bursting discharge, and non-bursting discharge (each action potential 

is represented by a vertical line). B: Mean firing rate and percentage of spikes in bursts 

(*p<O.OS, ANOVA on Ranks). BOR = palIidal border cell. C: Example of cross- 

correlograms from 20 GPi pairs recorded in a non-tremulous patient (al1 correlograms 

were construct using 5 ms bins, normalized to baseline firing rate and scaled to the 99% 

CQ- 
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Figure 5.2.F3 

Synchronized activity between pairs of neurons in tremulous patients. A: Example of 

coherence between contralateral hand tremor (measured with an accelerometer, Acc) and 

GPi cefl activity. The left panel shows the coherence during 30 s with no tremor and the 

ight panel shows the coherence during a subsequent 30 s with l h b  tremor (0.98 Hz 

resohtion, nurnber beside peak is the phase difference in degrees, dashed horizontal line 

is pCO.0 1). B: Example of power spectra (insets) and coherence of 2 pairs of GPi TCs 

fiom a single patient (0.49 Hz resolution, calculated using 30 s of data for each pair, 

nurnber beside peak is the phase difference in degrees, dashed horizontal line is p<0.01 

for coherence). These plots demonstrate tremor-related synchronization and phase 

variability in the GPi of a tremulous patient. Neurons in each pair were separated by 250 

prn and pairs were located - 2 0 0 ~  from one another. C: Examples of coherence plots 

showing high-frequency osciIIatory synchronization in the GPe (Ieft) and GPi (right) of a 

tremulous palIidotomy patient (calculated fiom 30 s of data, 0.98 Hz resolution, number 

beside peak is the phase difference in degrees, dashed horizontal line is pc0.01). D: A 

non-flat cross-correlogram in a tremulous pallidotomy patient that is indicative of an 

inhibitory connection between a pair of GPe neurons (0.5 ms bins, 7020x9252 events, 

horizontal lines indicate the 99% CI about the mean). 
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Figure 5.2.F4 

The effects of voluntary movement and tremor activity on synchronization. A: The top 

trace is the voltage trace for the average button press. Twelve button presses were 

performed and al1 data was aligned to the beginning of the button press. The two peri- 

stimulus tirne histogram plots below demonstrated that both neurons were modulated by 

the task. B: The JPSTH plot of the pair of GPi neurons that are displayed in part A. The 

absence of diagonal bands indicates that the similar behavior of both these neurons is not 

due to coincident or synchronous spiking activity. C: A PSTH of two GPi TCs 

(triggered off hand tremor, 10 s of tremor). Tremor-retated oscillations appear as 

horizontal and vertical bands. No diagonal bands are present. D: A JPSTH plot 

(triggered off hand tremor, 30 s of tremor) of two ventral thalamic cells showing 

characteristic diagonal patterns of excitatory common input and neuron to neuron 

inhibition. Neuron 1 is a TC (note horizontal bands of increased point density). 

Compare with JPSTH plots in 5.2.F43 and 5.2.F4C. 
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5.2.4 - Discussion 

The loss of segregation hypothesis predicts that dopamine depletion in PD results 

in a breakdown of the independent activity in sub-circuits of the basal ganglia (Filion et 

al. 1994; Nini et al. 1995; Bergman et al. 1998a; Vitek and Girou 2000). This study and 

the data concerning the STN h m  the preceding section (Chapter 5, section 1) 

demonstrate that in parkinsonian patients, discharge synchronization between pairs of 

neurons in the GPi, GPe, and STN is limited to oscilIatory activity in patients with limb 

tremor and is indicative of cornmon rhythmic drive to neuron pairs rather than to direct 

interaction between pairs of neurons in the basal gangtia. in al1 non-tremulous patients 

examined, synchronization was not obse~ed  and does not account for such clinical 

features as bradykinesia, akinesia, or rigidity. These results aiso indicate that the increase 

in the aperiodic bursting activity in the GPi, GPe, S R ,  and STN in parkinsonism (Miller 

and DeLong 1987; Filion and Trembtay 1991; Bergman et al. 1994; Boraud et ai. 1998; 

Wichmann et al. 1999) is not due to an increase in the synchronization of ?airs of basal 

ganglia neurons. These conclusions are consistent with the findings of studies in 

monkeys that examined the simultaneous activity of pairs of GPi, GPe, STN, and striata1 

tonically active neurons and failed to find an increase in aperiodic synchronization 

following MPTP-induced parkinsonism (Bergman et ai. 1994; Nini et al, 1995; Raz et ai. 

1996,2000,2002). 

In only 1/44 pain of GPe neurons was there evidence of a direct functional 

connection (inhibitory synaptic co~ection,  see Figure 5.2J3D). This observation is 

consistent with a recent study by Raz et al. (2000) in intact monkeys in which -1% of the 

cross-correlograms of GPe neurons displayed a significant trough. it has been observeci 



that (GABAergic) GPe neurons emit short, intranuclew axon colIateraIs (Oertel et al. 

1984; Smith et al. 1987; Sato et al. 2000) and could account for the obsewed inhibition in 

the cross-corrdogram. 

SNr neurons with osciIlatory activity were not encountered in this study even 

though 314 patients displayed h b  tremor and tremor-related oscillatiom were observed 

in the STN. This is consistent with the observation in MPTP-treated rnonkeys that 

tremor-related activity is not as prominent in the SNr as it is in the GPi or STN 

(Wichmann et al. 1999). In our experience in patients with PD, the proportion of TCs in 

the Sm and GPi in tremulous patients is approximately qua1 (-20%) (see Chapter 3, 

sections 2 and 3), while the proportion of TCs in the SNr is considerably Iess (only -2%) 

(sarne patient group as STN patients, unpublished observations). However, it is possible 

that differences in sampling (Le. motor-related neurons in GPi versus non-motor related 

neurons in SNr) in parkinsonian patients might account for the lack of tremor-reIated 

oscillatory activity in SNr. The SNr neurons sarnpled in this study may not have been in 

the motor area of the SNr because this region is believed to be in the more intermediate 

and laterd portion of the nucleus (DeLong et al. 1983; Schultz 1986b; Hutchison et al. 

1998a). It has ais0 been suggested that the GPI contains a greater proportion of neurons 

with motor-related activity than the SNr and so the changes in discharge activity due to 

parkinsonism may be greater in the GPi than the SNr (Wichmann et al. 1999). 

