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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) and 

DBS of the pedunculopontine nucleus (PPN) have been shown to be effective 

surgical therapies for Parkinson’s disease (PD). To better understand the PPN 

and STN as DBS targets for PD, this research compares the anatomy, 

electrophysiology, and motor control roles of these nuclei. PPN and STN 

connections were examined in vivo in human subjects and in the non-human 

primate using probabilistic diffusion tractography. Both the PPN and STN were 

connected with each other and with the motor cortex (M1) and basal ganglia. 

After studying these anatomical connections in primates, their functional 

significance was further explored in an anesthetized rat model of PD. 

Examination of the electrophysiological relationship between the PPN and 

basal ganglia in the presence of slow cortical oscillatory activity suggested that 

excitatory input from the STN may normally modulate PPN spike timing but that 

inhibitory oscillatory input from the basal ganglia output nuclei has a greater 

effect on PPN spike timing in the parkinsonian brain. To examine transmission 

and modulation of oscillatory activity between these structures at higher 

frequencies, LFP activity was recorded from the PPN and STN in PD patients 

performing simple voluntary movements. Movement-related modulation of 

oscillatory activity predominantly occurred in the α (8-12 Hz) and low β (12-20 

Hz) frequencies in the STN but in the high β (20-35 Hz) frequencies in the PPN, 

supporting observations from rodent studies suggesting that oscillatory activity 

is not directly transmitted from the STN to the PPN in PD. Finally, to better 

understand the roles of the STN and PPN in large-scale movement, the effects 

of STN and PPN DBS on gait abnormalities in PD patients were studied. DBS 

of the STN appeared to improve gait by optimising executive gait control while 

DBS of the PPN appeared to restore autonomic gait control. These results 

have several implications for DBS patient selection, surgical targeting, and for 

understanding the mechanisms underlying DBS efficacy.  
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II. ABBREVIATIONS 

 
 
6-OHDA 6-hydroxydopamine 
ANOVA Analysis of variance  
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CT Computed tomography (scan) 
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g Gram(s) 
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GP Globus pallidus  
GPe External segment of the globus pallidus 
GPi Internal segment of the globus pallidus 
GPi/SNpr GPi and/or SNpr, basal ganglia output nuclei 
Hz Hertz 
IG Internally-generated 
i.p. Intraperitoneal 
i.v. Intravenous 
kg Kilogram 
L-DOPA Levodopa 
LFP Local field potential 
LL Lateral lemniscus 
M Molar 
M1 Primate primary motor cortex 
M1-fore-L Lower forelimb region of the primate primary motor cortex 
M1-fore-U Upper forelimb region of the primate primary motor cortex 
M1-hind Hindlimb region of the primate primary motor cortex 
M1-orof Orofacial region of the primate primary motor cortex 
M1-trunk Trunk region of the primate primary motor cortex 
MCer Mid-cerebellum (declive and folium) 
mg Milligram 
min Minute(s) 
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MiTg Microcellular tegmental nucleus 
mL Milliliter(s) 
mm Millimeter(s) 
mM Millimolar 
MNI Montreal Neurological Institute 
MPTP 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine 
MRI Magnetic resonance image/imaging 
msec Milliseconds 
MSN Medium spiny neuron 
mT Millitesla(s) 
mV Millivolts 
n Number of subjects 
NMDA N-methyl-D-aspartic acid 
p Probability 
PAG Periaqueductal gray 
PD Parkinson’s disease 
PMC Premotor cortex 
PPN Pedunculopontine nucleus 
PPNc Pedunculopontine nucleus, pars compacta 
PPNd Pedunculopontine nucleus, pars dissipata 
RGB Red-green-blue (image) 
RMS Root mean square 
PPN DBS OFF Parkinson’s disease patient with PPN DBS implants, off stimulation 
RN Red nucleus 
rs Rubrospinal tract 
SCD Superior cerebellar decussation 
SD Standard deviation 
SE Standard error 
sec Seconds(s) 
SMA Supplementary motor area 
SN Substantia nigra 
SNpc Substantia nigra pars compacta 
SNpr Substantia nigra pars reticulata 
STN Subthalamic nucleus 
STN DBS OFF Parkinson’s disease patient with STN DBS implants, off stimulation 
STWA Spike-triggered waveform average 
T Tesla(s) 
Thal Thalamus 
vPMC Ventral premotor cortex 
xscp Decussation of the superior cerebellar peduncle 
µm Micrometer(s) 
µL Microliter(s) 
µV Microvolt(s) 
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1. EFFECTS OF PARKINSON’S DISEASE ON THE BASAL GANGLIA 

 

Parkinson’s disease (PD) is the second most common 

neurodegenerative disorder. Associated with three main symptoms—slowness 

of movement (bradykinesia), inability to initiate movement (akinesia), and a 

characteristic 4-5 Hz resting tremor—the effects of PD on mobility are 

debilitating (Parkinson, 1817). 

The primary pathology associated with PD is the loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNpc). The SNpc is a core part 

of the basal ganglia, a collection of sub-cortical nuclei important for motor 

control. Treatments for PD have focused on remedying various 

pharmacological or electrophysiological imbalances in the basal ganglia 

associated with SNpc degeneration. One of these therapies is deep brain 

stimulation (DBS) which involves electrical stimulation of a basal ganglia 

nucleus thought to fire at an improper, or antikinetic, frequency in the 

parkinsonian brain. In order to understand the rationale behind the use of 

various PD therapies including DBS, the functional anatomy of the basal 

ganglia as well as the effects of PD and DBS on the activity of basal ganglia 

nuclei are summarized in this section.  
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1.1 Anatomy of the basal ganglia 

 

 The basal ganglia serve as a modulatory conduit for information within 

functional thalamo-cortical loops that govern a wide range of functions (Parent 

and Hazrati, 1995a). The striatum and subthalamic nucleus (STN) receive input 

to the basal ganglia while the internal segment of the globus pallidus (GPi) and 

the substantia nigra pars reticulata (SNpr) serve as the major output nuclei. 

Dopaminergic input to the striatum (like that from the SNpc) modulates cortical 

input to the striatum and facilitates transmission of cortical information through 

the basal ganglia. Information from the cortex can pass from the striatum to the 

output nuclei directly or indirectly via other basal ganglia nuclei (the external 

segment of the globus pallidus (GPe) and the STN). The basal ganglia output 

nuclei (GPi and SNpr) then send this information to the thalamus where it 

modulates activity in thalamo-cortical loops (Fig. 1.1A) (Mink, 1996;  Wichmann 

and DeLong, 2003;  Hamani et al., 2004;  Tisch et al., 2004;  DeLong and 

Wichmann, 2007). Though these thalamo-cortical loops (generally associated 

with sensorimotor, associative, or limbic functions) were long thought to be 

maintained independently and in parallel (Alexander et al., 1986;  Albin et al., 

1989; Alexander and Crutcher, 1990), there is considerable anatomical 

evidence suggesting integration and convergence of information across these 

loops in the basal ganglia (Hedreen and DeLong, 1991; Percheron and Filion, 

1991; Lynd-Balta and Haber, 1994; Parent et al., 2001). 
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Figure 1.1. Rate-based model of basal ganglia function (adapted from Wichmann and DeLong, 2006). A) Major connections of the basal ganglia-thalamo-

cortical circuit. B) Direct pathway in the rat-based model of basal ganglia function. C) Indirect pathway in the rate-based model of basal ganglia function. 

Arrows between structures indicate direct connections (green: excitatory, red: inhibitory). In (B) and (C), thicker arrows indicate increased activity while thinner 

broken arrows indicate decreased activity in response to dopamine release in the striatum.  
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1.1.1 The striatum 

 The striatum receives two major types of input: excitatory glutamatergic 

input from various cortical areas (Gerfen, 1984, 1989) and modulatory 

dopaminergic input from the SNpc and ventral tegmental area (Kaiya and 

Namba, 1981; Bouyer et al., 1984; Hattori et al., 1991; Karle et al., 1994; 

Csillag, 1999; Saka et al., 2002), a cluster of dopaminergic neurons that helps 

govern incentive and reward behavior. The medium spiny neurons (MSNs) in 

the striatum receive the majority of these cortical and dopaminergic inputs as 

they comprise 95% of all striatal cells. MSNs arborize extensively within the 

striatum and also connect to cortical and dopaminergic efferents (Gimenez-

Amaya and Graybiel, 1991; Flaherty and Graybiel, 1993). The remaining 5% of 

striatal cells, striatal interneurons, receive the majority of glutamatergic 

afferents from the centromedian/parafascicular complex of the thalamus 

(Apicella et al., 1991, 1996, 1997; Aosaki et al., 1995) in addition to receiving 

some cortical and dopaminergic input. These interneurons are thus capable of 

serving complex modulatory roles within the striatum.  

 Cortical projections from sensorimotor areas (primary motor cortex (M1), 

somatosensory cortex, premotor cortex (PMC), and supplementary motor area 

(SMA)), associative areas (frontal, temporal, parietal, preoccipital, and 

parahippocampal cortices), and limbic areas (limbic cortex, paralimbic cortex, 

amygdala, and hippocampus) are, to some extent, anatomically segregated in 

the striatum (Gerfen, 1984, 1989; Flaherty and Graybiel, 1991). Homunclulus-

like representations can be found throughout the striatum loosely related to the 

somatotopy in the corresponding connected cortical areas. The majority of 

sensorimotor cortical input goes to the putamen of the striatum, though a small 



 5

portion of the caudate also receives this input. Most associative cortical input 

goes to the caudate and most limbic cortical input goes to the ventral caudate 

and ventral putamen (Somogyi et al., 1981; Dube et al., 1988; Lapper and 

Bolam, 1992; Smith et al., 1994a). Dopaminergic synapses at the base of the 

dendritic spine of MSNs (Cheramy et al., 1981; ; Gale and Casu, 1981; Kaiya 

and Namba, 1981Bouyer et al., 1984; Hattori et al., 1991; Amalric and Koob, 

1993; Karle et al., 1994; Saka et al., 2002) are capable of modulating this 

cortical input to the striatum (Garcia-Munoz et al., 1991; Flores-Hernandez et 

al., 1997; Calabresi et al., 1999; Plotkin et al., 2005).  

 In addition to receiving most input to the striatum, MSNs also serve as 

inhibitory GABAergic striatal efferents and are the primary striatal output 

neurons (Bolam, 1984; Semba et al., 1987; Gerfen, 1988; Bennett and Bolam, 

1994; White et al., 1994). Striatal output goes to the GPe, GPi, (Kemp and 

Powell, 1971; Fox and Rafols, 1975, 1976; Kim, 1978) and SNpr (Fox and 

Rafols, 1976; Kim, 1978, 1979; Kitai, 1981; Gerfen, 1985; Amalric and Koob, 

1993). A large portion of sensorimotor and associative cortical input that was 

segregated at the striatal level converges at the level of the SNpr (Somogyi et 

al., 1981; Gerfen, 1985; Amalric and Koob, 1993) and globus pallidus (GP) 

(Kemp and Powell, 1971; Fox and Rafols, 1975, 1976; Van der Kooy and 

Carter, 1981). 

 

1.1.2 The substantia nigra pars reticulata (SNpr) 

 The SNpr (along with the GPi) serves as a major inhibitory GABAergic 

output center for the basal ganglia. Input to this midbrain nucleus comes as 

inhibitory GABAergic efferents from the striatum (Fox and Rafols, 1976; Kim, 
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1978, 1979; Kitai, 1981; Somogyi et al., 1981; Gerfen, 1984, 1985; Hedreen 

and DeLong, 1991; Deniau et al., 1996) and the GPe (Kemp and Powell, 1971; 

Amalric and Koob, 1993; Parent and Hazrati, 1995b) and as excitatory 

glutamatergic efferents from the STN (Carpenter et al., 1981; Gerfen et al., 

1982). The shape and extensive arborization of SNpr dendrites allows for 

synaptic integration of inputs coming from different structures (Cheramy et al., 

1981; Gerfen et al., 1982; Sanderson et al., 1986; Hedreen and DeLong, 1991; 

Whone et al., 2003). The SNpr sends inhibitory GABAergic projections primarily 

to the ventroanterior and ventrolateral thalamus (Herkenham, 1979; Sakai and 

Smith, 1992), but also sends a strong projection to the pedunculopontine 

nucleus (PPN) (Scarnati et al., 1984, 1986; Spann and Grofova, 1991). 

 

1.1.3 The globus pallidus (GP) 

 Both the GPe and GPi receive inhibitory GABAergic input from the 

striatum (both the caudate and putamen), excitatory glutamatergic input from 

the STN, and reciprocal inhibitory GABAergic input from each other (Chang et 

al., 1981; Hazrati et al., 1990; Smith et al., 1994b; Shink et al., 1996). Input 

from the GPe, STN, and striatum synapse on the same cells in the GPi (Chang 

et al., 1981; Hazrati et al., 1990; Smith et al., 1994b; Shink et al., 1996) with 

striatal connections making up 70-80% of all synapses (Chang et al., 1981). 

The primary functional difference between the GPe and GPi is in their output 

profile (Hazrati and Parent, 1992a). The GPe sends the majority of its inhibitory 

GABAergic output to the basal ganglia output nuclei (GPi and SNpr) and to the 

STN (Kim et al., 1976; Parent and De Bellefeuille, 1982; Hazrati and Parent, 

1991). The GPi, on the other hand, acts as a basal ganglia output nucleus and 
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sends the majority of its inhibitory GABAergic efferents to the ventroanterior, 

ventrolateral, and centromedian / parafascicular complex of the thalamus (Kim 

et al., 1976; Parent and De Bellefeuille, 1982; Hazrati and Parent, 1991). The 

GPi sends a strong inhibitory projection to the PPN as well (Rye et al., 1987; 

Scarnati et al., 1988; Semba and Fibiger, 1992; Shink et al., 1997). It is also 

interesting to note that the rodent entopeduncular nucleus (EPN) is widely 

accepted as a homologue of the primate GPi. Both the EPN and GPi receive 

projections from the striatum, STN, and GPe and send projections to the 

thalamus and PPN (Joel and Weiner, 2000). These inputs and outputs have 

similar topographical organization in the EPN and GPi as well (Joel and 

Weiner, 2000). However, one interesting difference between the rodent EPN 

and the primate GPi is the possibly stronger functional relationship between the 

EPN and the control of head and neck movements in rats (Takada et al., 1994). 

This may underlie basic differences in the roles of the rodent and primate basal 

ganglia in the control of quadrupedal or bipedal gait.  

 

1.1.4 The subthalamic nucleus (STN) 

 The STN has come to the forefront in PD research as it has become the 

most common surgical target for PD therapy. Noting that firing rate and 

oscillatory activity in the STN are greater in the parkinsonian brain than they 

are in the normal brain (Hollerman and Grace, 1992; Hassani et al., 1996; 

Magill et al., 2000; Vila et al., 2000; Ni et al., 2001; Walters et al., 2007), STN 

lesions (Andy et al., 1963; Bergman et al., 1990; Guridi et al., 1993) and, more 

recently, high frequency DBS of the STN have been effectively used as 

therapies for PD (Krack et al., 1997a, 1997b, 2003; Kumar et al., 1998; 
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Limousin et al., 1998; Burchiel et al., 1999; Stolze et al., 2001; Kleiner-Fisman 

et al., 2003; Hamel et al., 2003; Rodriguez-Oroz et al., 2005). Due to the 

behavioral and electrophysiological information that can be garnered by 

stimulating or recording from DBS electrodes, the STN has become a window 

into the dysfunctional effects of PD on neuronal activity in the human brain.  

A large portion of the STN relates to or is affected by movement. It is 

estimated that 30-50% of all STN neurons becoming activated with flexion of 

contralateral joints (DeLong et al., 1984, 1985; Bergman et al., 1994; 

Wichmann et al., 1994a). Excitation and inhibition of the STN also have distinct 

effects on motor behaviour. Sufficient pharmacological excitation of the STN 

can elicit abnormal movements or postural asymmetry (Dybdal and Gale, 2000; 

Perier et al., 2000, 2002). On the other hand, lesions of the STN can induce 

ballism, movements characterized by flailing and forceful movements of the 

limbs (Hammond et al., 1979; Crossman et al., 1980, 1984; Beurrier et al., 

1997).  

Distinct topography is evident in the STN as brain regions primarily 

associated with sensorimotor, associative, or limbic functions are segregated.  

Most of the dorsal STN is connected to motor brain areas, most of the ventral 

STN is connected to associative brain areas, and the medial tip of the STN is 

connected to both limbic and associative brain areas (DeLong et al., 1984, 

1985; Bergman et al., 1994; Wichmann et al., 1994a; Pahapill and Lozano, 

2000; Hamani et al., 2004). 

The STN receives two major sources of input: excitatory glutamatergic 

projections from several cortical areas and inhibitory GABAergic projections 

from the GPe. Most cortical afferents to the STN come from sensorimotor 
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regions, namely from M1 (primarily layer V neurons), SMA, pre-SMA, and the 

dorsal and ventral PMC (dPMC and vPMC) (Carpenter et al., 1981; Jurgens, 

1984; Nambu et al., 1996, 1997, 2000, 2002; Inase et al., 1999). Motor and 

limbic portions of the GPe send projections to segregated areas of the STN, 

though considerable overlap exists between these projections suggesting that 

the STN could serve as yet another site of information convergence in the 

basal ganglia (Kim et al., 1976; Carpenter et al., 1981; Parent and De 

Bellefeuille, 1982; DeLong et al., 1985; Parent and Hazrati, 1995b). Other 

sources of input to the STN include glutamatergic efferents from the 

centromedian/parafascicular complex of the thalamus (Sugimoto et al., 1983; 

Sugimoto and Hattori, 1983; Sadikot et al., 1992a, 1992b), and both cholinergic 

and glutamatergic input from the PPN (Edley and Graybiel, 1983; Hammond et 

al., 1983; Woolf and Butcher, 1986; Lavoie and Parent, 1994c).  