It is feasible that overt neuronai synchronization in parkinsonism is displayed 

during active or passive movements. It has been shown that d e r  MPTP-treatment in 

monkeys, there is an increase in the number of GPi neurons responding to passive 

movement and neurons tend to display exaggerated responses and multi-hb receptive 



fields (Filion et aI. 1988; Boraud et al. 2000a), suggesting that dopaminergic mechanisms 

regulate gain and sensitivity in the basal ganglia. This idea is supported by evidence 

fiom parkinsonian patients in whom following the administration of APO, a smdler 

proportion of GPi and STN neurons respond to passive movernents and with a greater 

selectivity to movements about individual joints (see Chapter 3, sections 2 and 3). In 

intact rhesus monkeys performing voluntary movements, less than 2% of cross- 

correlations of GPi neuron pairs display weakly significant cross-correlogram peaks 

during a spatial delayed release paradigm and these correlations are not found in any 

specific behavioural epoch (Nini et al. 1995). In the present study, by examining JPSTH 

plots for a voluntary task in which both neurons were modulated, it was demonstrated 

that there was no synchronization between the two neurons during the task. That is, no 

diagonal bands (parallel to the principal diagonal) were observed that would indicate 

shared input or direct synaptic interaction in some period during the movement (Gerstein 

and Perkel 1972). However, caution should be taken with this finding since the activity 

of relatively few pairs of pallidal neurons was examined (7 pairs), and it is possible that 

only a mal1 population of pailidal neurons have synchronized activity during some phase 

of this task. Equivalently, it is possible that a different task might produce different 

results. Mushiake and Strick (1995) showed that GP neurons in normal monkeys encode 

the detailed spatio-temporal characteristics of a sequential movement since erisembIes of 

GP neurons show phase-specific responses. It was suggested that these responses were 

acquued as part of the process of learning movement sequences and it was improbable 

that naive, untrained animais (or patients in this case), have a substantial number of 

paliidal neurons with phase-specific responses. Therefore, it might be more appropriate 



to examine neuronal synchronization in more complex tasks or tasks involving a learned 

component. 

The main limitation of this study is the possibility that cross-correlation between 

pairs of neurons cannot detect weak neuronal synchronization that rnight involve a larger 

population of neurons. For exarnple, Brown et al. (2001) demonstrated that 15-30 Hz 

synchronization between the GPi and STN could be detected in parkinsonian patients by 

recording local field potentials in these nuclei. Another drawback of cross-correlation 

analysis is that it is less sensitive for inhibitory than it is for excitatory fùnctional 

comectivity (of comparable strength) and therefore it is possible that some neuron to 

neuron inhibition would have failed to be detected using this technique (Aertsen and 

Gerstein 1985). 

An obvious difference between studies cornparhg synchronization in MPTP- 

treated monkeys and patients with PD is that patients undergo chronic levodopa therapy 

over a nurnber years and develop dmg-induced dyskinesias (excessive abnorrnal 

involuntary movements) while parkinsonian monkeys are not treated with doparninergic 

medication. It has been proposed that parkinsonian hg-induced dyskinesias and othec 

involuntary hyperkinetic disorders such as dystonia and hemiballismus may result fiom 

increased synchronization in the GPi (Vitek and Gïroux 2000). This is an attractive 

hypothesis because if tremor, dyskinesias, and co-contractions in dystonia are due to 

synchronization in the basai ganglia, theu it is feasible that invasive surgical therapies 

such as lesions that act to reduce these involuntary movements (Lozano et ai. 1997,1998; 

Vitek et al. 1999) might do so by desynchronizing pathoIogicai neuronal activity in the 

basal ganglia-thalamo-cortical network (Bergman et al. 1998a; Deuschl et al. 2000). The 



results of this study do not exclude this possibility and this idea should be explored in 

greater detail in MPTP-treated monkeys with drug-induced dyskinesias (Papa et al. 

L999). 

Our results of GPi TC synchronization are consistent with a previous report in a 

single tremulous parkinsonian patient and in studies in MPTP-treated monkeys with 

resting tremor andor posturaVaction tremor (vervet versus rhesus monkeys) (Nini et ai. 

1995; Bergman et al. 1998b; Hurtado et aI. 1999; Raz et al. 2000). The use of JPSTH 

analysis in this study revealed that tremor-related synchronization of GPi TCs is not due 

to conunon single afférent inputs or direct synaptic mechanisms between TCs. This 

study also described the novel finding of in-phase 15-30 Hz ("high-fiequency") neuronal 

oscillatory synchronization in the pallidum of a patient with tremor and supports 

microelectrode findings in MPTP-treated vervet monkeys (Bergman et al. 1998b) and 

field potentiaI analysis in parkinsonian patients (Brown et al. 2001). Ourobservations in 

the GPe are consistent with the demonstration in tremulous MPTP-treated monkeys that 

pairs of GPe cells exhiïit high-îrequency oscillatory synchronization with phase 

differences that are centered around O degrees (Raz et al. 2000) similar to the hdings in 

the STN of tremulous parkinsonian patients that were reported in the preceding section 

(Chapter 5, section 1). It is likely that pallidal high-fiequency oscillations are secondary 

to high-fiequency oscillations transmitted via the cortico-STN pathway (Marsden et ai. 

2001). These observations suggest that the GPe-STN network (Plenz and Kital 1999; 

Magill et al. 2000) rnight be involved in rnaintaining h-phase high-fiequency oscillatory 

synchronization in patients with limb tremor, 



5.3 - Dependence of subthalamic nucleus oscillations on movement and dopamine in 

Parkinson's disease 

Abstracî 

Pairs of neurons and local field potentials in the STN of patients with PD show 

synchronized high-fkquency oscillations (HIOS) at 15-30 Hz. This study explores how 

these synchronized HFOs are modulated by voIuntai-y movements and by dopaminergic 

medication. We examined 15 patients undergoing implantation of bilateral deep brain 

stimulating electrodes using microeIectrode recordings of pairs of STN neurons (8 

patients) and macroelectrode recordings of local field potentials fiom the STN (14 

patients). Synchronized HFOs between STN neurons were observed in 28/37 pairs in 5 

patients who had tremor in the operating room and 0145 pairs in 3 patients who did not. 

Active movement suppressed synchronized HFOs in 315 pairs of neurons, independent of 

changes in firing rate. HFOs observed in the fiequency spectra of local field potentiais in 

9/14 patients were reduced with voluntary movement in 618 patients tested. 

Dopaminergic medication decreased the incidence of synchronized HFOs in STN neuron 

pairs, reduced HF0 synchrony in a pair of TCs concunent with a reduction in firing rate 

and limb tremor, and decreased HFOs of local field potentials in the STN. These resdts 

demonstrate that HF0 synchronization in the STN is reduced by voluntary movements 

and by exogenous dopaminergic medication. A mechanîsm for neuronal oscillatory 

synchronization in basal ganglia is proposed. It is suggested that the £king of STN 

neurons c m  be synchronized by 15-30 Hz corticd ''idling rhythm'' activity particdady 

when dopamine deficiency results in a higher background firing rate of STN neurons, and 

that this synchronization contriiutes to parkinsonian pathophysiology. 



5.3.1 - Introducîion 

Several lines of evidence indicate that the STN is involved in the pathogenesis of 

PD. Degeneration of the SNc and subsequent depletion of striatal dopamine and 

extrastriata1 dopamine in MPTP-treated monkeys leads to the emergence of STN neurons 

with increased spontaneous activity and periodic bursting or "oscillatory" activity such as 

TCs (Bergman et al. 1994). Lesions or DBS of the STN dramatically reduce the 

symptoms of parkinsonism in MPTP-treated monkeys (Bergman et al. 1990; Benazzouz 

et al. 1993; Wichmann et ai. 1994b; Guridi et al. 1996) and in patients with PD 

(Limousin et al. 1995b; Obeso et al. 1997a; Gill and Heywood 1997; Krack et al. 1998; 

Rodriguez et al. 1998; Kumar et al. 1998b). 

Synchronous neuronal discharge oscillations in the cortex play an important role 

in normal motor processing and are associated with such functions as binding of neuronal 

activity in disparate motor areas, recruitment of motor-unit discharge, reduction of 

computational effort or processing load, and modimng motor States (Conway et al. 

1995; Salenius et al. 1997; Baker et al. 1997,I999; Volkmann 1998; Donoghue et ai. 

1998; Kilner et al. 2000). The STN receives a substantial excitatory glutamatergic input 

from the cortex (Rouzaire-Dubois and Scarnati 1985; Afsharpour 1985b) and motor- 

related cortical areas can modulate the activity of subthaiamic efferent targets via the 

cortico-subthalamic pathway (Nambu et al. 2000). Furthermore, synchronous oscillatory 

activity in the STN-GPe network is intimately related to rhythmic cortical activity 

(MagilI et al. 2000). Since the STN receives direct excitatory input from the primary 

motor cortex and the supplementary motor area (Nambu et al. 2000), it is Iikely that 



voluntary movements which modulate oscillatory phenornena in the cortex (Crone et al. 

1998; Pfurtscheller and Lopes da Silva 1999) might influence osciilatory synchronization 

in the STN. 

It has been suggested that the STN might play a role in synchronizing oscillatory 

activity in the GPe (Plenz and Kital 1999) and the GPi (Wichmann et al. 1994b) and that 

an increase in 3-8 Hz oscillatory synchronization underlies the development of 

parkinsonian limb tremor (Nini et ai. 1995; Bergman et al. 1998b; Hurtado et al. 1999; 

Raz et al. 2000). Recent reports have demonstrated that STN shows synchronized 

oscillatory activity at 15-30 Hz (Levy et al. 2000; Marsden et al. 2000; Brown et al. 

2001). These synchronized "high-fiequency" oscillations are closely associated with 

tremor-related neuronal activity in the basal ganglia of tremuious parkinsonian patients 

and MPTP-treated monkeys (Bergman et al. 1994; Levy et al. 2000; Raz et al. 2000). 

Dopaminergic medication has also been shown to moddate oscillatory activity in the 

STN and thus may play a role in the pathology of akinesia and rigidity, in addition to 

limb tremor, by affecting oscillatory synchronization in the basai ganglia (Allers et al. 

2000; Levy et al. 2001; Marsden et al. 2001; Brown et ai. 200L). 

in the present study we used simultaneous microelectrode recordings of pairs of 

STN neurons and macroelectrode recordings of local field potentials in the STN to 

demonstrate that synchronous 15-30 Hz or "high-fiequency" osciiiations in the STN 

(Levy et al. 2000) are reduced by voluntary activity and dopaminergic medication. It is 

proposed that synchronous high-fiequency oscillations in the STN are the result of 

rhythmic cortical input to the STN that is present when patients are at rest but not during 



active rnovement and that this mechankm promotes synchronous oscillations in the basal 

ganglia-thalamo-cortical loop in the dopamine deficient state. 

Patient groicp 

Fifteen patients with PD participated in this study. The group consisted of 4 

females and 11 rnafes and at the time of operation had a rnean age of 55 years (range 34- 

67). The average duration of the disease was 12 years (range 7-19). There were 5 who 

had a prior pallidotomy and 1 who had a prior thalarnotomy, The mean tirne since these 

previous procedures was 44 months (range 24-74). Ail patients gave fiee and Uiformed 

consent and procedures conformed to guidelines set down by Canadian Institute of Health 

Research poiicy on Ethical Conduct for Research Involving Humans. 

Mkroelectrode and macroelectrode recording procedures 

Ai1 15 patients underwent rnicroelectrode guided placement of bilateral DBS 

ekctrodes in the STN for the treatrnent of their parkinsonian symptorns. The localization 

procedure of the STN using microelectrode recording is described in the General 

Methods (sections 2.1 .l .b and 2.1.2). There were 8 patients in whom pairs of STN 

neurons were recorded during the stereotaxic procedure using a dual microelectrode 

assembly. Recordings were performed in the "OFF" dnig state (Le. following a 12 hour 

hotiday fiom parkinsonian medications). In one of these patients APO was administered 

at a dose determined during pre-operative assessment to provide signiiïcant motor bene& 



and relief of ü m b  tremor (see Chapter 3). Microelectrode recordhg procedures for 

neuron pairs have been described in the General Methods (section 2.1.3). 

Bipolar "macroelectrode" recordings of field potentials in the STN were 

performed in 13 patients through adjacent contacts of the DBS leads between two and 

seven days after implantation. Macroelectrode recordings procedures of field potentids 

are described in the General Methods (section 2.1.4). In one other patient, simuItaneous 

macroelectrode recording of field potential activity and microelectrode recording of 

singIe neuron activity was also perfomed during stereotactic mapping. This was 

accomplished by recording single neurons with a microelectrode (described in General 

Methods (section 2.1.3.a)) that was inserted in parallel with a rnacroelectrode cannula 

(described in General Methods (section 2.1.3.b)) at a center to center distance of 600 p. 

Monopolar recording was perfomed through the exposed tip of the rnacroelectrode. 

Therefore, the total number of patients in whom rnacroelectrode recording of field 

potentials in the STN was obtained was 14. 

Tusk conditions 

Neuronal recordings during microelectrode surgery were performed with the 

patients at rest. Movement-related modulation of synchronous neuronal oscillations was 

examined by having four patients perform voluntary chest to target reaching movements. 

Following a go cue indicated with a light, patients made three movements back and forth 

between theù chest and a button board located -50 cm in fiont of their chest. Patients 

kept their hand at their chest untill of 5 buttons was Iit, then reached out and pressed the 

button indicated and brought their hand back to their chest. There was a 2 second delay 



between buttons being lit. The maximum distance between the furthest two buttons was 

20 cm and the buttons were oriented in a horizontal row. Multiple haIs were performed. 

During the week following DBS insertion, macroelectrode recordings of field 

potentials were performed in al1 patients during the rest condition. Patients participated 

in as many trials of each voluntary activity as they wished, but tests were teminated if 

the patient became tired. Therefore not al1 tasks were tested Ui al1 patients. The Iength of 

each trial was 60 seconds. Patients performed maintained isometric contractions of the 

wcist extensors or self-paced hand tapping movements contralateral to the side of the 

macroelectrode recordings. Tasks were always altemated with trials in which 

macroelectrode activity was recorded with the patients at rest. In most cases spontaneous 

Iimb tremor was absent due to the acute subthalamotomy effects of the DBS eIectrode in 

the week following the stereotaxic procedure. 