The STN is the only basal ganglia nucleus that provides primarily 

excitatory glutamatergic efferent activity. The STN sends most of this output to 

the GPe and GPi and these STN efferents extensively arborize throughout both 

nuclei (Smith et al., 1990; Hazrati and Parent, 1992a; Fujimoto and Kita, 1993; 

Parent and Hazrati, 1995b). The STN also innervates the other basal ganglia 

output nucleus, the SNpr, and sends excitatory projections to the SNpc as well 

(Carpenter et al., 1981; Kita and Kitai, 1987; Smith et al., 1990; Smith and 

Grace, 1992; Parent and Hazrati, 1995b; Joel and Weiner, 1997). STN 

projections to the striatum have been described (Kita and Kitai, 1987; Smith et 

al., 1990), though they are scant and are not as extensively arborized as the 

projections to the GP and SNpr. Though the role of the STN in motor circuits 

has been the focus of PD research, the STN is also intimately involved in the 
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modulation of limbic thalamo-cortical loops via projections to the ventral 

pallidum, a nucleus in the basal forebrain that is considered to be the major 

limbic circuit output region (Inglis and Winn, 1995; Turner et al., 2001; Temel et 

al., 2005). These limbic connections of the STN have garnered increased 

interest after reports that DBS of the STN can be concomitant with emotional 

disturbances (Saint-Cyr et al., 2000; Takeshita et al., 2005; Castelli et al., 2006; 

Temel et al., 2006; Berney et al., 2007). 

Other targets of STN output include the PPN (Jackson and Crossman, 

1981b, 1983; Kita and Kitai, 1987; Steininger et al., 1992; Parent and Hazrati, 

1995b) which, when excited by STN input, is thought to facilitate the modulation 

of motor activity in the spinal cord (Brudzynski et al., 1986; Rye et al., 1987; 

Lee et al., 2000; Pahapill and Lozano, 2000). This connection has also 

received more research attention (Sections 2.1, 3) since the PPN has been 

demonstrated to be an effective DBS target for PD (Plaha and Gill, 2005; 

Mazzone et al., 2005; Stefani et al., 2007).  

 

1.1.5 The pedunculopontine nucleus (PPN) 

The PPN plays a key role in regulating and relaying motor information 

from the basal ganglia to lower motor regions via the spinal cord (Grillner, 

1981, 2008; Brudzynski et al., 1986; Rye et al., 1987; Lee et al., 2000; Pahapill 

and Lozano, 2000). In addition to receiving input from the basal ganglia, the 

PPN also sends efferents to the thalamus, which has led some to consider the 

PPN as an auxiliary basal ganglia output nucleus (Mena-Segovia et al., 2004). 

The PPN has been shown to be essential for gait initiation and maintenance 

(Masdeu et al., 1994; Lee et al., 2000; Pahapill and Lozano, 2000), and 
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lesioning of the PPN causes akinesia (Kojima et al., 1997; Munro-Davies et al., 

1999; Matsumura and Kojima, 2001). Furthermore, the PPN has been linked to 

the pathogenesis of PD and other movement disorders since the PPN has 

been shown to degenerate in the late-stages of these diseases (Hirsch et al., 

1987). However, the role of PPN in movement and movement disorders is still 

unclear (Inglis and Winn, 1995; Winn, 2006).  

The PPN is a neurochemically heterogenous nucleus located in the 

brainstem and is comprised of the pars compacta (PPNc) and pars dissipata 

(PPNd) regions. Cholinergic neurons predominate in the PPNc and also make 

up a large portion of the PPNd. Glutaminergic neurons are generally localized 

to the PPNd and are the second most abundant neuronal type in the PPN (Rye 

et al., 1987; Spann and Grofova, 1992; Lavoie and Parent, 1994b). Several 

other neuronal sub-types, including dopaminergic, serotonergic, and 

GABAergic cells, can also be found in the PPN (Rye et al., 1987; Spann and 

Grofova, 1992; Lavoie and Parent, 1994b).  

The PPN can be further subdivided by examining the various 

electrophysiological properties of PPN neurons. There are three types of 

neurons in the PPN evident in in vitro slice recordings (Kang and Kitai, 1990; 

Takakusaki and Kitai, 1997). Type I neurons are activated via excitation or 

inhibition and fire in a bursting manner (10-20 spikes/sec during the burst). 

Type II neurons respond solely to excitatory stimuli and have a slow, tonic, and 

repetitive firing pattern (0.5-8 spikes/sec). Type II action potentials are followed 

by a long period of hyperpolarization. Finally Type III neurons exhibit both Type 

I and Type II firing patterns. Type I behavior predominates in the PPN, though 
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up to 25% of PPN neurons exhibit Type II behavior at any given time (Lee et 

al., 2000; Pahapill and Lozano, 2000). 

Information about the somatotopic organization of PPN connections is 

limited. Until recently (Section 2.1; Aravamuthan et al., 2007), the organization 

of PPN connections within the nucleus has only been demonstrated for 

cerebral cortex connections in primates (Matsumura et al., 2000) which showed 

that more dorsal regions of the primary motor cortex (M1) connected with more 

lateral areas of the PPN, while ventral regions connected predominantly with 

the medial PPN. This same relationship was found within sub-regions of M1. 

For example, dorsal portions of the M1 hindlimb and forelimb regions projected 

laterally into the PPN while ventral portions of these M1 sub-regions projected 

to the medial PPN. In animal studies, sub-cortical structures have not been 

shown to connect preferentially with a specific PPN region, though it has been 

shown that efferents from the GPi project throughout the entire PPN in the 

squirrel monkey (Shink et al., 1997). Rodent PPN somatotopy has not been 

described.  

Furthermore, the connections of the PPN differ between rodents and 

primates. The major inputs to the PPN are the GPi and the SNpr (Shink et al., 

1996, 1997) in non-human primates and the STN in rats (Spann and Grofova, 

1991), though both the rodent and primate PPN receive input from all three 

basal ganglia structures. Pallidal outflow to the PPN is GABAergic and is 

preferentially targeted to the non-cholinergic neurons in the PPNd (Rye et al., 

1987; Scarnati et al., 1988; Semba and Fibiger, 1992; Shink et al., 1997). The 

SNpr also projects to non-cholinergic neurons in the PPNd (Scarnati et al., 

1984, 1986; Spann and Grofova, 1991), but it is unknown whether the SNpr 
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and GP project to the same neurons. The STN sends excitatory glutaminergic 

projections to the PPN (Jackson and Crossman, 1981b, 1983; Kita and Kitai, 

1987; Steininger et al., 1992; Parent and Hazrati, 1995b), but it is not known 

which cell group is targeted. The PPN also receives input from the deep 

cerebellar nuclei (DCN) (Hazrati and Parent, 1992b) in primates and from the 

cervical and lumbar regions of the spinal cord (Spann and Grofova, 1989) in 

rodents suggesting a role for the PPN as a sensory relay center for the basal 

ganglia (Fig. 1.2) (Lee et al., 2000; Pahapill and Lozano, 2000; Mena-Segovia 

et al., 2004). Although, input from the DCN to the PPN has not been observed 

in rodents and input from spinal cord regions to the PPN has not been 

observed in primates, these connections are also suspected to exist (Lee et al., 

2000; Matsumura et al., 2000; Pahapill and Lozano, 2000). Finally, the PPN 

has also been shown to receive direct input from M1, the SMA, and the PMC in 

primates (Matsumura et al., 2000), but these connections have not been 

demonstrated in rodents.  

The efferent connections of the PPN with the basal ganglia are 

numerous and are more prominent than PPN projections to the spinal cord and 

lower motor centers in both rodents and primates (Lee et al., 2000; Pahapill 

and Lozano, 2000). The major ouputs of the PPN are the SNpc and the STN in 

non-human primates (Lavoie and Parent, 1994a, 1994c) and the GPi (or 

entepeduncular nucleus) in rodents (Rye et al., 1987; Scarnati et al., 1988), 

though both the rodent and primate PPN project to all three structures (Scarnati 

et al., 1984; Gould et al., 1989; Spann and Grofova, 1992; Lavoie and Parent, 

1994a, 1994c). Generally, stimulation of the PPN induces excitation of neurons 

in the STN and GPi and excitation of the dopaminergic neurons in the SNpc 
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(reviewed in Lee et al., 2000; Pahapill and Lozano, 2000). Descending 

projections from the rodent and primate are mostly to the medullary reticular 

formation, a brainstem structure that sends bilateral projections to the spinal 

cord (Fig. 1.2) (Edley and Graybiel, 1983; Rye et al., 1987; Semba and Fibiger, 

1992; Inglis and Winn, 1995). Another major target of PPN outflow is the 

thalamus (Lavoie and Parent, 1994c), a projection which has, as 

aforementioned, lead some to consider the PPN as an auxiliary basal ganglia 

output nucleus (Mena Segovia et al., 2005). 

 

Figure 1.2. Known connections of the PPN in non-human primates determined using 

conventional anatomical tracing techniques (Lee et al., 2000; Matsumura et al., 2000; Pahapill 

and Lozano, 2000). Arrows between structures indicate direct connections (green: excitatory, 

red: inhibitory, black: either inhibitory or excitatory).  

 

The rodent and primate PPN also may differ in their relative motor 

functions and the rodent PPN has been more closely linked to reward-related 

behavior (Inlgis and Winn, 1995; Winn, 2006). This may be due to stronger 
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connections between the PPN and limbic structures. The rodent PPN projects 

to the amygdala and lateral hypothalamus and receives robust input from the 

ventral pallidum, the same limbic output structure to which the STN projects 

(Inglis and Winn, 2006). Although the research presented in the subsequent 

Sections focuses mainly on the motor roles of the STN and PPN with regards 

to DBS of these structures in PD patients, it is also interesting to note the 

indirect connection between the STN and PPN in limbic thalamo-cortical loops 

as these limbic circuits are also likely to be affected by electrical stimulation of 

the STN or PPN.  

The PPN is the main part of the mesencephalic motor region and has 

been shown to be involved with locomotion in several studies. Generally, 

excitation of the PPN is prokinetic while PPN inhibition is akinetic (Lee et al., 

2000; Pahapill and Lozano, 2000). Excitation of the PPN can be 

pharmacologically induced by administration of glutamate agonists (Hammond 

et al., 1983a; Sanchez and Leonard, 1994). Furthermore, stimulation of the 

PPN at conventional frequencies used for DBS (>100 Hz) has been shown to 

induce akinesia while stimulation at various frequencies below 60 Hz has been 

shown to have prokinetic effects in several studies (reviewed in Lee et al., 

2000; Pahapill and Lozano, 2000). 

 

1.2 Rate-based and oscillations models of basal ganglia function 

 

Studies focusing on the anatomy of functionally segregated basal 

ganglia-thalamo-cortical loops (Parent and Hazrati, 1995a) led to the classical 

“rate-based” model of basal ganglia function (Albin et al., 1989; DeLong, 1990). 
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This model was partially developed to help explain how PD pathology could 

cause parkinsonian motor symptoms (bradykinesia, akinesia, and resting 

tremor). PD has historically been characterized by degeneration of the 

dopaminergic neurons in the SNpc which, according to the rate-based model, 

throws off the balance between the “direct” and “indirect” pathways in the basal 

ganglia (Fig. 1.1A). The direct pathway refers to the direct connections between 

the striatum and the basal ganglia output nuclei (GPi/SNpr) while the indirect 

pathway refers to information flow from the striatum to the GPi/SNpr via the 

GPe and STN. In the rate-based model, the direct pathway facilitates 

movement by increasing thalamo-cortical based integration of motor 

information (Fig. 1.1B). The indirect pathway inhibits this thalamo-cortical 

interaction (Fig. 1.1C). Dopamine released from the SNpc to the striatum 

stimulates the direct pathway and inhibits the indirect pathway, thus facilitating 

coordinated movement overall. Therefore, according to the rate-based model, 

degeneration of SNpc dopaminergic neurons in PD causes over-activity of the 

indirect pathway in the basal ganglia and consequent paucity of movement 

(Tisch et al., 2004). 

Treatments for PD have focused on manipulating the basal ganglia with 

this “rate-based” model in mind. For example, according to the rate-based 

model, over-activity of the STN in the indirect pathway results in increased GPi 

activity which in turn increases inhibition of thalamo-cortical pathways. Lesions 

of the STN in monkeys treated with 1-methyl 4-phenyl 1,2,3,6-

tetrahydropyridine (MPTP) lessened parkinsonian symptoms and consequently 

provided evidence for this hypothesis (Bergman et al., 1990; Aziz et al., 1991, 

1992). Eventually, treatments for PD involving lesioning the STN (Guridi et al., 
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1993) and the GPi (Laitinen et al., 1992) became widely clinically available. 

When the lesions were properly targeted and not too large as to damage 

surrounding structures, symptoms were dramatically ameliorated. Yet, the 

permanence and high risk of lesioning did not make it an ideal treatment option. 

In the last decade, high frequency DBS of the GPi and STN, involving 

chronic implantation of stimulating macroelectrodes in these structures, was 

shown to be just as effective, if not more effective than lesioning the GPi or 

STN (Siegfried and Lippitz, 1994; Limousin et al., 1995; Krack et al., 1997b). 

The efficacy of DBS of the GPi and STN has been attributed to the use of 

frequencies high enough to induce depolarization block, which would keep 

stimulated neurons in a hyperpolarized state and thus prevent firing in, or 

virtually lesion, the stimulated structures (Bennazzouz and Hallett, 2000). 

However, recent evidence has shown that stimulation of the STN at 

frequencies too low to induce depolarization block still results in improvement 

of parkinsonian symptoms (Haslinger et al., 2005). Furthermore, the rate-based 

model predicts that DBS and lesions would ameliorate only parkinsonian 

hypokinesia via disinhibition of thalamo-cortical interaction in PD. However, 

DBS and lesions also facilitate normal movement in PD patients by reducing 

tremors, an effect that cannot be explained by the rate-based view of basal 

ganglia function (Kringelbach et al., 2007). Since the clinical introduction of 

DBS in the mid-1990s, DBS of the STN has now become the most common 

surgical treatment for PD (Krack et al., 1997a; Brock et al., 1998; Krause et al., 

2001). However, the mechanism underlying the efficacy of DBS still remains 

unknown (Kringelbach et al., 2007). 
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Based on the DBS paradox, the conventional rate-based model has 

come under fire. In its place, support for an “oscillation” model is gaining 

momentum (Brown, 2003; Brown and Williams, 2005). Neural networks are 

thought to communicate, at least in part, via synchronous firing (Salinas and 

Sejnowski, 2001; Schnitzler and Gross, 2005). General changes in the 

synchronization of neuronal firing in a given area can be recorded by 

measuring local field potentials (LFPs). This is done by placing an electrode in 

the extracellular space that records change in the potential of the surrounding 

fluid and thus the net change in the membrane potentials of local neurons. In 

many cases, neural communication is mediated not only by synchronous firing, 

but by distinct and often repetitive patterns of increases and decreases in firing 

rate. These periodic fluctuations, or oscillations, are evident in LFP recordings 

(Salinas and Sejnowski, 2001; Schnitzler and Gross, 2005). These oscillations 

in neuronal activity have been studied extensively in the cortex with regards to 

their role in behavior and cortico-cortical communication (reviewed in Neuper 

and Pfurtscheller, 2001; Salinas and Sejnowski, 2001; Schnitzler and Gross, 

2005). However, unlike the cortex, the normal basal ganglia rarely display 

oscillatory firing and most structures fire irregularly (reviewed in Bergman et al., 

1998a; Murer et al., 2002). In PD, there appears to be increased transmission 

of oscillatory cortical activity to the basal ganglia (Bergman et al., 1998a; Murer 

et al., 2002). LFP recordings from DBS electrodes implanted in PD patients 

display oscillatory activity at tremor (θ, approximately 3-5 Hz) and β frequencies 

(12-30 Hz) in the GPi and STN (Brown, 2003; Brown and Williams, 2005). 

However, with dopaminergic treatment, decreases in θ and β oscillatory activity 

and increases in γ (>60 Hz) oscillations are observed in the basal ganglia of PD 
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patients (Brown, 2003; Brown and Williams, 2005). It has been suggested that 

this γ frequency synchrony closely resembles normal “irregular” basal ganglia 

firing patterns (Schnitzler and Gross, 2005) and is prokinetic while θ and β 

oscillatory activity is antikinetic (Brown, 2003; Brown and Williams, 2005). The 

association of different oscillatory frequencies with antikinetic and prokinetic 

functions has been supported by electrophysiological recordings in several 

species including rats (Ruskin et al., 1999, 2003; Brown et al., 2002; Sharott et 

al., 2005b), monkeys (Bergman et al., 1994, 1998b; Wichmann et al., 1999, 

2002; Soares et al., 2004), and humans (Levy et al., 2000, 2002; Williams et 

al., 2002; Brown, 2003, 2004). Since both lesions and DBS of basal ganglia 

structures would disrupt antikinetic PD oscillations, the oscillation model can 

account for the efficacy of both these treatments.  

 

1.3 Propagation of network oscillations in the basal ganglia 

 

 Several studies have demonstrated an association between 

sensorimotor activity and the modulation of oscillatory activity in the normal 

cerebral cortex. For example, motor preparation and execution of both cued 

and self-paced motor tasks are associated with decreased power in the α and β 

frequency ranges (<35 Hz) in cortical EEG recorded from healthy human 

subjects (Klimesch et al., 1993; Pfurtscheller and Neuper, 1994; Pfurtscheller et 

al., 1997, 2000, 2001; Pfurtscheller and Lopes da Silva, 1999; Neuper and 

Pfurtscheller, 2001).  

 The main source of cortical input to the basal ganglia is via the striatum 

(Section 1.1.1). In the normal striatum, striatal inhibitory interneurons and an 
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inward rectifying K+ current tend to keep MSNs, the striatal projection neurons, 

in a predominantly hyperpolarized state (Nisenbaum et al., 1994, 1996; 

Nisenbaum and Wilson, 1995; Tepper et al., 2004; Mallet et al., 2005, 2006). 

MSNs will fire rarely and only with multiple, coincident, excitatory glutamatergic 

inputs from the cortex (Garcia-Munoz et al., 1991; Plotkin et al., 2005). Since 

the striatum does not propagate cortical oscillations faithfully to downstream 

structures, the resultant firing in the basal ganglia, as has been demonstrated 

in the normal rat (Sanderson et al., 1986; MacLeod et al., 1990; Hollerman and 

Grace, 1992; Burbaud et al., 1995; Hassani et al., 1996; Murer et al., 1997; 

Rohlfs et al., 1997; Magill et al., 2000; Tseng et al., 2000, 2001a, 2001b; Vila et 

al., 2000; Ni et al., 2001; Belluscio et al., 2003; Tai et al., 2003; Walters et al., 

2007; Parr-Brownlie et al., 2007) and non-human primate (Karmon and 

Bergman, 1993; Bergman et al., 1994; Wichmann et al., 1994b; Raz et al., 

2000), tends to be tonic and does not tend to oscillate with cortical periods of 

depolarization. The striatum thus serves as a functional gate, preventing 

oscillatory cortical activity from invading the downstream basal ganglia (Murer 

et al., 2002; Walters et al., 2007).  

A secondary source of cortical input to the basal ganglia is via the STN 

(Section 1.1.5). Unlike cells in other basal ganglia nuclei, a portion of STN 

neurons do fire synchronously with cortical firing. Estimates in the normal 

urethane-anesthetized rat suggest that 1 out of 4 STN neurons are oscillatory 

while close to no cells are oscillatory in other basal ganglia nuclei (Walters et 

al., 2007). It is likely that this subset of STN cells is more influenced by input 

from cortical neurons via the so-called “hyperdirect” pathway between the 

cortex and STN (Jackson and Crossman, 1981a; Jurgens, 1984; Rouzaire-
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Dubois and Scarnati, 1987; Fujimoto and Kita, 1993; Nambu et al., 1997; Inase 

et al., 1999) and not as affected by cortical input transmitted via the striatum. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Phase relationships between firing in the cortex and firing in the basal ganglia in the 

urethane-anesthetized 6-OHDA lesioned rat (Walters et al., 2007). Example LFP traces are 

indicated in each structure as they would appear if recorded simultaneously. Troughs indicate 

periods of greatest depolarization in the structure while peaks indicate periods of least 

depolarization. Until recently (Section 3), the phase relationship between firing in the PPN and 

firing in the cortex was unknown (indicated with a ‘?’ in this figure). Dashed lines around and 

emerging from the SNpc indicate degeneration of dopamine neurons in the SNpc following 6-

OHDA lesion. Arrows between structures indicate direct connections (green: excitatory, red: 

inhibitory, black: either inhibitory or excitatory). 

 
Depletion of dopamine in the striatum, as in PD, appears to result in 

opening of the striatal oscillatory gate. As dopaminergic neurons from the SNpc 

synapse directly on MSNs, dopamine is poised to play a diverse and 

widespread modulatory role in the striatum (Section 1.1.1). In dopamine-

depleted animal models of PD (i.e. the 6-OHDA lesion rat model and the MPTP 
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lesion primate model), oscillatory activity in the striatum and basal ganglia is 

greatly increased compared to oscillatory activity in normal control animals and 

is synchronous with oscillatory activity in the cortex (Sanderson et al., 1986; 

MacLeod et al., 1990; Hollerman and Grace, 1992; Karmon and Bergman, 

1993; Bergman et al., 1994; Wichmann et al., 1994b; Burbaud et al., 1995; 

Hassani et al., 1996; Murer et al., 1997; Rohlfs et al., 1997; Magill et al., 2000; 

Tseng et al., 2000, 2001a, 2001b; Vila et al., 2000; Raz et al., 2000; Ni et al., 

2001; Belluscio et al., 2003; Tai et al., 2003; Walters et al., 2007; Parr-Brownlie 

et al., 2007). These results suggest that dopaminergic innervation of the 

striatum plays a key role in processing cortical oscillatory activity and in 

preventing these cortical oscillations from invading the basal ganglia.  

In the parkinsonian brain, firing in the basal ganglia tends to oscillate in 

phase or out of phase with firing in the cortex. In the urethane-anesthetized 6-

OHDA lesioned rat, activity in the striatum, STN, and SNpr is in phase with 

cortical oscillations. Oscillations in the GPe, a key nucleus in the indirect 

pathway, are out of phase with cortical oscillations (Walters et al., 2007) (Fig. 

1.3). It is unclear how these phase relationships manifest in motor structures 

downstream of the basal ganglia (e.g. in the PPN, Fig. 1.3), or how DBS of the 

STN or PPN could potentially modify these firing patterns.  

 

1.4 Deep brain stimulation of the STN in Parkinson’s disease 

 

The STN has become the most common target for DBS in PD (Krack et 

al., 1997a; Brock et al., 1998; Krause et al., 2001). Several studies have shown 

that the DBS of the STN at high frequencies (>100 Hz) results in a dramatic 
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amelioration of parkinsonian bradykinesia and tremor, often resulting in 80-90% 

improvement of motor Unified Parkinson Disease Rating Scale (UPDRS) 

scores (Kumar et al., 1998; Rodriguez-Oroz et al., 2005). However, the effect of 

DBS of the STN on rigidity and akinesia is more limited, resulting in only a 30-

60% improvement with stimulation (Kumar et al., 1998; Rodriguez-Oroz et al., 

2005). Furthermore, the beneficial effect of STN DBS on axial symptoms (e.g. 

akinesia, gait abnormalities, and postural instability) significantly lessens with 

time when comparing on-drug UPDRS scores 1 year and 5 years after the DBS 

implantation procedure (Krack et al., 2003). The axial symptoms that persist 

when patients are on dopaminergic medications are also not improved with 

STN stimulation (Yokoyama et al., 1999; Stolze et al., 2001), further supporting 

the observation that there is a direct correlation between responsiveness to L-

DOPA and the benefit derived from STN DBS (Pahwa et al., 2006). Therefore, 

though DBS of the STN definitively improves dopamine-responsive tremor and 

bradykinesia in PD patients, debilitating parkinsonian motor abnormalities can 

persist even with DBS of the STN and dopamine replacement therapy. 

 

1.5 Deep brain stimulation of the PPN in Parkinson’s disease 

 

The role of the PPN in the control of locomotion and posture has been 

studied extensively. In the intact normal monkey low frequency (10 Hz) 

stimulation of the PPN increases motor activity significantly, whereas high 

frequency stimulation reduces it (Nandi et al., 2002b). In the primate model of 

PD, parkinsonian akinesia can be alleviated by pharmacological disinhibition of 

the PPN with bicuculline (Nandi et al., 2002a) or by low frequency electrical 
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stimulation of the PPN (Jenkinson et al., 2004).  These results imply that 

parkinsonian akinesia is at least partly the result of excessive inhibition of the 

PPN by descending GABAergic projections from the basal ganglia that can be 

bypassed by stimulating the PPN directly.  The increase in movements may 

occur both by stimulating the ascending projections of the PPN to engage 

surviving dopaminergic mechanisms in the basal ganglia, but also by 

stimulating PPN projections descending to brainstem locomotor and postural 

centers, ‘downstream’ from the dopaminergic systems. However, it is also 

known that the beneficial effects of low frequency stimulation of the PPN  and 

those of levodopa treatment are additive (Jenkinson et al., 2006).  Thus it has 

become clear that the PPN plays an important dopamine-independent role in 

the control of posture and locomotion. 

Based on these primate data, the PPN was chosen as a new DBS target 

for human PD patients with previously medically intractable rigidity and 

akinesia. Low frequency—20-25 Hz (Plaha and Gill, 2005) or 10 Hz (Mazzone 

et al., 2005)—stimulation of the PPN significantly improved gait dysfunction and 

postural instability in patients on or off dopamine medication. High frequency 

(80 Hz) stimulation had either little or exacerbating effects (Mazzone et al., 

2005). Recently, it has also been shown that the effects of high frequency 

stimulation of the STN, low frequency stimulation of the PPN, and 

dopaminergic medication are additive, further supporting the theory that the 

PPN is involved in motor control in PD via dopamine-independent mechanisms 

(Stefani et al., 2007). Therefore, in contrast to DBS of the STN, DBS of the 

PPN in PD patients results in improvement of dopamine-resistant gait and 

postural abnormalities.  
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1.6 Research question and experiment summaries 

 

DBS of the STN and DBS of the PPN have been shown to effectively 

ameliorate several parkinsonian symptoms. However, PPN and STN anatomy 

in humans, the involvement of the PPN in pathological oscillatory synchrony 

and the electrophysiological interaction between the PPN and the STN, and the 

different effects of DBS of the PPN and STN on the same parkinsonian 

symptoms are unknown. Studying differences between PPN and STN 

connectivity and electrophysiology in the normal and parkinsonian brain may 

help shed light on these questions and give us a better understanding of the 

role of these nuclei as DBS targets for PD.  

In order to obtain a comprehensive view of the relationship between 

these two nuclei in the normal and parkinsonian brain, STN and PPN activity 

was studied in PD patients (at the University of Oxford, Oxford, UK) and in a rat 

model of PD (at the National Institutes of Health, Bethesda, MD, USA). In 

humans, the differences between the anatomical connections of the STN and 

PPN and the differences in STN and PPN LFP activity during voluntary 

movement were determined. The relationship between LFP and single unit 

activity in the PPN, motor cortex, and other basal ganglia nuclei was studied in 

rats.  

The roles of the STN and PPN were examined in three general contexts: 

anatomically (Section 2), electrophysiologically (Sections 3 and 4), and 

behaviorally (Section 5). Section 2 illustrates how diffusion tensor imaging (DTI) 

was used to determine the anatomical connections of the healthy human PPN 

and STN. These DTI results were also validated in a non-human primate brain. 
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Section 3 examines relationships between neuronal activity in the PPN, motor 

cortex, and other basal ganglia nuclei in a simplified model of neural network 

oscillations (the urethane-anesthetized rat). Phase relationships were 

compared between normal rats and hemi-parkinsonian rats (6-

hydroxydopamine lesions of the medial forebrain bundle) to determine the 

effect of striatal dopamine depletion on PPN electrophysiology. Section 4 

examines the relationship between oscillatory activity in the PPN and STN 

during voluntary movement in patients with PD. PPN and STN LFP modulation 

was examined in different frequency bands during rapid cued and self-paced 

voluntary finger flexion to determine the involvement of these nuclei in the 

execution of simple voluntary movements and in overcoming bradykinesia and 

tremor in PD. Finally, Section 5 compares the roles of the PPN and STN in 

parkinsonian motor behavior. The effects of PPN stimulation and STN 

stimulation on gait and posture in PD patients were compared during walking, 

turning, and standing to help determine the functional roles of the PPN and 

STN in large scale motor control.  
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2. ANATOMICAL COMPARISON OF THE PEDUNCULOPONTINE AND 

SUBTHALAMIC NUCLEI 

 

The effects of DBS are not limited to the targeted structure, but will affect 

the distributed anatomical networks to which the target structure belongs. 

Therefore, understanding the anatomical connections of the PPN and STN will 

help elucidate treatment effects. In particular, establishing the topography of 

cortical and sub-cortical connections of STN and PPN in the human brain could 

aid accurate targeting of critical pathways in DBS. In this section, the 

connections of the PPN and STN and the distribution of these connections 

within these nuclei (topography) are determined using diffusion tensor imaging 

(DTI) in healthy human volunteers. To further validate the human DTI results, 

the connections and topography of the PPN are also determined in a primate 

Macaca mulatta brain and compared to known non-human primate PPN 

connections and topography determined using conventional anatomical tracing 

techniques.  

 

2.1 Anatomy of the human PPN and STN  

 

2.1.1 Introduction and rationale 

The need for accurate surgical targeting of the PPN for DBS procedures 

necessitates better anatomical characterization of the PPN. Currently, PPN 

connections have been best characterized using tracing and evoked-potential 

studies in rodents (Garcia-Rill et al., 1987; Rye et al., 1987; Garcia-Rill and 
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Skinner, 1987a, 1987b; Spann and Grofova, 1989, 1991, 1992), but these 

connections differ greatly from those shown in non-human primate tracing 

studies (Lavoie and Parent, 1994a, 1994b, 1994c; Pahapill and Lozano, 2000). 

Though both the rodent PPN and monkey PPN have strong connections with 

the STN, substantia nigra (SN), and GP, connections between the PPN and 

motor cortex have only been shown in non-human primates, and projections 

from the PPN to the DCN and projections extending down the spinal cord have 

only been shown in rodents (Section 1). Recently, probabilistic diffusion 

tractography was used to trace connections of the PPN in humans (Muthusamy 

et al., 2007). These results show that PPN connections in humans largely 

match those in non-human primates, but also include descending cerebellar 

connections. These differing results illustrate the importance of verifying the 

existence of PPN connections across different species using the same 

methodological techniques.  

In contrast to the PPN, the connections of the STN have been well 

characterized in both rodents and non-human primates and there is little 

difference between the species (Hamani et al., 2004). The major connections of 

the STN are with the GP and SNpr. The STN also receives excitatory input 

from various parts of the cerebral cortex, including the motor cortex (M1), 

supplementary motor area (SMA), and the dorsal and ventral PMC (dPMC and 

vPMC, respectively) (Hamani et al., 2004). 

This section investigates the topography of STN and PPN connections. 

Until now, PPN topography has been explored only in monkeys and has only 

been demonstrated for cortical connections in one study (Matsumura et al., 

2000). Distinct topography has also been demonstrated in the STN, separating 
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STN regions connected to motor, associative, and limbic brain areas (Hamani 

et al., 2004). However, PPN or STN topography has not been demonstrated in 

humans.   

DTI was used to test for topographic organization in the cortical and sub-

cortical connections of human STN and PPN. DTI can be used to estimate 

anatomical connections in the human brain in vivo. Probabilistic methods for 

tractography (Behrens et al., 2003b; Parker et al., 2003) allow for tracking of 

probable fiber pathways between cortical and sub-cortical gray matter 

structures (Behrens et al., 2003a; Johansen-Berg et al., 2005; Sillery et al., 

2005; Muthusamy et al., 2007).  For the purposes of this study, connections 

refer to the estimated anatomical pathways between brain regions (e.g. a fiber 

path estimated between the STN and a cortical brain region) while topography 

refers to the size and spatial distribution of the specific parts of a given gray 

matter structure that connect to other brain regions (e.g. the anterior-medial 

part of the STN connects with cortical areas). Note that the terms ‘connections’ 

and ‘topography’ are used in a purely anatomical sense. Although tractography 

cannot determine the direction or sign of functional projections between 

regions, it does allow for the estimation of the connections and topography of a 

given brain region in vivo. Therefore, in order to further anatomically 

characterize human PPN and STN, diffusion tractography was used to 

determine the anatomical connections and topography of cortical and sub-

cortical connections of the PPN and STN in healthy human subjects. 
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2.1.2 Methods 

2.1.2.1 Subjects and image acquisition 

Magnetic resonance data were acquired from 8 healthy right-handed 

adult subjects (4 men, 4 women, age range 21-34 years) with no history of 

psychiatric or neurological disease. All subjects provided written informed 

consent in accordance with ethical approval from the Central Office for 

Research Ethics Committees. A 1.5 T Siemens Sonata MR scanner with 

maximum gradient strength of 40 mT·m-1 was used. Diffusion-weighted data 

were acquired using echo planar imaging (72x2 mm2 thick axial slices, matrix 

128x104, field of view 256x208 mm2, giving a voxel size of 2x2x2 mm3). The 

diffusion weighting was isotropically distributed along 60 directions using a b 

value of 1000 sec·mm-1. A T1-weighted anatomical image was also acquired 

using a 3D flash sequence (repetition time = 12 msec, echo time = 5.65 msec, 

and flip angle = 19°, with elliptical sampling of k space, giving a voxel size of 

1x1x1 mm3 in 5 min and 5 sec).  

 

2.1.2.2 Image pre-processing 

Tools from the FMRIB Software library (FSL, www.fmrib.ox.ac.uk/fsl, 

(Smith et al., 2004)) were used for image processing and analysis. Diffusion-

weighted, T1-weighted structural, and Montreal Neurological Institute (MNI) 

standard brain template images (Evans et al., 2003) were skull-stripped using 

the FSL Brain Extraction Tool. Affine registration was then performed to derive 

transformation matrices among the three spaces (diffusion, structural, and 

standard space). Lastly, probability distributions of fiber direction at each voxel 

were calculated using previously described methods (Behrens et al., 2003b). A 
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simple partial volume model of local diffusion was used, with only a single 

anisotropically diffusing direction in the voxel. A probability distribution function 

on this principal fibre direction was then estimated using Bayesian techiques. 

Probability distributions of connectivity between the initial seed voxel and all 

other points are determined by repeatedly sampling connected pathways 

through this probability distribution function field. This allows for the 

visualization of the dominant connection from the seed voxel as a probability 

distribution gradient (Behrens et al., 2003b). Using this probabilistic diffusion 

tractography technique, multiple anisotropic diffusion directions within a single 

voxel manifest as uncertainty in the principal diffusion direction. Newer 

techniques have optimized modeling of multiple anisotropic diffusion directions 

within a single voxel using the same Bayesian estimates of probability 

distribution functions on each diffusion direction. However, multiple diffusion 

directions are modeled only in voxels which appear to represent regions of fiber 

crossing. This voxel selection is accomplished using a model selection 

technique called automatic relevance determination (Hosey et al., 2005; Parker 

and Alexander, 2005; Behrens et al., 2007). Use of these newer multiple 

diffusion direction modeling techniques may improve upon the tractography 

results presented here and could be used to further study the connections 

demonstrated in this study using the single diffusion direction model.  

 

2.1.2.3 Determining regions strongly inter-connected to the PPN or STN with 

probabilistic tractography 

It is difficult to visualize the boundaries of the PPN and STN on diffusion 

images and therefore, to initially define the major anatomical connections of 
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PPN and STN in the human brain, only single seed voxels that could be 

confidently located within the PPN or STN were identified. These seeds were 

selected bilaterally for each subject from transverse slices in diffusion space. 

The voxel used as the PPN seed was located at the level of the superior 

cerebellar peduncle, in between the medial lemniscus and the decussation of 

the superior cerebellar peduncle (xscp) (Figs. 2.1, 2.4A). The xscp is clearly 

visible on the red-green-blue (RGB) representation of the principle diffusion 

estimate at each voxel (Stieltjes et al., 2001) and so this representation was 

used to ensure that fibers of the xscp did not overlap with the PPN seed voxel 

(Fig. 2.1). The STN single voxel seed was located at the level of the superior-

most slice showing the red nucleus, medial to the SN, in the middle of the 

cerebellar peduncle (Fig. 2.7A). These seed voxel locations were 

independently confirmed to be within the PPN and STN by two licensed 

neurosurgeons (KA, TZ).  