Data analysis 

The analysis of the signals fiom the rnacroelectrode recordings is described in the 

General Methods (section 2.5). Spectral analysis of single-neuron discharge activity is 

described in the General Methods (section 2.3.2.b). Coherence analysis was used to 

compare the linear correlation between two signais over a range of fiequencies and is 

described in the General Methods (section 2.4.2). Analysis of the task-dependent 

modulation of oscillatory neuronal discharge involved segmenthg the discharge density 

wavefom into 1.024 second non-overlapping windows. These windows had a fixed 

temporal relationship to the begiming of the voluntary movement as indicated with an 

accelerometer piaced on the dorsum of the index h g e r  or wrist extensor 



electromyography (EMG). Application of a 1024 point fast Fourier transform then gave 

a fiequency resolution of 0.98 Hz. Spectral estirnates and coherence plots were denved 

fiom windows sharing the same relative time delay to the start of movement, 

5.3.3 - Results 

Natron pair and field potential "high-fiequency " oscillations (1 5-30 Hz) recorded 

dttring rest 

Synchronized 15-30 Hz oscillatory activity was obsewed in 28/82 pairs of 

neurons that were sarnpled in 8 patients, Al1 28 pairs were found in those patients with 

limb tremor in the operating room. Synchronized 15-30 Hz activity was present during 

tirne periods with limb tremor but also during some periods without any noticeable h b  

tremor. There was no effect of previous pallidotomy on synchronized activity in the 

STN. An example of intra-operative simultaneous microelectrode recordings of hvo STN 

TCs with high-fiequency oscilIations is s h o w  in Figure 5.3.FlA. The correspondhg 

fiequency spectra of the neuronal firing and the coherence between these two signais are 

displayed beIow the two traces. Coherence between the oscillatory discharge of the two 

neurons is significant only for the hi@-frequency components @<0.01). 

Locai field potential recordings were obtained fiom 14 patients. An example of a 

bipolar field potential recording between adjacent contacts of the DBS electrode is shown 

in Figure 5.3.FlB. In this example there was significant high-fiequency activity centered 

at -18 Hz (p<0.01). Field potentiai recordmgs revealed three characteristic spectra îhat 

are displayed in Figure 5.3.F2. Data fiom multiple trials are shown in the representative 

examples. Three patients had broad bandwidth osciliations in the macroelectrode 



recordings centered between -20-35 Hz (Figure S.3.F2A). There were 11 patients who 

dispIayed significant low-fiequency oscillations (lower than -12Hz) (Figures 5.3.F2B 

and 5.3.F2C) and 6 of these patients aIso displayed a significant high-fiequency 

component (Figure 5.3E2C). The spectral profiles were aiways similar on both sides in 8 

patients in whom bilateral recordings were performed. There were no obvious 

differences in the fiequency spectra due to previous pallidai lesions when recordings 

fkom lesioned and non-lesioned sides were compared. The graphs at the bottom of Figure 

5.3.F2 show that only the signal-to-noise ratio of the high-fiequency oscillations were 

greatest at one pair of DBS contacts @<0.01). 

To examine the relationship between high-frequency oscillatory discharge 

recorded fiom single neurons and high-fiequency oscillations in the field potentials, 

simultaneous microelectrode and macroelectrode recordings were performed in one 

patient (patient N). The tip of the microelectrode was located -350 pm h m  the surface 

of the macroeiectrode. As shown in Figure 5.3.F1C, the STN neuron recorded with ths 

microelectrode had oscillations at tremor kequency (-5 Hz) and at 20 Hz (left plot). This 

patient was at rest but during the period of these recordings was experiencing bilateral 

Iimb tremor. The macroelectrode recording of the field potential had a high-kequency 

peak centered at -20 Hz (middle plot). There was a sûiking coherence at -20 Hz 

between the neuron and the macroelectrode recording and both these oscillatory signals 

were in-phase throughout the recording period (right plot). 

Cornparisons of intra-operative microelectrode data and intra/post-operative fieId 

potential activity (recorded with the patients at rest) were made in 7 patients and are 

s h o m  in Table 5.3.Tl. In the patients in whompairs of singIe neurons showed a 



significant hi&-fiequency coherence (M, A, K, N), the signal-to-noise ratio of the liigh- 

frequency peak recorded with the macroelectrode was greater than in those patients who 

did not display hi&-frequency coherence between pairs of neurons (patients J, G, B). 

High-fiequency neuron pair synchronization was consistently in-phase (maximum 

absolute phase difference was 30") and occurred at fiequencies that were similar to those 

from the macroelectrode recordings in patients A, K, and N. In patient M, the neuron 

pair oscillatory synchronization kequency was half of the frequency of that recorded 

from the macroelectrode recording, 

Volrtntary movement suppresses narron pair andfield porential high-fequency 

oscillations 

SimuItaneous microe!ectrode recordings were made from 5 pairs of STN neurons 

that displayed a modulation of their firing rates with voluntary movements in addition to 

displaying synchronized high-fkequency oscillations. For 3 pairs, the synchronized high- 

frequency oscillatory activity between the pair of neurons was reduced during the period 

of voluntary movements. Two examples fiom separate patients are shown in Figure 

5.3.F3 (right column vs. lefi column). Both of these patients petfonned chest to target 

reaching movernents (see Methods). In Figures 5.3.F3A and 5.3.F3C, it c m  be observed 

that the spontaneous firing rate was decreased in three neurons and increased in the fourth 

(*p<0.05). Correspondhg power spectra plots are displayed at the top and middle of 

Figures 5.3 .F3B and 5.3 .F3D and coherence plots are displayed at the bottom. High- 

frequency oscillations in al1 four neurons were reduced during the movement and high- 

kequency coherence between neuron pairs was oniy significant before and after the task. 



The effects of voluntary movement on fieid potential oscillations were examineci 

in 7 patients. Figure 5.312 displays examples of movement-related suppression of high- 

frequency field potential activity- Data from multiple triais of each task are shown for 

these patients. Tt was consistently observed that high-eequency peaks were largest 

during the rest condition in al1 patients. in only those patients displaying both low and 

high-Eequency oscillations (see Figure 5.3.F2C), sustained isometnc contractions 

(patients M, E) or tapping (L, J, K) decreased high-frequency activity (five patients 

tested). Voluntq rnovement did not modulate the field potential spectra of those 

patients with oniy high-fiequency oscillations (two patients tested, see Figure 5.3.F2A). 

In those patients displaying onIy low bequency oscillations, there was no noticeable 

effect oivoluntary movement on fiequencies below 12 Hz with one exception, in patient 

G, isometric contraction of the wrist extensors suppressed a discrete peak at 10 Hz (not 

shown). Although two of the patients with ody low-hquency field poteutid osciflations 

(patients G, H) did not display statistically significant high-fiequency activity, mal1 

high-fiequency peaks can be observed and sustained contraction of the wrist extensor 

musdes did cause a clear and reproduciùle reduction of high-hquency activity (see 

Figure 5.3.F3B, alternate triais ofrest versus contraction for patient H). 