FMRIB’s Diffusion Toolbox (FDT, www.fmrib.ox.ac.uk/fsl) allows the user 

to modify certain tractography parameters to accommodate differences in brain 

size and diffusion data resolution. For example, the step length (default value is 

0.5 mm for diffusion data acquired with 2x2x2 mm3 voxel resolution in the adult 

human brain) corresponds to the distance between subsequent sampling points 

of connected pathways. The curvature threshold (default value is 0.2) 

corresponds to the angle between the principal diffusion directions in 

subsequent steps and can be changed to allow for the tracing of more or less 

tortuous pathways. The streamline samples (default value is 5000 samples) 

refer to the number of individual pathways that are drawn through the 

probability distributions on the principal diffusion direction and can be increased 
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to obtain a better resolution of the overall probability distribution corresponding 

the dominant connection from the seed voxel. Fiber tracking in this study was 

initiated from the single voxel seeds (5000 streamline samples, step length of 

0.5 mm, curvature threshold of 0.2, excluding connections crossing into the 

contralateral hemisphere). The paths connected with the seeded PPN or STN 

voxel were binarized and overlaid onto a standard brain image for population 

analyses. Areas displaying connections with the single voxel seed in at least 

half of all subjects were determined to be regions with high probability of 

connection to the PPN or STN.  

 

 

 
 
 
 
 
 
 
 
 
 

Figure 2.1. Localization of PPN seed voxels in the human brain. A transverse brain slice from 

one subject is shown as DTI images in diffusion space. In the bottom images, the crosshairs 

and orange square indicate the location of a PPN seed voxel. The images on the right are the 

RGB representations of the principle diffusion estimate at each voxel. In the RGB images, the 

xscp is clearly visible as a green area in the center of the brainstem. In the bottom right RGB 

image, the xscp is delineated by a white outline (Stieltjes et al., 2001). 

 

2.1.2.4 Creating anatomical masks of inter-connected regions 

After determining the cortical and sub-cortical regions strongly inter-

connected with STN and PPN, the topography of the STN and PPN was next 

characterized. Masks were drawn of these cortical and sub-cortical target 

regions bilaterally on the T1-weighted structural images for each subject based 
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on visible anatomical landmarks and with reference to the Atlas of 

Neuroanatomy and Neurophysiology (Netter et al., 2002). Somatotopic 

divisions of the motor cortex were estimated as percentages of the precentral 

gyrus based on the motor homunculus. These divisions, from medial to lateral 

are: legs and hips (M1-hind), 7.5%;  trunk region (M1-trunk), 17.5%;  arm and 

forearm (M1-fore-U), 15%;  wrist and hand (M1-fore-L), 30%;  neck and 

orofacial region, 30% (Fig. 2.2). The SMA and the dPMC were located just 

anterior to the precentral sulcus on the medial and lateral brain surface, 

respectively. The border between the SMA and dPMC was set at the same 

position, mediolaterally, as the border between M1-trunk and M1-fore-U. The 

lateral/inferior border of the dPMC was at the same position, mediolaterally, as 

a transverse plane through the midpoint of M1-fore-L (Fig. 2.2). The masks 

were registered to the diffusion data of the same subject using FMRIB’s Linear 

Image Registration Tool (FLIRT, www.fmrib.ox.ac.uk/fsl). Mask size did not 

significantly differ between hemispheres or across subjects when normalized to 

each subject’s brain size (paired t-test, p>0.05). 

 

 

 

 

 

 

 

 
 

Figure 2.2. Segmentation of cortical regions. Masks of cortical regions are drawn on the T1-

weighted structural image from one subject. Left: the M1 (shades of red), SMA (dark blue), and 

dPMC (light blue) are shown on a transverse slice. From medial to lateral, the motor cortex is 

subdivided into the hindlimb, trunk, upper forelimb, lower forelimb, and orofacial regions. Right: 

the motor cortex (white) is also visible on a sagittal slice.  



 35

2.1.2.5 Determining the topography of PPN and STN connections 

To investigate the topography of anatomical connections from each 

nucleus, seed masks were created surrounding the PPN and STN single voxel 

seeds described above, that aimed to include the entire nucleus of interest 

(Figs. 2.5A, 2.8A). Both the PPN and STN masks were 36 voxels (288 mm3) in 

size. The Human Central Nervous System atlas (Niewenhuys et al., 1988) 

shows the PPN to have an approximate volume of 230 mm3 and the STN to 

have an approximate volume of 220 mm3, which is in agreement with other 

studies calculating human STN volume to be 240 mm3 (Hardman et al., 2002). 

The generous size of the seed masks allowed sufficient space for topography 

to be inferred for the PPN and STN and allowed for clear discernment between 

areas that preferentially connect with different brain regions. Tractography was 

run from every voxel inside these seed masks and the co-ordinates of the voxel 

within each seed mask with the highest probability of connection to a given 

brain region were determined. The locations of these voxels relative to the mid-

point of the seed mask were calculated and these co-ordinates were averaged 

across all 8 patients (16 voxels). The average voxel location was graphed in 

the coronal, transverse, and sagittal planes along with error bars indicating the 

95% confidence interval of the average location. The areas designated by the 

error bars indicated the areas of the PPN and STN with highest probability of 

connection to other brain structures. An example of topography determination 

is shown in Figure 2.3. In addition to comparing the locations of these PPN and 

STN regions of connectivity, paired t-tests were performed on the x, y, and z 

co-ordinates of the PPN and STN voxels to infer existence of topography.  
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To examine the strength of the connections between the PPN, STN and 

other brain regions, the number of voxels in each seed mask that had any 

probability of connection (>0 streamline samples) to a given brain region was 

also determined. This number was compared, using paired t-tests, across all 

regions showing high connectivity to the PPN or STN in order to determine 

whether different volumes of the PPN or STN projected to different brain 

regions. Furthermore, in order to determine whether the volume of the PPN or 

STN connecting to a given brain region was proportional to the size of that 

region, the number of voxels with any probability of connectivity was divided by 

the number of voxels in the diffusion image mask of the connected brain region. 

This normalized value was then again compared across all regions using 

paired t-tests.  

 

2.1.2.6 Determining the paths of connections between the PPN, STN, and 

other inter-connected brain regions 

Connected paths were determined using the two-way symmetrical 

tracking mode in FDT. This returns only the connection paths that pass through 

the PPN or STN mask and another brain region mask, regardless of which 

mask is used as the seed image. The connection paths were binarized and 

overlaid onto a standard brain image for population analyses. The connection 

path present in at least half of all subjects was determined to be the most likely 

path between the PPN or STN and a given brain region. Furthermore, only 

tracts that showed an uninterrupted path between the two masks in at least half 

of all subjects were further examined. Key structures via which each tract 

passed were noted and compared between the PPN and STN.  
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Figure 2.3. Example of topography determination. The PPN voxels with highest probability of connection to the thalamus (Fig. 2.5) are shown in the coronal, 

transverse, and sagittal planes. The axes show distance in mm relative to the midpoint of the PPN seed mask, located at 0 mm on each axis. The two bold 

dashed lines in each plot intersect at the midpoint of the seed mask. Voxels that have the same coordinates in a given plane are plotted offset from their 

actual location (indicated by a ‘+’). The average voxel location is also shown with error bars indicating the 95% confidence interval for each coordinate. This 

95% confidence range is shaded gray and indicates the area of the PPN with highest probability of connection to the thalamus. 
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2.1.3 Results  

2.1.3.1 Connections and topography of the PPN 

The PPN exhibited connections with the cerebral cortex, basal ganglia, 

cerebellum and spinal cord (Table 2.1, Fig. 2.4). The cortical regions with high 

probability of connection to the PPN were the dPMC, SMA, M1-hind, M1-trunk, 

M1-fore-U, and M1-fore-L (Fig. 2.4B). Sub-cortical connections of PPN included 

the thalamus, GP, and STN (Fig. 2.4C). Surprisingly, PPN connections with the 

SN were found in slightly less than half of all subjects (7 out of 16 PPNs 

examined, Table 2.1) and, therefore, PPN connections with the SN were not 

considered sufficiently strong to warrant further analysis using DTI techniques 

in this study. In addition, PPN connections were also observed throughout the 

declive and folium regions of the cerebellum (mid-cerebellum) and extending 

caudally to the spinal cord (Fig. 2.4D).  

Significant (p<0.05) topography in the PPN was present in the coronal 

(Fig. 2.5B), transverse (Fig. 2.5C), and sagittal (Fig. 2.5D) planes. The anterior 

and superior portions of the PPN tended to be connected with more anterior 

and superior brain regions, respectively. In addition, PPN regions connected to 

the cortex tended to be located closely together and were generally more 

laterally located than were PPN regions connected to other brain regions. PPN 

regions connected to the thalamus, mid-cerebellum, and STN were also 

located closely together (within the same quadrant of the PPN mask within a 

given plane). However, the PPN region connected to the GP was distinctly 

segregated from the regions connecting to other sub-cortical regions (generally 

located in the opposite quadrant) (Fig. 2.5). 
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Table 2.1. PPN Connections Across All Subjects. 

Brain Regions 1L 1R 2L 2R 3L 3R 4L 4R 5L 5R 6L 6R 7L 7R 8L 8R % 
PFC     X    X X      X 25.00 

dPMC X X X      X  X  X X X  50.00 

SMA  X X X     X  X  X X  X 50.00 

M1-Hind   X X X X X  X X     X  50.00 

M1-Trunk  X X X X X X X X X X X X X X X 93.75 

M1-ForeU X X  X X X  X X X X X X X X  81.25 

M1-ForeL  X X X X X X  X X X X  X X X 81.25 

Cortex 

M1-Orof  X    X     X    X  25.00 

Thalamus X X X X X X X X X X X X X X X X 100.00 

GP X X X X X  X  X X X  X X X X 81.25 

STN X X   X X X X X X X X  X X X 81.25 
Basal 

Ganglia 

SN  X X X     X X   X   X 43.75 

Cerebellum X X X X X X X X X X X X X X X X 100.00 

Spinal Cord X X X X X X X X X X X X X X X X 100.00 

1L/1R: Subject ID Left/Right PPN; X: Regions connected to the indicated PPN as determined from a single PPN seed voxel;  %: Percentage of PPNs, out of 

the 16 PPNs examined, that are connected to the indicated brain region.  



 40

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4. Regions with highest connectivity to the PPN as determined from a single seed voxel 

located within the PPN in each hemisphere. A) Localization of PPN seed voxel (2x2x2 mm3, 

selected in diffusion space) is indicated bilaterally by blue squares on a T1-weighted structural 

image. B-D) Tracts are thresholded to include projections present in only 4 or more of the 8 

subjects. The color of the tract indicates the number of subjects with PPN projections running via 

a given tract (as shown in the color scale in the upper right corner of each row). Each row shows 

slices that intersect at the voxel location indicated by the green crosshairs. The MNI coordinate of 

each slice is also shown in the upper left corner of each brain image. White bars at the lower right 

hand corner of each row show a 1 cm scale for the figures in that row.  B) Connectivity between 

the PPN and the motor cortex, SMA, and dPMC. C) Connectivity between the PPN and the GP, 

thalamus, and STN. D)  Connectivity between PPN and the mid-cerebellum and spinal cord. 
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Figure 2.5 (on previous page). Topography within the PPN.  A) Schematic of the 36-voxel PPN 

seed mask. The light blue cube shows the location of the single seed voxel used for the 

determination of the regions of highest connectivity to the PPN (Fig 1). B-D) Seed mask location 

and topography in the coronal, transverse, and sagittal planes. The left half of each row shows 

the location of the seed mask in a DTI image in diffusion space (top), a schematic of the seed 

mask in the given plane (bottom far left), and the topography in that plane (bottom right). Areas of 

cortical connection are shown in blue and the locations of non-cortical connections are in red. The 

intersection of the two bold dashed lines in the image showing topography indicates the midpoint 

of the seed mask. The image on the right of each row zooms in on the areas of highest 

connectivity as shown in the smaller topography image on the left side of each row. The axes 

show distance in mm relative to the midpoint of the PPN seed mask, located at 0 mm on each 

axis. Each red or blue-shaded box is centered at the location of the PPN voxel with the highest 

probably of connection to the indicated brain region, as determined from the average location 

across all 8 subjects. The width and height of each box show a 95% confidence interval range, 

across all 8 subjects, for the location of this PPN voxel (Fig. 2.3).  

 
The volume of the PPN connecting to each of these regions differed as 

well. The largest portion of the PPN connected to the GP while the smallest 

portion connected to M1-hind (Fig. 2.6A). Interestingly, this size ordering 

changed after correcting for the sizes of the targets (by dividing the volumes of 

the PPN regions by the sizes of the brain regions with which they connect). The 

largest normalized volume of the PPN connected with the STN, the second 

largest PPN volume to the GP, and the smallest volume to the mid-cerebellum. 

However, it is important to note here that the STN was the smallest brain region 

with which the PPN connected while the mid-cerebellum was the largest (Fig. 

2.6B).  

Finally, connections between the PPN and cortex differed in the path they 

took through the brain (Table 2.2). Weaker connections between the PPN and 

M1-hind and M1-fore-L did not exhibit a continuous path in at least half of all 

subjects and were therefore excluded from further analysis. All connection paths 
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passed between the PPN and the cortex via the thalamus and internal capsule 

though the connection between the PPN and the motor cortex avoided the basal 

ganglia entirely while the connections between the PPN and the dPMC and SMA 

passed through the STN.  

 

2.1.3.2 Connections and topography of the STN 

The STN also showed high probability of connection to several brain 

regions (Table 2.3). In the cortex, connections were found between the STN and 

the dPMC, SMA, M1-hind, M1-trunk, and M1-fore-U (Fig. 2.7B). In the basal 

ganglia, the STN exhibited connections with the thalamus, GP, and SN (Fig. 

2.7C). In addition, STN connections were observed with the PPN, throughout the 

mid-cerebellum, and extending caudally to the spinal cord (Fig. 2.7D).  

 

Table 2.2. Paths of Connections between the PPN and Cortex 

Areas of Passage dPMC SMA M1-trunk M1-fore-U
M1-hind     
M1-trunk   X  
M1-fore-U   X X 

Motor Cortex 

M1-fore-L     
dPMC X    Other 

Cortical 
Areas SMA  X   

Thalamus X X X X 
GP     
SN     

Basal 
Ganglia 

STN     

Columns: the path of a connection between the PPN and the indicated cortical area. X: Area of 

the brain through which the indicated connection passes. 
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Figure 2.6. Volume of the PPN connected with different brain regions. A) Each bar shows the 

mean (± SE, across all 8 subjects) percent of the PPN connected to a given brain region (PPN 

voxels with any probability of connection to a given brain region / total number of PPN voxels). B) 

The mean percent of the PPN connected to a brain region normalized to the size of that 

connected region (PPN voxels with any probability of connection to a given brain region / total 

number of voxels in that brain region). +: largest PPN portion projecting to a given region 

(p<0.05);  —: smallest PPN portion projecting to a given region (p<0.05). 

Significant (p<0.05) topography was again shown in the STN in the 

coronal (Fig. 2.8B), transverse (Fig. 2.8C), and sagittal (Fig. 2.8D) planes. Figure 

2.8 shows the location (within a 95% confidence interval across all subjects) of 

the STN voxel showing the highest probability of connection to the indicated 

brain area. The general trends in STN topographical organization in the x- and y- 

directions matched those in the PPN. STN regions connected to the cortex were 

generally more laterally located than STN regions connected to other brain 

regions and more anterior portions of the STN tended to be connected with more 
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anterior brain regions. However, in the superior-inferior (z-axis) direction, unlike 

the general trend in the PPN, the STN regions connected to the cortex tended to 

be more superiorly located than regions connecting to other brain areas. When 

examining topography trends across planes, STN regions connected to the 

dPMC and SMA tended to be segregated from the STN regions connected to the 

motor cortex. STN regions connected to the GP, mid-cerebellum, SN, and PPN 

were located closely together (within the same half of the seed mask in a given 

plane) in the inferior and medial STN. However, the STN region connected to the 

thalamus was distinctly segregated, located superior and posterior to the STN 

regions connecting to other sub-cortical regions (Fig. 2.8).  

As in the PPN, there were also differences in the volume of the STN 

connecting to each of these regions. The portions of the STN connecting to the 

thalamus and mid-cerebellum were larger than the STN portions connecting to 

any other brain region. The portion connecting to M1-hind was smallest (Fig. 

2.9A). This size ordering altered after correcting for the target structure size. 

When comparing these corrected STN volumes, the largest portion of the STN 

was found to connect with the PPN, followed by the SN and GP. The smallest 

STN portions connected with the mid-cerebellum and SMA (Fig. 2.9B).  

The paths of connections between the STN and cortex also differed 

depending on the cortical region (Table 2.4). The routes between the STN and 

cortex passed via the internal capsule and almost all of them also passed 

through the SN and/or the thalamus. The only tract to not pass through the 

thalamus or the basal ganglia was the one between the STN and the SMA.  
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Table 2.3. STN Connections Across All Subjects 

Brain Regions 1L 1R 2L 2R 3L 3R 4L 4R 5L 5R 6L 6R 7L 7R 8L 8R % 
PFC X X   X          X X 31.25 

dPMC X X  X X  X X  X  X   X X 62.50 

SMA X   X    X X X  X   X X 50.00 

M1-Hind  X   X  X X X   X X  X X 56.25 

M1-Trunk X X  X X X X  X X X  X X  X 75.00 

M1-ForeU X X X X  X X X X X X X X X X  87.50 

M1-ForeL  X X X   X   X     X  37.50 

Cortex 

M1-Orof  X   X X      X   X  31.25 

Thalamus X X X X X X X X X X X X X X X X 100.00 

GP X X X X X X X  X X X X X X X X 93.75 
Basal 

Ganglia 
SN X  X X X X X X X X X X X X X X 93.75 

PPN X X X  X X X X X X X X X X X  87.50 

Cerebellum X  X  X X  X X X  X  X X X 68.75 

Spinal Cord X X  X X X   X  X X   X X 62.50 

1L/1R: Subject ID Left/Right STN;  X: Regions connected to the indicated STN as determined from a single STN seed voxel;  %: Percentage of STNs, out of 

the 16 STNs examined, that are connected to the indicated brain region.  



 47

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Regions with highest connectivity to the STN as determined from a single seed voxel 

located within the STN in each hemisphere. A) Localization of PPN seed voxel (2x2x2 mm3, 

selected in diffusion space) is indicated bilaterally by blue squares on a T1-weighted structural 

image. B-D) Tracts are thresholded to include projections present in only 4 or more of the 8 

subjects. The color of the tract indicates the number of patients with STN projections running via 

a given voxel (as shown in the color scale in the upper right corner of each row). Each row shows 

slices that intersect at the voxel location indicated by the green crosshairs. The MNI coordinate of 

each slice is also shown in the upper left corner of each figure. White bars at the lower right hand 

corner of each row show a 1 cm scale for the figures in that row.  B) Connectivity between the 

STN and the motor cortex, SMA, and dPMC. C) Connectivity between the STN and the GP, 

thalamus, and SN. D)  Connectivity between STN and the PPN, mid-cerebellum, and spinal cord. 
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Figure 2.8 (on previous page). Topography within the STN.  A) Schematic of the 36-voxel STN 

seed mask. The light blue cube shows the location of the single seed voxel used for the 

determination of the regions of highest connectivity to the STN (Fig 2.7). B-D) Seed mask location 

and topography in the coronal, transverse, and sagittal planes. An outline of the STN is shown 

overlaid on the seed mask in the coronal view (A). The left half of each row shows the location of 

the seed mask in a DTI image in diffusion space (top), a schematic of the seed mask in the given 

plane (bottom far left), and the topography in that plane (bottom right). The image on the right 

zooms in on the areas of highest connectivity as shown in the smaller topography image on the 

left side of each row. The axes show distance in mm relative to the midpoint of the STN seed 

mask, located at 0 mm on each axis. Each red or blue box is centered at the STN voxel location 

with the highest probably of connection to the indicated brain region, as determined from the 

average location across all 8 subjects. The width and height of each box show a 95% confidence 

interval range, across all subjects, for the STN voxel location (Fig. 2.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.9. Volume of the STN connected with different brain regions. A) Each bar shows the 

mean (± SE, across all 8 subjects) percent of the STN connected to a given brain region (STN 

voxels with any probability of connection to a given brain region / total number of STN voxels). B) 

The mean percent of the STN connected to a brain region normalized to the size of that 

connected region (STN voxels with any probability of connection to a given brain region / total 

number of voxels in that brain region). +: largest STN portion projecting to a given region 

(p<0.05);  —: smallest STN portion projecting to a given region (p<0.05). 
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Table 2.4. Paths of Connections between the STN and Cortex 

Areas of Passage dPMC SMA M1-
hind 

M1-
trunk 

M1-
fore-U 

M1-hind   X   
M1-trunk    X  
M1-fore-U    X X 

Motor 
Cortex 

M1-fore-L      
dPMC X     Other 

Cortical 
Areas SMA X X    

Thalamus   X X X 
GP      Basal 

Ganglia 
SN X   X X 

PPN   X X X 
Columns: the path of a connection between the PPN and the indicated cortical area. X: Area of 

the brain through which the indicated connection passes. 

 

2.1.4 Discussion 

2.1.4.1 Methodological considerations 

 There are several methodological issues that should be considered in 

interpreting the tractography results presented here. First, diffusion 

tractography does not allow us to differentiate between anterograde and 

retrograde pathways, inhibitory and excitatory connections, and direct versus 

indirect routes. Second, the probabilistic diffusion algorithms used for 

tractography in this study assume only a single anistropic water diffusion 

direction, and thus only a single direction of inferred fiber orientation, in each 8 

mm3 voxel. Therefore, tractography is sensitive primarily to large fiber pathways 

– smaller pathways, or those through regions of fiber crossing or complexity 

may not be detected with the methods used here. This may have reduced our 

sensitivity to pathways travelling to lateral parts of the motor strip. Recently 

developed models that allow for modelling of multi-fiber populations (Hosey et 

al., 2005; Parker and Alexander, 2005; Behrens et al., 2007) may improve 
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tracing to these areas and could be used to interrogate these connections in 

the future. Third, the brainstem can suffer from distortions due to susceptibility 

gradients; in our data acquired at 1.5 Tesla, however, such distortions were not 

substantial and it should be noted that previous diffusion studies have 

successfully traced pathways from nearby brainstem regions (Stieltjes et al., 

2001; Sillery et al., 2005; Muthusamy et al., 2007). Finally, the probability of 

tracing a pathway between two points will be influenced by factors other than 

the true existence of an anatomical connection – for example, longer or more 

tortuous paths are less likely to be traced, although the topographic distribution 

of connections is less likely to be influenced by factors such as distance to the 

target (Le Bihan et al., 2006).  

 

2.1.4.2 Human PPN and STN connections largely match connections 

previously shown in non-human primates 

Table 2.5 lists the PPN and STN connections determined in this section 

using diffusion tractography and compares them to the PPN and STN 

connections determined previously using tracing techniques. In humans, both 

the STN and PPN exhibit connections with the cortex, basal ganglia, 

cerebellum, and descending connections via the brainstem to the spinal cord. 

As expected, the paths between the STN and its major targets passed through 

more basal ganglia nuclei more frequently than did the paths of PPN 

connections (Pahapill and Lozano, 2000; Hamani et al., 2004). 
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Table 2.5. Comparison of Human and Animal PPN and STN Connectivity 

Animal PPN 
Rat Primate

Human 
PPN 

Animal 
STN 

Human 
STN Connected Brain 

Regions 
(Trace) (DTI) (Trace) (DTI) 

Motor 
Cortex  X X X X 

PMC X X X X X 
Cortical 
Areas 

SMA X X X X X 

Thalamus X X X X X 
GP X X X X X 
SN X X  X X 

Basal 
Ganglia 

STN X X X X X 

PPN X  X  X 

Cerebellum X X X X X 

Spinal Cord X  X  X 

X: regions showing strong connections to the PPN or STN as determined in humans in this DTI 

study or as determined previously in animals using tracing techniques. Trace: connections 

indicated were determined previously using conventional anatomical tracing techniques. DTI: 

connections indicated were determined using DTI in this Section. Connections in animals 

characterized as “sparse” or “scant” in the review literature were not included (Lee et al., 2000; 

Matsumura et al., 2000; Pahapill and Lozano, 2000; Hamani et al., 2004). 

 

The major connections of the human PPN determined using diffusion 

tractography are similar to those seen in lower primates, except that a strong 

connection between human PPN and the SN was not found. This may 

represent a key difference between PPN anatomy in humans and lower 

primates, or may reflect limitations in our tractography approach. Projections 

from the SN to the PPN arborize extensively in the PPN (Scarnati et al., 1984; 

Rye et al., 1987; Spann and Grofova, 1991) and it is possible that, as 

discussed in Section 2.1.4.1, this arborization limits the ability of DTI to detect 

the connection between these structures. In addition to demonstrating PPN 

connections with the basal ganglia, a PPN connection in humans was found to 

extend caudally to the spinal cord, a connection that has been demonstrated in 

rodents but only suspected in primates (Lee et al., 2000; Matsumura et al., 
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2000; Pahapill and Lozano, 2000). In addition to largely matching the PPN 

connections in monkeys, these results also replicate those of our previous 

study describing PPN connections in humans using diffusion tractography.  

The major connections of the human STN are also very similar to those 

shown in animal studies except for the presence of mid-cerebellum and spinal 

cord connections with the human STN (Table 2.5). Furthermore, though animal 

studies have shown the GP to have the strongest connection with the STN, 

based on the volume of the human STN projecting to each of its major targets 

in this study, the human STN seems to have the strongest connection with the 

mid-cerebellum and thalamus. Nevertheless, once normalized to the size of the 

connected brain region, the second largest volume of the STN is connected 

with the GP, while the largest volume of the STN connects with the PPN. Given 

this strong interconnection between the STN and PPN, it is possible that 

collaterals from a projection between these two nuclei manifest as the 

cerebellar and spinal cord connections observed with the human STN in this 

study.  

 

2.1.4.3 Human STN topography matches topography previously shown in 

animals 

The topography of STN connections with motor and associative brain 

regions determined in this study exhibits strikingly similar organization to 

previous reports of STN topography from rodent and non-human primate 

studies (Parent and Hazrati, 1995b; Shink et al., 1996; Joel and Weiner, 1997; 

Hamani et al., 2004). In all these species, motor cortical regions (M1, SMA, and 
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dPMC) all connect to the most superior portion of the STN, while associative 

regions are connected to the inferior and medial portions of the STN.  

It is possible that thalamic fibers running along the superior border of 

STN may have been included in the tractography seed mask, and this may 

explain why the STN area connected to the thalamus appears to be segregated 

from the STN areas connected to other associative regions. Nevertheless, 

diffusion tractography demonstrates that the connections and topography of the 

human STN largely matches that shown in animal studies. This further 

validates the technique and demonstrates its sensitivity.  

 

2.1.4.4 Demonstration of the existence of PPN topography in humans 

Human PPN connections displayed a clear topographical organization 

within the nucleus with respect to cortical and sub-cortical areas. Previously, 

one study in non-human primates reported that PPN connections with M1-orof, 

M1-fore-U and M1-fore-L, and M1-hind extend, in that order, from the medial to 

lateral areas of the nucleus, while projections to the dPMC and SMA are 

restricted to the middle of the nucleus (Matsumura et al., 2000). In contrast to 

the monkey anatomy, the PPN topography in human subjects displayed little 

medial to lateral distinction between the different areas of the human PPN 

projecting to the cortex. However, motor and associative areas of the human 

PPN were separated, with connections to motor cortical areas located in the 

most lateral portion of the superior PPN. 

In addition to the cortical PPN topography, these results are the first to 

demonstrate that PPN connections with sub-cortical brain regions are 

topographically organized. The PPN connections with the thalamus, mid-



 55

cerebellum, and STN were primarily located in the medial, posterior, and 

superior eighth of the PPN. Interestingly, the GP connections were located in 

the opposite corner of the PPN, in the lateral, anterior, and inferior eighth. This 

is a part of the PPN seed mask relatively far away from the GP itself, 

suggesting that this segregation of GP connections is probably not due to the 

inclusion of GP fibers in the PPN seed mask but is an accurate depiction of 

PPN topography.  

 

2.1.4.5 Functional implications in humans 

Cortical stimulation has been tried as an experimental therapy for PD 

and has been shown to ameliorate bradykinesia, tremor, and akinesia, although 

not to the extent observed with DBS of the PPN or STN (Fregni et al., 2005; 

Helmich et al., 2006). Cortical stimulation does, however, have effects on a 

wider range of PD symptoms than does DBS of the PPN or STN alone (Fregni 

et al., 2005; Helmich et al., 2006). The strong cortical connections observed 

with both the PPN and STN in this section may help explain the therapeutic 

effects of cortical stimulation. Interestingly, the distinct differences between the 

paths of tracts connecting the PPN and STN with the cortex, as shown by DTI, 

suggest that direct cortical connections with these nuclei may exist in humans. 

The tracts between the PPN and M1-trunk and M1-fore-U largely bypass the 

basal ganglia, indicating the possibility of a hyperdirect pathway between the 

PPN and cortex. The tract between the STN and the SMA also bypasses the 

basal ganglia, suggesting that the hyperdirect pathway between the cortex and 

STN shown in non-human primates is also present in humans (Hamani et al., 

2004).  
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Perhaps our most striking finding, however, is that the strongest 

connections of the PPN and STN appear to be between each other, when 

normalized to the size of the connected region. Noting that neither the 

directionality nor sign of this connection can be inferred from DTI analysis and 

that the proximity of the PPN and STN to each other may play a large role in 

the strong connection between the two nuclei, it is still very likely that there is a 

robust interconnection between the human PPN and STN. This suggests that 

electrical stimulation of one of these nuclei during DBS should greatly affect 

activity in the other nucleus. Furthermore, since their interconnection is so 

strong, the differences in symptom alleviation seen with DBS of the PPN and 

DBS of the STN cannot be primarily attributed to differences in PPN and STN 

connections, though this may play some role.   

 

2.1.4.6 Concluding remarks 

These results are the first to demonstrate topographic organization of 

cortical and sub-cortical connections of STN and PPN in the human brain. Our 

data confirm that the STN topography found in animals is also present in 

humans. This provides validation of the accuracy of diffusion tractography in 

determining the topography of small gray matter structures, such as the STN 

and PPN. These results also demonstrate that topography exists in the human 

PPN and that there is a distinction between PPN areas connected to cortical 

and sub-cortical structures.  

As aforementioned, it is important to confirm that diffusion tractography 

results in humans can be reproduced in other species. This is especially true in 

the case of the PPN, a structure whose connections differ greatly across 
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species (Lee et al., 2000; Pahapill and Lozano, 2000). Studies examining the 

connections and topography of the STN and PPN in non-human primates can 

be compared directly to the results of anatomical tracing studies. This could 

further validate the use of diffusion tractography to non-invasively determine 

the connections and topography of small gray matter structures as has been 

done here for the human PPN and STN.  

 

2.2 Anatomy of the PPN in a normal primate (Macaca mulatta) brain 

 

2.2.1 Introduction and rationale 

The techniques used to determine PPN connections in previous 

studies—anterograde and retrograde tracers, evoked-potential studies, and 

immunohistochemistry—have several advantages for the study of 

neuroanatomy, especially when used in combination. They allow for 

differentiation between chemically heterogenous neuronal populations, 

accurate confirmation of tracing origin via sectioning of tissue and examination 

of injection site location, and the determination of projection directionality. 

However, although these tracing methods provide valuable information about 

the functionality of connections between different brain structures, they also 

have several disadvantages. First, it is difficult to do tract tracing while still 

obtaining the cellular details of the traced neurons as tract tracing generally 

requires large tracer injection volumes to ensure that the tracer signal does not 

fade over long fiber distances (Vercelli et al., 2000). Newer methods of tract 

tracing using neurotropic viruses (e.g. rabies) circumvent this problem as the 

virus signal is amplified in each infected neuron, but these tracing methods are 
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highly dependent on the injected virus concentration and come with a host of 

safety issues (Kelly and Strick, 2000).  Second, it is difficult to detect the 

connections of several different structures within the same brain when each 

injection site induces some neuronal damage or when using tracers like 

biotinylated dextran amine that are known for their labelling permanence 

(Reiner et al., 2000). Third, few tracers work well in fixed tissue, and those that 

do (e.g. lipophillic carbocyanine dyes) diffuse very slowly through fixed tissue 

and thus require several weeks to complete a tracing experiment (Vercelli et 

al., 2000). Finally, as these procedures are invasive and require post-mortem 

histological analysis, they clearly cannot be carried out in vivo in humans.  

Probabilistic diffusion tractography enables tracking of probable fiber 

pathways between cortical and sub-cortical gray matter structures in vivo 

(Behrens et al., 2003a; Johansen-Berg et al., 2005; Sillery et al., 2005;  

Aravamuthan et al., 2007; Muthusamy et al., 2007). However, unlike 

histological tracing techniques, probabilistic methods for diffusion tractography 

(Parker et al., 2003; Behrens et al., 2003b) cannot determine the direction of 

projections between brain regions, nor whether they are interrupted by 

synapses.  

Section 2.1 demonstrates the use of diffusion tractography to trace 

connections of the PPN in healthy human subjects. These results show that 

PPN connections in humans are similar to those traced in lower primates, 

including descending connections with the spinal cord. However, the 

organization of PPN connections differed from what has previously been 

described in monkeys. For example, Matsumura et al. (2000) reported that the 

medial PPN connected with the ventral M1 whereas the lateral PPN was 
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connected with the dorsal M1;  but this did not seem to be the case in humans. 

Instead, human PPN connections with the motor cortex overlapped greatly in 

the lateral and dorsal PPN. In addition, though no segregation of PPN 

connections with sub-cortical regions has been observed in animals, human 

PPN regions connected with sub-cortical brain structures were shown to be 

significantly segregated from each other. These differing results illustrate the 

importance of verifying the existence of PPN connections across different 

species using the same methodological techniques. 

In this study, the connections of the PPN and the organization of these 

connections within the PPN are examined in a post-mortem Macaca mulatta 

brain using diffusion tractography. To demonstrate the use of diffusion 

tractography as a non-invasive anatomical tracing technique, PPN connections 

determined using diffusion tractography are compared to the connections 

determined previously in anatomical tracer and evoked-potential studies. We 

also compare the organization of monkey PPN connections with those obtained 

using diffusion tractography in humans to determine differences in the role of 

the PPN across species. 

 

2.2.2 Methods 

2.2.2.1 Brain extraction and fixation 

One male macaque (Macaca mulatta, 9 years old) was used in this experiment. 

The studies were conducted under project and personal licences issued by the 

British Home Office and in accordance with the British Animal Scientific 

Procedures Act (1986). The animal was deeply anesthetized with a lethal dose 

of sodium pentobarbitone (80 mg/kg, i.v.). Immediately after cardiac arrest, the 
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animal was perfused transcardially with 90% normal saline and 10% formalin. 

The brain was removed whole and kept in 10% sucrose formalin until imaging. 

For imaging purposes, the brain was immersed in Fomblin LC/8 (Solvay 

Solexis Inc., Brussels, Belgium) and tightly secured in a close-fitting plastic 

container. 

 

2.2.2.2 Image acquisition 

Images were acquired using a 3T clinical MR scanner with 4 channel-

carotid coils for signal reception. Post-mortem diffusion imaging is extremely 

difficult (particularly with the limited gradient strengths of a clinical scanner) 

because ex vivo tissue exhibits more rapid signal decay and lower diffusion 

rates compared to in vivo tissues (Sun et al., 2003; Pfefferbaum et al., 2004; 

Yong-Hing et al., 2005; D'Arceuil et al., 2007). The size differential between 

human and macaque brains also places high demands on the resolution 

required to visualize homologous structures between the two species.  For 

these reasons, a custom pulse sequence was implemented and optimized for 

the purposes of high resolution, post-mortem diffusion imaging (D'Arceuil et al., 

2007). The pulse sequence was a 3D diffusion-weighted twice-refocused spin-

echo  with a segmented echo planar imaging read-out  (TE/TR = 111/690 ms, 

70° excitation pulse, b=3000 s/mm2, 60 directions  x 5 averages, b=0 x 40 

averages, BW = 806 Hz/pixel, maximum gradient strength = 40mT/m, matrix 

size = 104 x 132 x 96, 720 µm isotropic voxels (without interpolation), 21 lines 

per readout, 5/8 partial Fourier, 34 hours total scan time). Averaging was 

carried out offline to ensure that there were not any artifactual differences 

between image acquisitions.  
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2.2.2.3 Image pre-processing and determining regions strongly inter-connected 

to the PPN 

The PPN seed location was determined relative to the superior 

cerebellar decussation on the RGB representation of the principle diffusion 

estimate at each voxel (Stieltjes et al., 2001) (Fig. 2.10B). These seed voxel 

locations were confirmed to be within the PPN by a licensed neurosurgeon 

(TZ).  