Reduction of nairon pair andfield pocential high-fiequency oscillations with 

dopaminergic medication 

The effects of dopaminergic medication were examined on neuron pairs in one 

patient and on field potential activity in another. Single neuron discharge osdations 

were examined by administering APO to a patient while pperforming sbultaneous 



microelectrode recordings of neurons with synchronized hi&-frequency oscillations. 

The changes in firing rate and oscillatory activity of a pair of STN TCs with high- 

fiequency oscillations following a subcutaneous injection of 6.5 mg of APO are 

displayed in detail in Figure 5.334. in-phase coherent oscillations between the two 

neurons at their high-Fiequency components occurred throughout the OFF period (bottom 

two plots of Figure 5.3.F4B, pc0.01). in contrat, several penods without any coherence 

in the tremor fiequency range were observed during this tirne (Le. before -500 seconds). 

Following N O  administration, there was a decrease in the firing rates of both neurons 

concurrent with a loss of limb tremor and the patient reported that he felt the effects of 

medication (Figure 5.3.F4A). It can be observed that a decrease in high-fÎequency 

oscillations and a loss of synchronization precede the effect of APO on firing rates and 

was maintained during the period of recording when the patient was "ON". High- 

frequency synchronization was not present during the ON period. Figure 5.3.F5 shows 

coherence plots of other neuron pairs in this patient recorded before and after APO 

administration. Before the administration of M O  (non-medicated or "OFF" state), three 

pairs of TCs displayed high-fiequency synchronization (Figure 5315A). In 4 pairs of 

neurons recorded 15-29 minutes afler M O  administration, only 1 pair showed high- 

fiequency coherence (Figure 5.3.FSB). Ml pairs recorded before and afler APO were 

located less than 2 mm from one another. 

Field potential recordings were made in one patient (patient H, see Figure 

5.3.F2B) before and after levodopa administration and are s h o w  in Figure 5.3.FSC. 

High-fiequency activity was observed in the OFF state but was not present in the 

levodopa-induced ON state. Isometric wrist extensor contraction reduced hi&-kquency 



activity in the OFF state (2 alternate t r ia ls  with rest condition shown). 



Figure 5.3.Fl 

Examples of an inûa-operative recording from a pair of microelectrodes (A), a post- 

operative recording Erom a DBS eiectrode (B), and the spectral analysis of an intra- 

operative simuItaneous recording frorn rnicroelectrode and a macroelectrode (C). The 

dashed line in die plots represents the significance level for the power spectra estimates 

@<O.OL) and for the coherence function @<0.01). The number beside the peak in the 

coherence spectrums is the phase difference in degrees, A: Raw traces of extracellular 

microelectrode recordings of two simultaneously recorded STN TCs with high-fiequency 

oscillations. The tips of the two microelectrodes were separated by 670 Fm. The 

frequency spectrum of the neuronal oscillatory discharge and the correspondhg 

coherence fwt ion are shown below (1.95 Hz resolution). Spectra and coherence were 

calculated over a 10 second interval that included the period shown in the recordings. B: 

A segment of a bipolar recording of STN field potentials ESom a pair of DBS contacts 

(low pass filtered below 55 Hz). The fiequency spectnim of this signal is shown to the 

nght (0.78 Hz resolution) and was calculated fiom 10 seconds of data containhg this 

segment. C: Sirnultaneous microelectrode and macroelectrode intra-operative recordings 

in patient N. The tips of the electrodes were positioned 2 mm within the dorsal border of 

the STN. The lefl and middle plots show the power spectnims (0.98 Hz resolution) for 

the single STN neuron recorded with the microelectrode and a monopolar field potential 

recorded through a 30 gauge cannula, respectively (see Methods). The right plot shows 

the coherence between the two signals. Spectra and coherence were caicuIated over a 70 

second period. Coherence between the macroelectrode recording and the single unit was 

limiteci to the high Eequency component of each signai. 
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Figure 5.3.M 

Representative exatnples of STN field potential spectra recorded h m  two patients 

displaying oniy hi#-fiequency <isciiiations (A), only low-kquency oscillations (cl2 

Hz) (B), and significant low and hi&-fkquency field potential oscillations (recorded 

during rest) (C). Hi&-frequency field potential activity was reduced by voluntary 

mtivements (tapping or sustained isometric contraction of wrist extensors) ody  in 

patients displaying spectra with both low and hi&-fiequency activity. Labels in each 

g-raph such as "lefi 01" indicate that bipoiar recordings of the field potentials were 

perfonned between contact O and contact 1 of the left STN. The dashed horizontal line in 

each p p h  represents the upper bound for a 99.8% confidence interval with respect to the 

mean spectral noise (calcutated between 0-55 Hz h m  the recordings performed with the 

patients at rest). Spectral estirnates above this line indicate statistically significant 

fiequencies. PAL = previous pdidotomy; THAL = previous thdamotomy. The two 

graphs located at the bottom of the figure demonstrate that the signal-to-noise ratio of the 

hi&-fiequency (left graph) and low fiequency (ri@ graph) peaks recorded h m  the 

DBS contacts when the patients were at rest was greatest at one pair of contacts (di 

recorded sides shown). Values from the same DBS eiectrode are joined by a h e  and 

multiple trials were averaged. Data was aligned with respect to the location of the 

greatest signal-to-noise ratio h m  each side, The mean signal-to-noise ratio is indicated 

by a fiUed cÛcIe (+pc;0.05, One way ANOVA). The relative distance between the bipolar 

recordings fiom adjacent DBS contacts was 3 mm. 
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Table 5.3.Tl 

§The label in the parenthesis indicates the side and DBS contacts used for the 

macroelectrode recordings (see Methods). *Values in parenthesis indicates the fiequency 

range given by width of peak at half the maximum peak value. tMonopolar 

macroelectrode recording performed intra-operatively in this patient only and patient was 

OFF medication. $Macroelectrode recordings were not available on the side where 

single unit pairs recorded, peak fiequencies fioni the other side are reported. 



The relationshii, between high-fiequency actzYityfiorn microelectrode and 

rnacroelecirode recordings 

Patient 

J 

G 

B 

M 
- 
A 

KS 

N t  

Neuron pairs with 

high fiequency 

synchronization / 

total pairs sampled 

0/28 (right side) 

015 (left side) 

OIS (right side) 

0/4 (left side) 

5/6 (right side) 

5/10 (right side) 

9/10 (left side) 

Mean 

sync hronization 

fiequency of 

STN neuron 

pairs (SE) 

ratio of  high- 

fiequency peak in 

rnacroelectrode 

recordings 5 

2.1 (right 12) 

2.5 (right 23) 

2.9 (right 12) 

5.8 (left) 

Mean fiequency of the 

high-frequency field 

potential oscillation h m  

the macroelectrode 

recordings * 

23 Hz (18 - 26) 

non-significant l 

Table 5.3.TI 



Figure 5.3.F3 

The suppression of synchronized high-fiequency oscillations of pairs of STN neurons 

during voluntary pointing movements in two patients (right coIumn vs. lefi colurnn). 

Data were calculated with respect to the onset of movement (O seconds in plots, see 

Methods), The top trace of both columns is the rectified and averaged accelerometer 

signal (Acc). A, C: Plots of the mean fixing rate of each neuron (1.024 s bins, +SE). The 

patient whose data are displayed in the le£€ colurnn perfurmed 1 5 trials of the task and the 

patient whose data are displayed in the right column perforrned 8 trials of the task, The 

firing rates of al1 four neurons were modulated by the movement (*p<0.05, ANOVA, 

versus discharge fiom 5.12 to O seconds before the onset of movement). B, D: Tirne- 

fiequency plots of the spectra of each nemn (top and middle) and the coherence between 

them (bottom, 1.024 s bins). Both pairs of neurons displayed a movement related 

desynchronization and post-movement synchronization of their hi@-frequency 

oscillations (Le. significant coherence before and d e r  the movement). The legends for 

these plots are located at the bottom of each coiumn. 
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Figure S.3.F4 

The effect of APO administration on neuronal activity of a pair of STN TCs with high- 

fiequency oscillations. A: Histograms of the firing rate of the pair of STN neurons (10 

second bins) dernonstrate that APO reduced the spontaneous discharge of the two 

neumns. B: Abolition of high-frequency synchronization of the same pair of STN TCs 

following the administration of APO. The top two panels show the power spectra (1.95 

Hz resolution) over the same time period and bin size as the firing rate histograms in part 

A. Both neurons displayed tremor-related activity and high-fiequency oscillations before 

the administration of APO. The third plot shows the coherence between the oscillatory 

activity orthe two neurons. The bottom panel is the phase of significantly coherent 

oscillations at tremor fiequency (-5 Hz) and at high kquency (-15 Hz). 
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Figure 5.3.FS 

Dopaminergic modulation of high-fiequency synchronized oscillations in neuron pairs 

recorded before (A) and afier (B) M O  administration and in field potential activity in 

another patient (C). A: Coherence plots (0.98 Hz resolution) of 3 pairs of STN neurons 

recorded before APO administration. Al1 neurons displayed tremor-related activity and 2 

pairs (right and left plots) were synchronized in the tremor kequency range (-3-8 Hz). 

The dashed line in the plots is the significance leveI for the coherence function @<0.01). 

The nurnber beside the peaks is the phase difference in degrees. Al1 neuron pairs in parts 

A and B were sarnpled for 3 minutes. B: Coherence plots of 4 pairs of STN neurons 

recorded f i e r  APO administration when the patient was "ON" (the time of recording 

after APO dosing is indicated above each plot), C: Effect of Ievodopa on high-frequency 

field potential signals recorded from patient H. The hi&-fiequency oscillations recorded 

during the OFF levodopa state were IocaIized to the dorsal contacts of the DBS 

eiectrodes. Note the reduction of hi&-kquency activity during the levodopa-induced 

ON period or with contraction in the OFF state (2 altemate trials of 60 seconds each). 
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5.3.4 - Discrission 

This study demonstrates that the 15-30 Hz local field potential activity that can be 

recorded fiom the contacts of DBS electrodes in STN (Brown et al. 2001; Marsden et al. 

2001) is the result of in-phase synchronous 15-30 Hz oscillatory discharge activity in 

STN neurons. Similar observations between neurons with oscillatory synchronization 

and local field potentials have been made in the sensonmotor cortex of monkeys (Murthy 

and Fetz 1996b). in addition, our results indicate that these synchronous high-fiequency 

oscillations are reduced by voluntary movements. The suppression of STN single unit 

hi&-fiequency oscillatory discharge with movement occurred independently of increases 

or decreases in firing rate suggesting that the modulation of high-fiequency activity 

reflects a change in the pattern of input to the STN. Our observations of the reduction of 

15-30 Hz field potential oscillations in the STN during voluntary movement (618 patients 

in total) support and complement the findings of Brown et ai. (2001) who reported that 

the 15-30 Hz coherence between STN and GPi local field potentials is not as hi& during 

tonic contractions as during rest. 

Cortical input to the STN (Monakow et al. 1978; Carpenter et al. 1981; 

Afsharpour 1985b; Rouzaire-Dubois and Scamati 1985; Canteras et al. 1990) fiom the 

primary motor cortex and the supplementary motor area is somatotopicaliy arranged 

(Nambu et al. 1996) and many STN neurons display both tremor and voluntary 

movernent-relateci activity suggesting that there is sensory-motor convergence within the 

STN (hiagarinos-Ascone et ai. 2000). Short latency corticai input is relayed by the STN 

to other basal ganglia nuclei (Wichmann et ai. 1994a; Nambu et aI. 1996; Levyet al. 

1997; Nambu et ai. 2000; Magiii et ai. 2000). The STN can strongIy influence neuronal 



activity in the basal ganglia (Carpenter and Strominger 1967; Smith et ai. 1990; Hamada 

and DeLong 1992a; Hazrati and Parent 1992; Parent and Hazrati 1995a; Ni et al. 2000) 

and plays a role in synchronizing oscillatory population behavior (Wichmann et al. 

1994b; Plenz and Kital 1999; Brown et al. 2001). Similar to our results in the STN, 

comparable changes in cortical rhythms during voluntary movements are also observed. 

The 15-30 Hz cortical beta sensorimotor oscillation is calied an "idling rhythm" because 

it is observed dun'ng periods of rest and is suppressed during tasks activating the 

sensonmotor cortex (Pfurtscheller 1981; Saimelin and Hari 1994; Pfùrtscheller et al. 

1996; Crone et al. 1998; Pfurtscheller and Lopes da Silva 1999). Therefore, it is possible 

that the synchronous 15-30 Hz STN oscilIations observed in this study are due to cortical 

beta idling rhythm input transmitted via the cortico-subthalamic pathway. 

It has been hypothesized that the cortico-subthalarnic pathway synchronizes 

oscillatory activity in the basal ganglia (Bergman et al. 1994; Wichmann et al. 1994b; 

Hurtado et al. 1999; Magill et al. 2000; Deuschl et al. 2000) and that a high b e l  of 

oscillatory synchronization of the whole basal ganglia in the parkinsonian state underlies 

the clinical features of PD (Raz et al. 2001). An association between the cortical idling 

rhythm and basal ganglia function has previously been demonstrated by Brown and 

Marsden (1998, 1999) wherein they suggested that akhesia and bradykinesia were due to 

an inability of the parkinsonian basal ganglia to release corticai elements fiom dpha (-10 

Hz) and beta rhythmrc idling activity during voluntary movement. Furthemore, it has 

recently been shown bat  15-30 Hz field potential osciiiations in the STN can be coherent 

with cortical electroencephdogratn oscillations and that stimdation through DBS 

contacts with 15-30 Hz oscillation fiequencies produces the most effective motor benefit 



in patients with PD (Marsden et al. 2001). These results suggest that synchronous 15-30 

Kz cortical oscillations play a role in parkinsonian pathophysiology by aecting basal 

ganglia function via the STN. This notion is supported by the observation that STN DBS 

at 15 Hz, which would be expected to synchronously drive STN neurons, worsens 

parkinsonian disability through an increase in akinesia (Demeret et al. 1999). 