Using FMRIB’s Diffusion Toolbox (FDT, www.fmrib.ox.ac.uk/fsl), fiber 

tracking was initiated from the PPN single voxel seed in each hemisphere 

(200,000 streamline samples, step length of 0.2 mm, curvature threshold of 0.0, 

excluding connections crossing into the contralateral hemisphere). The 

curvature threshold was reduced from the adult human brain default value of 

0.2 and the step length was reduced from the adult human brain default value 

of 0.5 mm (Section 2.1) to allow for the tracking of long-distance fiber 

connections between the brainstem and cortex in the lower resolution diffusion 

data (when comparing voxel size to brain size) acquired from the smaller 

(relative to the adult human) Macaca mulatta brain. Areas displaying 

connections with the single voxel seed (black voxel, Fig. 2.10B) were 

determined from the diffusion scan after thresholding tracts to 99% of the total 

number of samples in the path distribution estimate. For a more detailed 

account of these methods, please see Sections 2.1.2.3 and 2.1.2.4. 
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Figure 2.10. Localization of the PPN in the Macaca mulatta brain. A) Schematic of the 27-voxel 

PPN seed mask. The light blue cube shows the location of the single seed voxel 

(0.72x0.72x0.72 mm3) used for the determination of the regions of highest connectivity to the 

PPN (Fig. 4A). B) From left to right, the PPN seed mask is shown in the transverse, sagittal, 

and coronal planes. The single seed voxel is shown in black. The green crosshairs intersect at 

the same voxel in all images. The top row shows the mask on a non-diffusion weighted image 

(i.e. b=0) while the bottom row shows the masks over the red-green-blue (RGB) 

representations of the principal diffusion estimate with the image intensity modulated by 

fractional anisotropy (which quantifies the strength of local tract structure directionality).  In the 

RGB images, the superior cerebellar decussation is clearly visible as a bright red area in the 

center of the brainstem.   

 

 

2.2.2.4 Creating anatomical masks of inter-connected regions 

 

Masks were drawn bilaterally of the cortical and sub-cortical regions with 

the highest probability of connection with the monkey PPN on the non-diffusion 

weighted image (i.e. b=0) based on visible anatomical landmarks and with 

reference to a Macaca mulatta brain atlas (Martin and Bowden, 2000). The 

STN was located at the level of the dorsal-most transverse slice showing the 

red nucleus (which appeared lighter in color than did the surrounding tissue), 

medial to the SN, in the middle of the cerebellar peduncle (Fig. 2.11). The 

 

-y 
posterior 

+z 
superior 

+x 
medial 

+y 
anterior 

-z 
inferior 

-x 
lateral 

B 

A 



 63

thalamus, GP, and SN were clearly visible on the diffusion image as regions 

colored darker than the surrounding tissue (Fig. 2.11). Somatotopic divisions of 

the M1 were estimated as percentages of the precentral gyrus based on the 

motor homunculus. These divisions, from medial to lateral are: hindlimb and 

hips, 7.5%;  trunk region, 17.5%;  forelimb, 15%;  wrist and hand, 30%;  neck 

and orofacial region, 30% (Fig. 2.12A). The SMA and the dPMC were located 

just rostral to the precentral sulcus on the medial and lateral brain surface, 

respectively. The M1 orofacial region was further subdivided into 5 masks that 

separated dorsal from ventral portions (Fig. 2.12B). The border between the 

SMA and the dPMC was set at the same position, mediolaterally, as the border 

between the M1 trunk and M1 forelimb regions. The lateral/ventral border of the 

dPMC was at the same position, mediolaterally, as a transverse plane through 

the midpoint of the M1 wrist and hand region (Fig. 2.12).  

 
 

 

 

 
 

Figure 2.11. Masks of the basal ganglia. Masks of the basal ganglia are drawn on the non-

diffusion weighted image (i.e. b=0). The green crosshairs intersect at the same voxel. From left 

to right, transverse, sagittal, and coronal slices are shown. Thalamus (yellow);  GP (green);  SN 

(pink);  STN (blue). 
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2.2.2.5 Determining the organization of PPN connections 

To investigate the organization of anatomical connections from each 

nucleus, we created seed masks, surrounding the PPN single voxel seeds 

described above (Fig. 2.10A). The PPN mask was drawn as a region 3x3x3 

voxels (~10 mm3) in size. As estimated from a Macaca mulatta brain atlas 

(Martin and Bowden, 2000), the size of the Macaca mulatta PPN is 

approximately 9 mm3. Effort was made to make the seed mask size large 

enough to allow sufficient space for inferring the organization of PPN 

connections and to allow for clear discernment between areas that 

preferentially connect with different brain regions. However, in order to avoid 

including fibers from the xscp in the seed mask, the relative size of the PPN 

seed mask drawn for the Macaca mulatta brain (comparable to the size of the 

Macaca mulatta PPN) was smaller than the relative size of the seed mask 

drawn for the human subjects (about 30% larger than the size of the human 

PPN) (Section 2.1). Tractography was run from every voxel inside these seed 

masks and the co-ordinates of the voxel within each seed mask with the 

highest probability of connection to a given brain region was determined. As 

only one Macaca mulatta brain was available for this study, no statistical 

analyses were conducted.  
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Figure 2.12. Masks of cortical regions. Masks of cortical regions are drawn on the non-diffusion 

weighted image (i.e. b=0). The green crosshairs intersect at the same voxel in each row. The 

left column shows a transverse slice through all cortical regions and the right column shows 

sagittal slices. A) Primary motor cortex regions: hindlimb (black), trunk (dark blue), forelimb 

(light blue), wrist and hand (light green), orofacial (dark green);  supplementary motor area 

(red);  dorsal premotor cortex (yellow). B) The M1 orofacial region is segmented further in the 

dorsal-ventral direction into five masks (ranging in color from most dorsal to most ventral: black, 

dark blue, light blue, light green, and dark green). The left image shows a coronal slice and the 

right image shows a sagittal slice through the monkey brain. 
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Figure 2.13. Regions with highest connectivity to the monkey and human PPN. Human data are 

shown for one subject and were acquired as previously described (Section 2.1;  Aravamuthan 

et al., 2007; Muthusamy et al., 2007). Both monkey and human data show the results of 

tractography run from single voxel PPN seeds in each brain hemisphere with exclusion of tracts 

crossing to the contralateral hemisphere. Tracts are shown in red, thresholded to 99% of the 

total number of samples in the path distribution estimate and overlaid on the non-diffusion 

weighted image (i.e. b=0). Each row shows slices that intersect at the voxel location indicated 

by the green crosshairs.   
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Figure 2.14 (on previous page). Organization of monkey PPN connections. In columns from left 

to right, the organization of PPN connections is shown separately for motor cortical regions, for 

specifically the orofacial region of the primary motor cortex, and for sub-cortical regions. A) The 

expected organization of monkey PPN connections is shown based on the results of previous 

anatomical tracing studies (Shink et al., 1997; Matsumura et al., 2000). B) Transverse slices 

through the PPN seed mask are shown, drawn as 3 voxel x 3 voxel squares. Within each slice 

in both (A) and (B), the voxel with the highest probability of connection to a given brain region is 

colored according to the keys at the bottom of each column. From top to bottom, slices are 

arranged from dorsal to ventral. Abbreviations: M1-primary motor cortex, SMA-supplementary 

motor area;  dPMC-dorsal premotor cortex. 
 
2.2.3 Results  

2.2.3.1 Connections of the PPN 

The PPN exhibited connections with the cerebral cortex and basal 

ganglia but not with the cerebellum or spinal cord (Table 2.6, Figs. 2.13A, 

2.14). The cortical regions that showed connections with the right PPN were 

the dPMC, SMA, and with all M1 regions (Figs. 2.13A, 2.14), though only the 

dPMC, M1 wrist and hand, and M1 orofacial regions showed connections with 

the left PPN as well (Fig. 2.14). Sub-cortical connections of both the left and 

right PPN included the thalamus, GP, SN, and STN (Figs. 2.13A, 2.14).  

 

2.2.3.2 Organization of PPN connections 

Organization of PPN connections with both cortical and subcortical 

structures was evident in this brain. More dorsal portions of the M1 connected 

with the lateral aspect of the PPN while more ventral portions of the M1 

connected with the medial PPN. This distribution was observed for the SMA, 

dPMC, across different M1 regions, and also within M1 regions as is shown for 

the M1 orofacial region (Fig. 2.14).  Furthermore, organization of sub-cortical 

PPN connections was also observed. Though the locations of PPN regions with 

highest probability of connection to the GP were different between the left and 
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right PPN, connections with other sub-cortical structures did appear to have 

consistent topographical organization. The SN connects with the medial and 

dorsal PPN, the thalamus appears to connect preferentially with the medial and 

caudal portion of the PPN, while the STN has the highest probability of 

connection with the lateral, caudal, and ventral part of the PPN (Fig. 2.14).  

 

Table 2.6. Comparison of Human and Monkey PPN Connectivity Determined 

Using Probabilistic Diffusion Tractography and Histological Tracing Techniques  

Monkey PPN Connected Brain 
Regions Conventional 

Tracing PDT
Human 

PPN 

M1 X X X 

dPMC X X X 
Cortical 
Areas 

SMA X X X 

Thalamus X X X 

GP X X X 

SN X X  

Basal 
Ganglia 

STN X X X 

Cerebellum X  X 

Spinal Cord   X 

X: regions showing strong connections to the PPN as determined in non-human primates using 

probabilistic diffusion tractography (PDT) in this study or as determined previously using 

histological tracing methods. Connections in animals characterized as “sparse” or “scant” in the 

review literature were not included. (Lee et al., 2000; Matsumura et al., 2000; Pahapill and 

Lozano, 2000; Aravamuthan et al., 2007; Muthusamy et al., 2007).  

 

2.2.4 Discussion 

 These results have demonstrated that diffusion tractography can be 

used to probe the anatomical connections of the primate in a fixed post mortem 

Macaca mulatta brain. The PPN exhibited connections with the SMA, dPMC, 

and M1 all regions, though connections with the dPMC and the M1 wrist, hand, 
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and orofacial regions were most robust. The PPN was also connected with the 

thalamus, GP, SN, and STN. No connections between the PPN and the 

cerebellum or spinal cord were observed. 

 

2.2.4.1 Monkey PPN anatomy determined using diffusion tractography 

compared to monkey PPN anatomy described previously 

The connections of the monkey PPN determined in this study using 

diffusion tractography are nearly the same as those previously determined by 

histological techniques. However, though no connections between the PPN and 

cerebellum were observed using diffusion tractography, efferents from the DCN 

to the PPN have been described in one tracer study in the squirrel monkey 

(Hazrati and Parent, 1992b) (Table 2.6). It is possible that the cerebellar 

connections with the PPN are too extensively arborized to be effectively traced 

using a single voxel PPN seed. Also, as the spinal cord and brainstem were not 

completely intact in this brain, it is possible that the PPN connections with the 

brainstem, spinal cord, and cerebellum could not be traced due to tissue 

damage. The descending connections of the PPN are especially important to 

document as the PPN is thought play a role in locomotion independent of the 

dopaminergic pathways of the basal ganglia (Jenkinson et al., 2006; Stefani et 

al., 2007). Future study could involve running diffusion tractography from single 

seed voxels located in the DCN and determining whether connections with the 

PPN seed mask become evident. It is also possible that probing the 

connections of other single seed voxels within the PPN will yield evidence of 

connections between the PPN, cerebellum, and spinal cord.  
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Organization of cortical connections with the PPN appeared similar to 

that previously demonstrated in monkeys (Matsumura et al., 2000) (Fig. 2.14A). 

In both the left and right PPN, connections with dorsal cortical regions are 

found more laterally in the PPN than are PPN connections with more ventral 

cortical regions (Fig. 2.14B). Matsumura et al. (2000) showed this explicitly for 

M1 as we have done (Fig. 2.14), but did not show this for PPN connections with 

the dPMC and SMA, which appeared to overlap in the mediolateral middle of 

the nucleus (Fig. 2.14A). Our results suggest that the more dorsal SMA 

projects laterally while the more ventral dPMC projects medially (Fig. 2.14B), 

though this requires confirmation in a larger number of brains. Furthermore, as 

Matsumura et al. (2000) showed for sub-regions of M1 (Fig. 2.14A), we have 

shown that dorsal portions of the M1 orofacial region connect with the lateral 

PPN while ventral portions connect with the medial PPN (Fig. 2.14B). 

Finally, as discussed previously, organization of sub-cortical PPN 

connections has not been demonstrated though efferents from the internal 

segment of the GP to the PPN have been shown to project throughout the 

nucleus (Shink et al., 1997) (Fig. 2.14A). Our results show less consistency in 

the location of PPN connections with the GP, relative to the location of PPN 

connections with other sub-cortical structures, and thus appear to confirm the 

work of Shink et al. (1997) showing that connections with the GPi are not 

necessarily restricted to one part of the PPN (Fig. 2.14B).  
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2.2.4.2 Monkey PPN anatomy compared to human PPN anatomy using 

diffusion tractography 

Broad comparisons between human PPN anatomy and monkey PPN 

anatomy must be made tentatively as only one monkey brain was examined in 

this study. However, noting that the diffusion tractography algorithms previously 

used to examine human PPN anatomy (Aravamuthan et al., 2007; Muthusamy 

et al., 2007) are similar to those used to examine monkey PPN anatomy in this 

study, it is interesting to postulate possible differences between human and 

monkey PPN anatomy that may be elucidated via the use of diffusion 

tractography.  

There are four main anatomical differences between the human PPN 

and the monkey PPN, as determined using diffusion tractography. First, the 

connections between the human PPN and M1 are primarily with the trunk and 

forelimb regions (Aravamuthan et al., 2007; Muthusamy et al., 2007) (Fig. 

2.13B) while the connections between the monkey PPN and M1 are primarily 

with the wrist, hand, and orofacial regions (Fig. 2.13A). As the PPN plays a 

large role in locomotion in both humans and lower primates, the different 

demands of maintaining bipedal as opposed to quadrupedal gait may help 

explain these anatomical findings. Perhaps, the human PPN plays more of a 

role in maintenance of standing posture via control of the trunk and upper arm 

swinging during walking while the monkey PPN is more involved with 

modulation of stepping itself during quadrupedal gait via wrist and hand control. 

It is also possible that the monkey PPN connection with the M1 orofacial region 

signifies a greater role for the monkey PPN in maintaining balance via the 

control of head-trunk angles.  
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Second, confirmation of the connection between the PPN and SN in 

monkeys using diffusion tractography (Table 2.6, Fig. 2.13A) supports the 

accuracy of diffusion tractography and lends credence to the surprising finding 

that the human PPN does not have a strong connection with the SN 

(Aravamuthan et al., 2007; Muthusamy et al., 2007) (Table 2.6, Fig. 2.13B). 

This is also in accordance with the hypothesis that the main inhibitory drive to 

the PPN is likely from the GP and not from SN (Lee et al., 2000). 

Third, the human PPN exhibits descending connections while the 

monkey PPN does not (Table 2.6, Fig. 2.13). As aforementioned, the lack of 

monkey PPN connections with the DCN may be due to extensive arborization 

of cerebellar efferents throughout the PPN or due to brainstem tissue damage 

in the brain used. On the other hand, few studies have described descending 

PPN connections in monkeys at all (Hazrati and Parent, 1992b). Perhaps 

connections with the cerebellum and spinal cord are, in fact, stronger in the 

human PPN than they are in the monkey PPN. Repeating this study with a 

larger number of brains and with tracking initiated from the deep cerebellar 

nuclei is necessary to explore these hypotheses.  

Finally, the organization of cortical connections is completely different 

between the human and monkey PPN. There is no mediolateral distribution of 

PPN connections with cortical regions in humans, though there is topographical 

distinction between cortical PPN connections (generally found in the lateral 

PPN) and sub-cortical PPN connections (found more medially in the PPN). This 

is in direct contrast to the cortical organization demonstrated in the monkey 

PPN, both in this study and previously (Matsumura et al., 2000). However, 

since the organization of monkey PPN connections determined using diffusion 
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tractography in this study matches the organization previously documented 

using conventional anatomical tracing techniques, it is possible that the 

organization of human PPN connections determined using diffusion 

tractography could also be accurate. Perhaps the differences between the 

organization of human and monkey PPN connections can be attributed to a 

changing role for the PPN in maintaining bipedal as opposed to quadrupedal 

gait. However, since very few studies have described the organizaton of PPN 

connections at all, it is important to verify the results of this study with additional 

brains before drawing any further conclusions about the functional and 

anatomical differences between the human and monkey PPN.   

 

2.2.4.3 Usefulness for the study of animal neuroanatomy 

 We have accurately determined the neuroanatomy of a relatively small 

gray matter structure from a fixed post-mortem Macaca mulatta brain. In 

addition to helping confirm the accuracy of diffusion tractography results 

obtained in humans in vivo, this finding also creates possibilities for the study of 

neuroanatomy in monkeys. As we have demonstrated here, the anatomy of 

several brain structures can be examined in a fixed post-mortem brain without 

destroying tissue integrity using diffusion tractography. In addition to increasing 

the number of animals available for neuroanatomical research, the use of 

diffusion tractography and post-mortem brains from a variety of animal species 

allows for greater study of comparative neuroanatomy and for a direct 

comparison with neuroanatomical data obtained from humans.  
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2.2.4.4 Concluding remarks 

The post-mortem macaque diffusion tractography results presented in 

this section offer a bridge between the in vivo human diffusion tractography and 

animal tracer studies that have been carried out previously. Since the post-

mortem macaque diffusion tractography agrees with both of the 

aforementioned data, it inspires confidence in the diffusion tractography 

methodology itself. Few studies have attempted to compare diffusion 

tractography results with other forms of tract tracing and it is critically important 

that diffusion tractography is validated before being adopted clinically. The 

post-mortem diffusion imaging results presented here, also demonstrate the 

potential for further study of animal neuroanatomy via the use of diffusion 

tractography in fixed post-mortem brains. 