Our results also suggest that synchronized high-frequency oscillations in the STN 

are more pronounced in the dopamine depleted state. We observed that APO decreased 

the spontaneous discharge of two STN TCs concurrent with a reduction in lirnb tremor 

and a loss of synchronized high-frequency oscillatory activity. Furthemore, pairs of 

neurons recorded before APO administration displayed hi&-fiequency synchronization 

but only weak synchrony was observed in pairs of neurons recorded during the APO- 

induced ON period. We also observed that levodopa administration reduced high- 

frequency oscillations in the field potential of another patient. These results are 

consistent with the findings ofBrown et al. (2001) who demonstrated that 15-30 Hz 

synchronization between STN and GPi local field potentials is reduced by levodopa. Our 

results fùrther indicate that 15-30 Hz synchronization in the STN is not dependant on the 

GPi because these oscillations were detected in the STN in patients with pallidal lesions. 

The increase in the spontaneous activity of the STN following MPTP-treatment in 

monkeys (Bergman et al. 1994) and presumably in parkinsonian patients (Hutchison et al. 

1998a) could also act to enhance the prevalence of 15-30 Hz oscillations in the STN. It is 

interesting to note that in the GPi and STN of both MPTP-treated monkeys and patients 

with PD, neurons with oscillatory activity have a hi* spontaneous discharge rate thau 

neurons without oscillatory activity (Bergman et al. 1994; Levy et al. 2001). A possiile 



mechanisrn is that the increase in STN firing rates occurring in PD has the effect of 

increasing the maximum oscilIatory fiequency that c m  be transmitted by a neuronal spike 

train. For example, a neuron discharging at a mean firing rate of 50 spikeds couid better 

carry a 25 Hz oscillation than a neuron discharging at 30 spikes/s. Smaller neuronal 

populations would be required to express synctvonized activity andlor a greater 

proportion of the neurons in the STN would then present higher fiequency oscillations. 

Dopaminergic therapy has been shown to decrease STN firing rates (Kreiss et al. 1997) 

and thus could lessen the influence of hi&-frequency cortical oscilIations on the basal 

ganglia. These ideas are supported by the dernonstration tfiat the incidence of STN 

neurons with hi&-Erequency oscillations is reduced following the administration of APO 

in parkinsonian patients (see section 3.3). 

AIthough oscillatory synchronization between groups of neurons is hypothesized 

to be necessary for limb tremor (Llinb i sd  Paré 1995; Bergman et al. 1998a, 1998b), it is 

presently unclear what mechanistns might contribute to or promùte TC synchrony in PD. 

Since the GPe-STN network can maintain low ûequency (c 2 Hz) oscillatory 

synchronization that is driven by the STN (PIenz and Kital 1999), it is feasible that 15-30 

Hz in-phase synchronous activity in the STN is dso present in the GPe and that this 

network behavior may in tum promote tremor-reIated synchronization in the basal 

ganglia. This notion is supported by the dernonstration in tremulous MPTP-treated 

monkeys that pairs of GPe ceils exhilit high-hquency osciiiatory synchronization with 

phase differences that are centered around O degrees (Raz et al. 2000) similar to our 

findings in the STN O E parbonian patients (see Chapter 5 section 1). If rhythmic 

oscillatory activity in the STN-Gf network in disease States is dnven by the cortex 



(Magill et al. 2000), the modulation of 15-30 Hz oscillations in the cortex and hence the 

STN-GPe rnight underlie some of the clinical features of parkinsonian rest tremor. 

Event-related desynchronization and rebound synchronization of 15-30 Hz cortical idling 

rhythms occurring during tasks activating the sensonmotor cortex (P fürtscheller I 98 1 ; 

Sahelin and Hari 1994; Salmelin et al. 1995; Andrew and Pfùrtscheller 1996; 

Pfirtscheller et al. 1996; Crone et al. 1998) may account for the cornmon clinical 

observation that parkinsonian rest tremor shows a decreasing amplitude when a limb is 

voluntarily activated (Deuschl et al. 1998). Furthemore, synchronous oscillations in the 

sensorimotor cortex are affected by arousal or attention (Murthy and Fetz 1996% 1996b) 

and may play a role in "enhanced tremor" whereby the amplitude of parkinsonian rest 

tremor increases during mental stress (Le. enhanced tremor can be readily observed by 

asking patients to perform mental arithmetic) @eusch1 et al. 1998). It is interesthg to 

note that increased coupling between muscles in a tremulous limb is observed when 

parkinsonian patients perform a mental arithmetic task (Hurtado et al. 2000) suggesting 

that tremor-related oscillations in the basal gangiia are more synchronized during this 

period (Bergman et al. 1998a). in addition, if the sarne cortical regions that are used for 

voluntary movement are involved in the pathogenesis of parkinsonian limb tremor 

(Alberts et al. 1969; Parker et al. 1992; Duffau et al. 1996; Volkmann et al. 1996; 

Hellwig et al. 2000) it is feasible that Iimb tremor could in turn lead to a reduction in 

sensorimotor idling rhythms (Makela et al. 1993) and this mechanism might account for 

the variability or intermittent nature of parkinsonian tremor observed cllliicaiiy (Schwab 

and Cobb 1939; Scholz and Bacher 1995) or when recording fiom individuai neurons 

(Bergman et al. 1998b; Hurtado et al. 1999; Raz et al. 2000; Levy et al. 2000). 



In surnrnary, this study proposes that 15-30 Hz cortical oscillations gain access to 

the basal ganglia through the cortico-subthalarnic pathway, possibly via hyperactive STN 

neurons that are present in the dopamine depleted state. These synchronized high- 

kquency oscillations would then promote the osciiiatory synchronization in the basal 

ganglia and contribute to parkinsonian symptoms including tremor. 



CHAPTER 6 - GENERU. SUMMARY AND SIGlYLFICANCE 

The results of tbese studies confirm some of the predictions of the box modei of 

BG function and also suggest îhat the pattern of neuronal activity plays an important rule 

in the pathogenesis of PD. In support of the box model, APO administration produced 

the predicted changes in the mean firing rates of neurons in the GPi, GPe, and STN and 

local inactivation of the STN resulted in a transient anti-parkinsonian eEfect. A detailed 

analysis of single neuran discharge patterns in the GPi and STN revealed that APO 

administration resulted in an increase in bursting activity, a decrease in tremor-related 

oscillations, and a decrease in somatosensory responses. Using simultaneous dual 

microelectrode recording techniques it was demonstrated that TC activity could be 

synchronized in the GPi and STN and was associated with newons displayhg in-phase 

synchronized 15-30 Hz oscillations. These t 5-30 Hz oscillations were reduced during 

active movements or with dopaniinergic medication and may influence the synchrony of 

tremor fiequency oscillations in the BG. in contrast to oscillatory activity, synchronized 

neuronal activity indicative of direct connections between or common input to pairs of 

neurons in the GPi or STN was not observai suggesting that parailel subcircuits in the 

BG might remain more or less segregated in PD even in the dopamine depleted state. 

Accordhg to the predictions of the box model, dopaminergic medication leads to 

a reduction of GPi activity and an increase in GPe activity and hence a reversal of 

parkinsouism (Albin et al. 1989a; DeLong 1990). A M e r  reduction in GPi activity, 

either via increased activity of the direct pathway or through a decrease in the activity of 

the indirect pathway (as demonstrated in sections 3. f and 3.3), should lead to dyskinetic 

movements as discussed in detail in the introduction (section 1.4.1). The demonstration 



of dyslrinesias foilowing inactivation of the STN (chapter 4) is consistent with local 

inactivation studies of the S ' I N  in MPTP monkeys (Wichmann et al. 1994b) and suggests 

that only a reduction the glutamatergic drive of the STN on the GPi is required to produce 

dyskinesias, rather than an additional increase in the activity of the direct striatal 

projections to the GPi. A loss of balance between the direct and indirect pathways at the 

Level of the GPi may lead to a dramatic reduction in GPi activity due to the net inhibitory 

effect of the direct striatal output pathway on the GPi. These fhdings support the 

involvement of the indirect pathway (GPe-STN-GPi) in the pathogenesis of dyskiuesias 

(Crossman 1990) and indicate that the STN strongly influences neuronal activity in the 

GPi. 

The APO-induced reduction in the proportion of TCs in the STN and GPi were 

quite similar. One possibility is that tremor activity in the GPi is mainly driven by the 

STN and a reduction in tremor activity in the STN would be reflected in the GPi. This 

notion is consistent with the observation that STN inactivation drarnatically reduces limb 

tremor (see chapter 4). Another possibility is that tremor fiequency oscillations in both 

these nuclei may sirnply be due to tremor-related peripheral af5erent inputs. The 

reduction of tremor fiequency osciIIations would then simply be due to a reduction in 

tremor. However, while TCs were encountered in patients during episodes with limb 

tremor, TCs were aIso observed during episodes with no noticeable limb tremor and in 

one STN patient without detectable iimb tremor. These observations support the notion 

that tremor oscillations in the basal gangiia may be present but may not result in 

observable Limb tremor (Wichmann et aI. 1994b). A possiile explanation is that although 

ûemor activity is present, it is not synchronized to a great enough extent to produce 



coordinated muscle activity (Bergman et al, 1998a). Recordings fiom pairs of TC in the 

GPi or the STN revealed that TC were indeed synchnized, however in several 

instances, this synchronization was variable and not tightly locked to limb tremor. 

in addition to oscillations in the tremor fiequency range, neurons with 15-30 Hz 

oscillations were identified primarily in the STN and were found to display oscillatory 

synchronization when dual recordings were employed. Similar to tremor fiequency 

oscillations, neurons with 15-30 Hz oscilIations were found in patients with limb tremor 

and the proportion of these neurons were decreased with MO. Unlike tremor frequency 

oscillations, 15-30 Hz oscillations were in-phase to such a strong degree that they were 

easily detected by recording local field potentials in the STN. Furthemore, both 

dopaminergic medication and active movement reduced these oscillations (albeit by 

different mechanisms) and it was suggested that these oscillations were due to cortical 

input. This idea proposes that nonnaliy non-pathological cortical oscillatory phenornena 

might underlie the pathophysiology of test tremor or akinesia in PD. It is likely that in 

the normal state of BG function, t 5-30 Hz synchronized oscillatory inputs from cortex 

do not affect the activity of the STN however it is quite possible that in the parkinsonian 

state they may serve to synchronize neuronal activity in tfie BG, possibly via hyperactive 

STN neurons that are present in the dopamine depleted state. 

It has been proposed tbat the suppression of limb tremor following a mal1 lesion 

could arise as a result of, in addition to direct inactivation of tremor-related discharge, the 

"desynchronizing*' effect of a mal1 block upon neighboring subcircuits in the cortico- 

basai ganglia-thalarnic loop (Bergman et al. 1998a; Deuschi et al. 2000). The use of 

simultaneous recording of neuronaI activity during microinjection in this thesis aliowed 



the direct assessment of the e f f i t  of a phatmacological block in an area not dkectly 

deactivated by the block and suggests that srna11 bIocks of neuronal tissue rnay affect 

tremor related synchronization in the BG. Other evidence from this thesis that supports 

the notion of an increase in synchronization of the BG in PD (Filion et al. 1994; Raz et al. 

1996; Bergman et al. 1998a) is the finding that the administration of APO reduced the 

responses of neurons in both the STN and GPi from muIti-limb responses to mainly 

responding about individual joints. These data support the hypothesis that a loss of 

receptive field specificity is a characteristic of parkinsonism and that APO rnight reduce 

the iünneling or convergence of information in the BG (see section 1.4.2). 

Lastly, in both the GPi and the STN, APO administration was observed to 

increase the amount of busting activity even when the contribution of oscillatory cells 

was excluded. This observation was contrary to the expectations that APO would reduce 

bursting activity and thereby "reverse" the increase in bursting activity observed 

foilowing MPTP-induced parhsonism in rnonkeys. This result suggests that the 

functioning of the BG in the parkinsonian state maybe significantly different than in the 

normal state and the spectnim of BG hc t i on  between the two States may not simply rely 

on the single parameter dopamine. For example, dopamine may affect the STN directly 

during the normal state but not during parkinsonisrn due to a decrease in doparninergic 

innervation of the STN in PD (Francois et al. 2000). Regardless of the function of 

bursting in the normal state, Iittle is known about the functional significance of bursting 

activity in the BG during parkinsonism. But to what extent is synchronized activity 

between neurons in the BG reIated to the cIinical features of PD? When patients without 

limb tremor were exarnined, neuronai qmchronization was not observed and in patients 



with tremor, synchronized neuronal activity was only asswiated with oscillatory 

phenornena. This suggests that a breakdown in synchronization does not account for the 

overall increase in bursting activity in the BG or the expansion of receptive fields that is 

observed following MPTP-treatment in monkeys and in patients with PD. These 

observations suggest that tieuronal activity of the BG temains largely segregated in PD 

and that the "fiuineling" of information in the BG is relatively weak or involves 

coincident activity that is reiated to the complexity of motor and non-motor fwictions of 

the BG. 

in summary, these studies indicate that the firing patterns oFneurons in the STN 

and GPi are intimately related to parkinsonian pathophysiology. While changes in 

overall rate are consistent with the predictions of the box model, changes in oscillatory 

activity but not general bursting activity are related to the prediction of overt 

synchronization in the parallel model of BG function. Thmefore, it is likely that both 

serial and parallel information processing are involved in the pathologicai functioning of 

the BG in PD and may also serve a role in the nomai fünctions of the BG. 
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