 

Main Findings 

• The connections of and topography of the human STN, the connections 

of the human PPN, and the connections and topography of the Macaca 

mulatta PPN, determined using DTI, largely match connections 

previously demonstrated in non-human primates using conventional 

anatomical tracing techniques. 

•   Topography in the human PPN determined using DTI differs from 

monkey PPN topography determined using either DTI or conventional 

tracing techniques. This difference in PPN topography may be due to 

differences in gait between humans and monkeys. 

• These results could help optimize surgical targeting of the PPN for DBS 

electrode implantation procedures. 



 76

 

3. DIFFERENCES IN THE ELECTROPHYSIOLOGICAL RELATIONSHIP 

BETWEEN THE PPN AND THE BASAL GANGLIA IN THE NORMAL AND 

PARKINSONIAN BRAIN 

 

Dopamine loss in PD is thought to result in increased transmission of 

oscillatory activity from the cortex to the basal ganglia. The PPN is robustly 

connected with the basal ganglia (Section 2) and has emerged as a 

therapeutically effective DBS target for PD (Section 1). However, little is known 

about PPN firing pattern alterations in PD. To investigate the impact of 

dopamine cell lesion-induced changes in basal ganglia output on activity in the 

PPN, this section examines PPN spike timing with reference to M1 LFP activity 

in urethane- and ketamine-anesthetized rats.  

 

3.1 Introduction and rationale 

 

The PPN has robust connections with the basal ganglia (Spann and 

Grofova, 1989, 1991; Lavoie and Parent, 1994a, 1994c; Shink et al., 1996, 

1997), thalamus (Lavoie and Parent, 1994b), cerebellum (Hazrati and Parent, 

1992b), and spinal cord (Spann and Grofova, 1989) and has been suggested to 

play a key role in the control of posture and locomotion (Masdeu et al., 1994; 

Lee et al., 2000; Pahapill and Lozano, 2000). The PPN has also recently 

emerged as a target for DBS in PD and early DBS results show amelioration of 

medically intractable akinesia and gait abnormalities (Mazzone et al., 2005; 

Plaha and Gill, 2005; Stefani et al., 2007).  
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However, there is conflicting information about the effects of dopamine 

depletion on PPN neuronal activity in PD. Non-human primate and patient data 

suggest that the PPN is over-inhibited in PD. While excitotoxic lesions of the 

PPN in normal non-human primates cause akinesia (Kojima et al., 1997; 

Munro-Davies et al., 1999; Matsumura and Kojima, 2001), low-frequency (2.5-

10 Hz) stimulation (Jenkinson et al., 2004) or pharmacological disinhibition 

(Nandi et al., 2002a) of the PPN can dramatically improve motor behavior in 

parkinsonian MPTP-lesioned primates. Stimulation in the 10-25 Hz range, 

generally thought to drive local neuronal activity, is also effectively used in the 

PPN to ameliorate motor symptoms in PD patients (Mazzone et al., 2005; 

Plaha and Gill, 2005; Stefani et al., 2007). However, in contrast to the non-

human primate and patient results, rodent studies suggest either excitation of 

the PPN (Breit et al., 2001, 2005; Jeon et al., 2003), inhibition of the PPN 

(Florio et al., 2007; Gomez-Gallego et al., 2007), or no change in PPN neuronal 

activity following dopamine cell lesion (Mena-Segovia et al., 2005; Heise and 

Mitrofanis, 2006).  

The urethane-anesthetized rat has been shown to be a useful model for 

investigating the effects of dopamine loss on the transmission of oscillatory 

cortical activity through basal ganglia structures. Cortical activity in the 

urethane-anesthetized rat is highly synchronized, characteristically oscillates at 

~1 Hz, and is relatively stable over time (Steriade et al., 1993; Contreras and 

Steriade, 1995, 1997; Amzica and Steriade, 1998). Many studies have shown 

changes in firing pattern and increased oscillatory activity in the basal ganglia 

following dopamine cell lesion in the anesthetized rat (Sanderson et al., 1986; 

MacLeod et al., 1990; Hollerman and Grace, 1992; Burbaud et al., 1995; 
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Hassani et al., 1996; Murer et al., 1997; Rohlfs et al., 1997; Perier et al., 2000; 

Tseng et al., 2000, 2001a, 2001b; Vila et al., 2000; Magill et al., 2001; Ni et al., 

2001; Belluscio et al., 2003; Tai et al., 2003; Walters et al., 2005, 2007; Parr-

Brownlie et al., 2007; Zold et al., 2007). Recently, this cortical oscillatory activity 

has been used as a probe signal in the urethane-anesthetised rat to investigate 

the effects of dopamine loss on the phase relationships between oscillatory 

activity in the GPe, SNpr, STN, and the striatum (Walters et al., 2007). 

Increases in slow oscillations (0.3–2.5 Hz) in firing rate emerged in all 

structures following dopamine cell lesion (Walters et al., 2007). Phase 

relationships of oscillatory activity in the GPe, STN, and SNpr suggest that the 

increased incidence of oscillatory activity in the SNpr is supported by the 

convergence of antiphase inhibitory oscillatory input from the GPe and 

excitatory oscillatory input from the STN (Walters et al., 2007). 

It is unknown whether the oscillatory cortical activity that is transmitted 

through basal ganglia structures following dopamine loss is also transmitted to 

the PPN. Evidence of a connection between the PPN and the M1 in non-human 

primates (Matsumura et al., 2000) and the recent evidence of this connection in 

humans (Section 2) suggest that this direct transmission of cortical oscillations 

is possible. Cortical oscillatory activity could also be transmitted to the PPN 

indirectly via the basal ganglia. Most input to the PPN comes from three basal 

ganglia regions. The GPi and SNpr send inhibitory efferents to the PPN (Shink 

et al., 1996, 1997) while excitatory input comes predominantly from the STN 

(Spann and Grofova, 1991). Therefore, convergent excitatory oscillatory input 

from the STN and inhibitory oscillatory input from the GPi/SNpr (Walters et al., 

2007) may shape oscillatory activity in the PPN in PD. 



 79

The aim of the present study was to investigate whether loss of 

dopamine affects the relationship between neuronal activity in the PPN and M1 

in rats under urethane or ketamine-xylazine anesthesia. Effects of dopamine 

cell lesion on spike timing relationships between PPN and M1 were assessed 

by simultaneously recording spike trains in the PPN and LFP activity in the M1 

and PPN in anesthetized intact rats and in the lesioned hemisphere of hemi-

parkinsonian rats 7 – 10 days after a unilateral injection of 6-OHDA into the 

medial forebrain bundle.  

 

3.2 Methods 

 

All experiments were conducted in accordance with the NIH Guide for 

Care and Use of Laboratory Animals and approved by the NINDS Animal Care 

and Use Committee. Every effort was made to minimize the number of animals 

used and their discomfort. 

 

3.2.1 Nigrostriatal lesions and behavioral testing 

Male Sprague–Dawley rats (Taconic Farms, Rockville, MD, USA) 

weighing 275–325 g at the time of surgery were anesthetized with ketamine 

(100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and placed in a stereotaxic 

apparatus with the incisor bar at −3.5 mm. Ocular lubricant Lacrilube was 

applied to prevent corneal drying. A hole was drilled in the skull above the 

appropriate coordinates and a 27-gauge injection cannula lowered to the left 

medial forebrain bundle: 4.4 mm anterior to the lambdoid suture, 1.2 mm lateral 

to the sagittal suture and 8.3 mm ventral to the surface of the skull. Six µg of 6-
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OHDA HBr in 3 µl of 0.9% saline containing 0.01% ascorbic acid were infused 

via the cannula over 3 min. The cannula was left in place for 3 min after the 

infusion. Rats were injected with desmethylimipramine (15 mg/kg, i.p.) 30 min 

prior to the intracerebral infusion to protect noradrenergic neurons. The post-

operative diet of lesioned rats was supplemented with fruit and enriched gelatin 

to maintain weight. Five to seven days after surgery, rats were screened for 

lesion efficacy by step testing (Olsson et al., 1995). Only rats that demonstrated 

a strong lesion effect in behavior (number of steps by contralateral limb/number 

of steps by ipsilateral limb<5%, previously shown to correlate with 99% loss of 

dopamine in the striatum ipsilateral to the lesioned hemisphere (Parr-Brownlie 

et al., 2007)) were used for electrophysiology. 

 

3.2.2 Surgical and recording procedures 

Recordings were made in intact rats and in rats with unilateral 6-OHDA-

induced dopamine cell lesions 7 to 10 days after the lesioning surgery. 

Extracellular unit activity and LFPs of PPN neurons were recorded through the 

same electrode in intact rats or in lesioned rats ipsilateral to the dopamine cell 

lesion. PPN activity was also simultaneously recorded with LFP activity in the 

ipsilateral M1. Recordings were conducted in rats under either urethane 

anesthesia (1.6 g/kg i.p. administered over 1.5 hours initially, with additional 

supplements as needed) or ketamine-xylazine anesthesia (100 mg/kg ketamine 

and 10 mg/kg xylazine i.p., with supplemental doses of ketamine as needed). 

LFP activity also provided an indication of depth of anesthesia, and effort was 

made to achieve levels of anesthesia that were sufficient to limit reflexive 

responses and whisking movements but not induce burst suppression 
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patterning (where LFP activity would be mainly oscillating at frequencies <0.3 

Hz).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Location of recorded PPN cells in intact and 6-OHDA lesioned urethane- and 

ketamine-anesthetized rats. Distance from bregma is indicated in each coronal slice in mm. 

Recordings in intact rats are shown as circles and recordings in lesioned rats are shown as 

crosses. Abbreviations: PPN: pedunculopontine nucleus, PAG: periaqueductal gray, xscp: 

decussation of the superior cerebellar peduncle, MiTg: microcellular tegmental nucleus, LL: 

lateral lemniscus, rs: rubrospinal tract. Schematics of coronal slices are adapted from The Rat 

Brain in Stereotaxic Coordinates, 2nd Ed. (Paxinos and Watson, 1986). 

 

Rats were placed into a stereotaxic apparatus, the scalp reflected, and 

holes drilled in the skull over the target areas. Body temperature was 

maintained at 36–38 °C using a heating pad. With micromanipulators (MO-8, 

Narishige, East Meadow, NY, USA), single barrel glass recording electrodes 

filled with 2% Pontamine Sky Blue dye in 2 M NaCl were lowered through 

craniotomies to the PPN or M1. Spike trains and LFPs were recorded with 
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microelectrodes with 3-4 MΩ resistances (measured at 135 Hz) with tip 

diameter of 1–2 µm. Electrode location varied in the PPN without consistent 

placement in a specific subregion. M1 LFP recording sites were targeted to 

layer V (1.6 mm anterior and 2.2 mm lateral from bregma and 2.0 mm below 

the surface of the cortex). Recording sites were similarly distributed in lesioned 

and intact rats (Fig. 3.1). 

Extracellularly recorded action potentials were amplified (World 

Precision Instruments Duo 773, World Precision Instruments, Sarasota, FL, 

USA) and monitored on digital oscilloscopes (Hewlett-Packard, Palo Alto, CA, 

USA) and audio monitors (Grass, West Warwick, RI, USA). Spikes and LFPs 

were sampled at 25 kHz and 1000 Hz and band pass filtered at 250–5000 Hz 

and 0.1–100 Hz, respectively. Discriminated signals were collected on a PC 

with a CED interface and Spike2 data acquisition and analysis software 

(Cambridge Electronic Design, Cambridge, UK). All waveforms were biphasic. 

Final recording sites were marked by iontophoresis of dye with 40 min of 

constant current injection (-20 µA). Anesthetized animals were sacrificed by 

decapitation. Brains were removed and frozen and 20 µm brain sections were 

mounted on subbed slides for histological examination. Only units confirmed as 

being within the target nucleus with reference to the location of dye deposit 

and/or electrolytic lesion were analyzed. The location of recording sites within 

the PPN was confirmed by staining the slices for acetylcholinesterase (Paxinos 

and Watson, 1986). Slides were incubated overnight in a 4 mM CuSO4, 16 mM 

glycine, and 0.4 mM acetylthiocholine-iodide solution in 50 mM Na+CH3COO- 

buffer (pH 5.0). The solution was also supersaturated with ethopropazine, an 

anticholinergic compound. Slides were rinsed in water and the tissue fixed in 
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formaldehyde overnight. The tissue was dehydrated in ethanol, rinsed in Histo-

Clear, and coverslipped with Permount.  

 

3.2.3 Data analysis 

For data analyses, 300 sec of spike train and LFP data were isolated 

from baseline recordings. These epochs were selected from the 5–10 min of 

baseline activity, were representative of neuronal activity, and free from 

artifacts. In addition to determining firing rate, spiking and LFP activity were 

analyzed for significant oscillatory activity maintained over time within the 

frequency range of 0.3–2.5 Hz. LFPs were smoothed to 20 Hz and high pass 

filtered at 0.2 Hz. Spike channels were converted from event channels to 

waveform channels with a 20 Hz sampling rate using a Spike2 script. Fast 

Fourier transform (FFT) analyses were used to determine the dominant 

frequency in the spike train and LFP for each 300 sec data segment using a 

block size of 256 (yielding a frequency resolution of 0.078 Hz). Coherence 

between spiking and LFP activity and coherence between LFP activity in the 

two recording locations were examined as well using a script in Spike2. Each 

300 sec data segment was binned at 50 msec, using a block size of 256 

yielding 23 non-overlapping 12.8 sec windows. For these parameters, 

coherence >0.127 was considered significant (p<0.05), as determined by the 

equation 1-(1-α)1/(L-1), where α is 0.95 and L is the number of windows used 

(Rosenberg et al., 1989). In order to determine whether there were differences 

in amplitude between LFPs, the root mean square (RMS) of the amplitude of 

the LFP for each 300 sec epoch was calculated. As all signals are corrected for 

any DC offset, the mean of the LFP signal is ~0 mV. Therefore, the RMS about 

the mean LFP amplitude (equal to the standard deviation of LFP amplitude) 
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serves as a good measure of neuronal activity (Goldberg et al., 2004; Moran et 

al., 2006; Zaidel et al., 2008).  

LFP power spectra, LFP total power between 0.3-2.5 Hz, the main peak 

frequencies in LFP power spectra, the RMS of LFP amplitude, and LFP-LFP 

coherence spectra were averaged by rat while spike power spectra, spike total 

power, and spike-to-LFP coherence spectra were averaged across all cells. In 

order to ensure that LFP power spectra and LFP total power comparisons were 

evaluated between rats at similar levels of anesthesia, recordings with total 

power values outside of a 2 standard deviation (SD) range from the mean total 

power (between 0.3-2.5 Hz, 0.3-1.2 Hz, or 1.2-2.5 Hz, averaged across rats) 

were excluded from analysis. All LFP recordings excluded using the above 

criteria were also excluded from LFP-LFP coherence analyses.  

Phase relationships between spikes and LFPs were assessed using 

spike-triggered waveform averages (STWAs) and plotted as polar histograms. 

LFP channels were smoothed to 20 Hz and band pass filtered at 0.3–2.5 Hz. 

Spike-triggered waveform averages were calculated for 4 sec before and after 

the spike trigger over a 300 sec epoch. Spiking at the peaks and troughs of 

LFP oscillations was considered to be at 0° and 180° phase, respectively. 

STWAs were determined to be significant if the peak-to-trough amplitude of the 

STWA around the time of spiking was greater than 4 SDs of the amplitude of a 

STWA generated from the same data using randomly distributed spikes.  

Data are presented as the mean ± standard error of the mean (SE). 

Data were statistically evaluated with grouped t-test. Criterion of significance 

was p<0.05. Statistics were generated with Microsoft Excel (Microsoft 

Corporation, Redmond, WA, USA, 2002). Polar data are presented as the 
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mean phase angle of the distribution±the angular deviation (analogous to SD) 

and as polar histograms. Distribution of phase angles was tested against the 

null hypothesis of a random distribution with the Rayleigh test (Batschelet, 

1981). The p-value for the Rayleigh test indicates the degree of grouping of the 

polar data and depends on the strength of the phase concentration and the 

number of data points. 

 

3.3 Results 

 

3.3.1 PPN and M1 spike and LFP relationships in the urethane-

anesthetized rat 

Slow ~1 Hz oscillations are dominant in cortical output in the urethane-

anesthetized state (Steriade et al., 1993) and loss of dopamine is thought to 

facilitate the transmission of these oscillations through the basal ganglia 

network (Murer et al., 2002). This cortical oscillatory activity could also be 

transmitted to the PPN directly via a connection between the M1 and PPN 

(demonstrated in non-human primates and humans (Section 2) but not verified 

in rodents) or indirectly via the basal ganglia (Inglis and Winn, 1995; Lee et al., 

2000; Pahapill and Lozano, 2000). To examine relationships between 

oscillatory activity in the PPN and M1 after dopamine cell lesion, PPN spike 

and PPN LFP activity were recorded simultaneously with M1 LFP activity in 

intact rats and in lesioned rats 7-10 days after injection of 6-OHDA into the 

medial forebrain bundle.  
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Figure 3.2 (on previous page). Characteristics of PPN LFP and M1 LFP activity in the urethane-

anesthetized preparation. Coherence between PPN and M1 LFP activity (A, n=10 intact rats, 

11 lesioned rats) does not change significantly in the ~1 Hz range (left) following dopamine cell 

lesion nor does mean coherence in the 0.3-2.5 Hz range (right). Dashed horizontal lines 

indicate the p=0.05 level of significance for coherence. LFP activity recorded in the PPN (B, 

n=15 intact rats, 11 lesioned rats) and M1 (C, n=11 intact rats, 11 lesioned rats) is described by 

comparing LFP power spectra in the 0.3-2.5 Hz range (left), total LFP power in the 0.3-2.5 Hz 

range (middle), and the RMS of LFP amplitude (right) between intact and lesioned rats. Both 

PPN and M1 LFP activity exhibit decreases in power in the ~1 Hz range (left), decreases in 

total power between 0.3-2.5 Hz (middle), and decreases in LFP amplitude (right) following 

dopamine cell lesion. *p<0.05 compared with intact.  

 

3.3.1.1 Effect of dopamine cell lesion on PPN and M1 LFP activity 

Slow ~1 Hz oscillations that emerge in LFP and spike trains in the basal 

ganglia of urethane-anesthetized rats after dopamine cell lesion have been 

shown to be highly coherent with slow oscillations in cortical activity (Magill et 

al., 2001; Tseng et al., 2001b; Belluscio et al., 2003; Walters et al., 2007; Parr-

Brownlie et al., 2007; Zold et al., 2007). In the present study, PPN LFPs were 

significantly coherent with M1 LFPs in the ~1 Hz range (0.3-2.5 Hz) in intact 

rats (0.65 ± 0.03, n=10 rats) and lesioned rats (0.52 ± 0.06, n=11 rats) (Fig. 

3.2A). Dopamine cell lesion had no effect on the coherence between PPN and 

M1 LFPs. 

However, dopamine cell lesion did result in significant decreases in LFP 

power in both the M1 and PPN. PPN LFP power in the lesioned rat (n=11 rats) 

was significantly less than PPN LFP power in the intact rat (n=15 rats) in the ~1 

Hz range. Total PPN LFP power between 0.3-2.5 Hz showed a 44% decrease 

with dopamine cell lesion (0.59 ± 0.05 mV2·Hz·10-3 in the intact rat vs. 0.33 ± 

0.05 mV2·Hz·10-3 in the lesioned rat). In addition, PPN LFP amplitude was 

significantly decreased following dopamine cell lesion. The RMS of PPN LFP 
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amplitude in the lesioned rat (0.08 ± 0.01 mV) was 31% less than that in the 

intact rat (0.11 ± 0.01 mV) (Fig. 3.2B).  

Similarly, M1 LFP power in the lesioned rat (n=11 rats) was significantly 

less than M1 LFP power in the intact rat (n=11 rats) in the ~1 Hz range, though 

the peak spectral frequency was not significantly different between lesioned 

(0.77 ± 0.03 Hz) and intact (0.67 ± 0.05 Hz) animals. Total M1 LFP power was 

decreased by 46% (15.2 ± 1.7 mV2·Hz·10-3 in the intact rat vs. 8.2 ± 2.0 

mV2·Hz·10-3 in the lesioned rat) and the RMS of M1 LFP amplitude was 

decreased by 33% with dopamine cell lesion as well (0.36 ± 0.05 mV in the 

lesioned rat vs. 0.53 ± 0.03 mV in the intact rat) (Fig. 3.2C).  

 

3.3.1.2 Effect of dopamine cell lesion on PPN neuronal activity  

To gain further insight into processes underlying decreases in PPN LFP 

amplitude and examine the potential impact of oscillatory output from the basal 

ganglia on the PPN, rate and temporal dynamics of PPN spiking were 

examined. Oscillatory activity in PPN spiking was examined by converting PPN 

spike trains to Gaussian waveforms with a 20 Hz sampling rate and then 

determining the power of this waveform signal using FFT analysis. In contrast 

to the decreased power and amplitude observed in PPN LFP following 

dopamine cell lesion, increased oscillatory activity was observed in PPN spike 

trains. A comparison of the power in PPN spike trains revealed that spike train 

power in the lesioned rat was significantly greater than spike train power in the 

intact rat in the ~1 Hz range (Fig. 3.3A). Total spike power between 0.3-2.5 Hz 

in the lesioned rat (0.52 ± 0.12 Hz3, n=38 cells) was double the total spike 

power in the intact rat (0.26 ± 0.03 Hz3, n=59 cells).  
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Figure 3.3. Characteristics of PPN spike trains in the urethane-anesthetized preparation. Oscillatory activity in PPN spike trains (A, n=59 PPN cells in intact 

rats, 38 cells in lesioned rats) was determined by converting PPN spike trains to Gaussian waveforms with a 20 Hz sampling rate and then using FFT to 

determine power in the 0.3-2.5 Hz range. There is an increase in power in the ~1 Hz range in PPN spike trains following dopamine cell lesion (left) with a 

significant increase in total power between 0.3-2.5 Hz following dopamine cell lesion (right). *p<0.05 compared with intact. Firing rate distributions (B, n=59 

cells in intact rats, 38 cells in lesioned rats) are indicated for the intact and 6-OHDA lesioned animals. There was no significant difference in firing rate 

between intact and lesioned rats. 
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This increase in PPN spike train oscillatory activity was not associated 

with significant changes in PPN firing rate. Dopamine cell lesion had no 

significant effect on PPN firing rate and the percentages of PPN neurons 

categorized as very slow (≤1.5 Hz), slow (1.6-4.4 Hz), medium (4.5-9.4 Hz), or 

fast (≥9.5 Hz) firing were comparable between the intact and lesioned 

preparations. In the intact animal, the mean firing rate in the PPN (n=59 cells, 17 

rats) was 3.8 ± 0.5 Hz and ranged from 0.01 – 13.8 Hz with 93% of all cells firing 

at rates less than 9.5 Hz. The mean PPN firing rate in the lesioned rat (n=38 

cells, 11 rats) was 5.8 ± 1.3 Hz and ranged from 0.1 – 39.8 Hz with 85% of all 

cells firing at rates less than 9.5 Hz (Fig. 3.3B).  

 

3.3.1.3 Relationship between PPN spiking and LFP activity in the PPN and M1 

Consistent with increased oscillatory activity in PPN spike trains, 

coherence between PPN spiking and LFP oscillatory activity in the PPN and M1 

increased in the ~1 Hz range following dopamine cell lesion;  PPN spiking and 

LFP oscillatory activity, which were not significantly coherent in the intact rat, 

became significantly coherent following dopamine cell lesion. Mean coherence 

between PPN spiking and PPN LFP increased by 50% with dopamine cell lesion 

from 0.10 ± 0.01 in the intact animals (n=59 cells) to 0.15 ± 0.02 in the lesioned 

animals (n=38 cells) (Fig. 3.4A). In addition, coherence between PPN spiking and 

M1 LFP activity was significantly greater in the lesioned rat in the ~1 Hz range 

and mean coherence between PPN spiking and M1 LFP activity increased by 

73% from 0.11 ± 0.09 in the intact rat (n=42 cells) to 0.19 ± 0.02 in the lesioned 
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rat (n=38 cells). This increased coherence between spiking and LFP activity, in 

addition to the increased oscillatory activity in PPN spike trains in the ~1 Hz 

range, predict increased phase locking between PPN spiking and LFP activity 

following dopamine cell lesion (Fig. 3.4B).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4. Relationships between oscillatory activity in PPN spiking and LFP activity in the 

urethane-anesthetized preparation. Coherence between PPN spike trains and PPN LFP (A, n=59 

cells in intact rats, 38 cells in lesioned rats) and coherence between PPN spike trains and M1 

LFP (B, n=42 cells in intact rats, 38 cells in lesioned rats) activity increase following dopamine cell 

lesion in the ~1 Hz range (left). Mean coherence between PPN spiking and PPN LFP activity and 

mean coherence between PPN spiking and M1 LFP activity also increase across the 0.3-2.5 Hz 

range (right). *p<0.05 compared with intact.  
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Figure 3.5 (on previous page). PPN spike timing relative to LFP oscillatory activity in the 

urethane-anesthetized preparation. Typical PPN spike trains in intact (A) and lesioned (B, n=37 

significantly oscillatory cells in lesioned rats) rats are shown at the top of each panel overlaid on 

simultaneously recorded PPN LFP (left, n=37 cells with significant peaks in their STWAs in intact 

rats, 39 cells in lesioned rats) or M1 LFP (right, n=54 cells in intact rats, 37 cells in lesioned rats) 

activity. PPN spike-triggered LFP waveform averages (lower left of each panel) illustrate the time 

of PPN spiking relative to the phase of LFP oscillatory activity in the example spike train. Polar 

histogram plots (lower right of each panel) summarize the distribution of phases of PPN spikes 

with respect to PPN LFP (left) and M1 LFP (right) oscillations. In the intact rat, spiking occurs at 

or near the trough (~180°) of PPN and M1 LFP activity. Dopamine cell lesion significantly 

changes this phase relationship as PPN spiking occurs primarily at the peaks (~0°) of LFP 

oscillations in lesioned rats. * Significantly (p<0.05) unimodal distributions of phase relationships 

between PPN spiking and LFP activity. 

 

Consistent with this prediction, significant phase locking between PPN 

spiking and LFP oscillations was evident in both the intact and lesioned rats. In 

the intact rat, PPN spiking occurred predominantly at the troughs (periods of 

peak negativity or greatest depolarization) of PPN and M1 LFP oscillations. The 

phase angles between PPN spiking and PPN LFP oscillations were significantly 

unimodally clustered around 180 ± 62° (n=54 cells) with 76% of PPN cells firing 

in the troughs of PPN LFP oscillations (exhibiting phase angles between 90 and 

270°). Similarly, the phase angles between PPN spiking and M1 LFP activity 

were significantly unimodally clustered around 180 ± 69° (n=37 cells) with 71% of 

all cells firing in the troughs of M1 LFP oscillations. This suggests that PPN firing 

occurs in phase with firing in the M1 in the intact rat (Fig. 3.5A) since cortical 

firing also tends to occur at the troughs of cortical LFPs (Murthy and Fetz, 1996a, 

1996b; Donoghue et al., 1998; Destexhe et al., 1999; Parr-Brownlie et al., 2007; 

Rasch et al., 2008).  
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Figure 3.6 (on previous page). Characteristics of PPN LFP and M1 LFP activity in the ketamine-

anesthetized preparation. Coherence between PPN LFP and M1 LFP activity (A, n=9 intact rats, 

10 lesioned rats) does not change significantly in the ~1 Hz range (left) following dopamine cell 

lesion nor does mean coherence in the 0.3-2.5 Hz range (right). LFP activity recorded in the PPN 

(B, n=9 intact rats, 10 lesioned rats) and M1 (C, n=9 intact rats, 12 lesioned rats) is described by 

comparing LFP power spectra in the 0.3-2.5 Hz range (left), total LFP power in the 0.3-2.5 Hz 

range (middle), and the RMS of LFP amplitude (right) between intact and lesioned rats.  

 

Dopamine cell lesion resulted in significantly different spike-timing 

relationships between PPN spiking and LFP oscillatory activity. In contrast to the 

trough-locked firing observed in intact animals, PPN firing tended to occur at the 

peaks (periods of least depolarization) of LFP oscillations in the lesioned rats. 

The phase angles between PPN spiking and PPN LFP oscillations were 

significantly unimodally clustered around 0 ± 65° (n=37 cells) with 68% of all cells 

firing in the peaks of PPN LFP oscillations (exhibiting phase angles that are less 

than 90° and greater than 270°). The phase angles between PPN spiking and M1 

LFP were also significantly unimodally clustered around 1 ± 68° (n=39 cells) with 

62% of all cells firing in the peaks of M1 LFP oscillations. This demonstrates a 

predominantly antiphase relationship between spiking in the PPN and M1 

following dopamine cell lesion (Fig. 3.5B).   

 

3.3.2 PPN and M1 spike and LFP relationships in the ketamine-anesthetized 

rat 

Ketamine, a common anesthetic and non-competitive NMDA antagonist, is 

often used in conjunction with xylazine as an anesthetic or as an anesthetic 

supplement to urethane during rat electrophysiological recordings (Rudolph and 
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Antkowiak, 2004; Wolff and Winstock, 2006). Ketamine differs from urethane in 

its mechanism of action and has also been shown to induce slow oscillations in 

the cortex but at somewhat faster frequencies (Magill et al., 2000; Fontanini et 

al., 2003; Musizza et al., 2007). To study the effects of dopamine cell lesion in 

this different commonly-used anesthetic preparation, PPN spiking, PPN LFP, and 

M1 LFP were examined in intact and hemi-parkinsonian ketamine-xylazine 

anesthetized rats. 

Similar to results observed with urethane anesthesia, coherence between 

PPN and M1 LFPs in the 0.3-2.5 Hz range was significant in both intact and 

lesioned ketamine-anesthetized rats with mean coherence at 0.41 ± 0.03 in the 

intact animals (n=9 rats) and at 0.44 ± 0.02 in the lesioned animals (n=10 rats) 

(Fig. 3.6A). However, in contrast to the urethane-anesthetized preparation, PPN 

LFP power (0.50 ± 0.08 mV2·Hz·10-3 in the intact rat and 0.40 ± 0.03 mV2·Hz·10-3 

in the lesioned rat) and the RMS of LFP amplitude (0.11 ± 0.01 mV in the intact 

rat and 0.10 ± 0.01 mV in the lesioned rat) did not differ significantly between the 

intact (n=9 rats) and lesioned ketamine-anesthetized animals (n=10 rats) (Fig. 

3.6B). M1 LFP power (9.1 ± 1.5 mV2·Hz·10-3 in the intact rat and 8.7 ± 1.5 

mV2·Hz·10-3 in the lesioned rat) and the RMS of LFP amplitude (0.42 ± 0.05 mV 

in the intact rat and 0.44 ± 0.04 mV in the lesioned rat) also did not differ 

significantly between the intact (n=9 rats) and lesioned ketamine-anesthetized 

animals (n=12 rats) (Fig. 3.6C). As expected, ketamine anesthesia induced 

higher frequency cortical oscillations than did urethane, though there was no 
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significant difference in peak spectral frequency between intact (1.66 ± 0.07 Hz) 

and lesioned (1.64 ± 0.07 Hz) animals.   

Also in contrast to the results obtained in the urethane-anesthetized 

preparation, dopamine cell lesion had no effect on oscillatory activity in PPN 

spike trains in the ketamine-anesthetized rat. Mean total PPN spike power 

between 0.3-2.5 Hz was 0.77 ± 0.16 Hz3 in the intact rat (n=37 cells) and 0.65 ± 

0.14 Hz3 in the lesioned rat (n=38 cells) (Fig. 3.7A). PPN firing rates were also 

comparable between the dopamine cell-lesioned and intact ketamine-

anesthetized animals. In the intact rat, the mean firing rate in the PPN (n=37 

cells, 9 rats) was 5.2 ± 0.9 Hz and ranged from 0.1 – 18.3 Hz with 93% of all cells 

firing at rates less than 9.5 Hz. The mean PPN firing rate in the lesioned rat 

(n=38 cells, 12 rats) was 5.1 ± 1.0 Hz and ranged from 0.1 – 31 Hz with 95% of 

all cells firing at rates less than 9.5 Hz (Fig. 3.7B).  

Finally, the spike-LFP relationships observed in the urethane-anesthetized 

preparation were also not observed in the ketamine-anesthetized preparation. 

There was no change in the coherence between PPN spiking and PPN LFP or 

M1 LFP oscillations following dopamine cell lesion in the ketamine-anesthetized 

animals. Mean coherence between PPN spiking and PPN LFP activity was 0.15 

± 0.02 in the intact rat (n=37 cells) and 0.17 ± 0.02 in the lesioned rat (n=38 cells) 

(Fig. 3.8A). Mean coherence between PPN spiking and M1 LFP activity was 0.18 

± 0.02 in the intact rat (n=37 cells) and 0.19 ± 0.02 in the lesioned rat (n=38 cells) 

(Fig. 3.8B). PPN spike timing relationships with PPN LFP or M1 LFP oscillations 

were also not evident in either the intact or lesioned animals;  the distribution of 
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phase relationships between PPN spiking and PPN LFP (n=38 significantly 

oscillatory cells in the intact rat, 32 cells in the lesioned rat) or M1 LFP (n=36 

cells in the intact rat, 35 cells in the lesioned rat) was not significantly unimodally 

or bimodally clustered (Fig. 3.8C).  

 

3.4 Discussion 

 

The robust connections between the PPN and basal ganglia (Spann and 

Grofova, 1989, 1991; Lavoie and Parent, 1994a, 1994c; Shink et al., 1996, 1997) 

indicate that the PPN will be affected by changes in basal ganglia output after 

dopamine loss. The aim of this study was to explore this issue by determining 

how loss of dopamine affects PPN activity and its relationship to slow oscillatory 

M1 activity in a rodent model of PD. Both urethane and ketamine-xylazine 

anesthetized preparations were used to examine this relationship 7-10 days after 

unilateral 6-OHDA-induced dopamine cell lesion. Changes in PPN spike timing 

with respect to M1 LFP slow oscillations were observed in the urethane-

anesthetized preparation. Viewed in the context of the oscillatory activity that 

emerges in basal ganglia nuclei following dopamine cell lesion, these results 

suggest that the increased oscillatory activity in basal ganglia output is 

transmitted to the PPN most directly via inhibitory oscillatory output from the 

SNpr or GPi. These changes in spike timing and oscillatory activity were not 

observed in rats anesthetized with ketamine-xylazine, suggesting that the NMDA 
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antagonist properties of ketamine may attenuate some of the effects of dopamine 

cell lesion. 

 

3.4.1 Increased oscillatory PPN activity after dopamine cell lesion in the 

urethane-anesthetized rat 

Dopamine depletion increases transmission of oscillatory activity from the 

cortex to the basal ganglia via the striatum (Murer et al., 2002). Consistent with 

this phenomenon, increases in burstiness and oscillatory activity have been 

shown in spike trains of several basal ganglia nuclei following dopamine cell 

lesion in the anesthetized rat model of PD (Sanderson et al., 1986; MacLeod et 

al., 1990; Hollerman and Grace, 1992; Burbaud et al., 1995; Hassani et al., 1996; 

Murer et al., 1997; Rohlfs et al., 1997; Magill et al., 2000; Perier et al., 2000; 

Tseng et al., 2000, 2001a; Vila et al., 2000; Ni et al., 2001; Belluscio et al., 2003; 

Tai et al., 2003; Walters et al., 2005, 2007; Parr-Brownlie et al., 2007; Zold et al., 

2007). These firing pattern changes are especially notable in the STN where the 

percentage of cells firing in a significantly oscillatory manner (as determined from 

Lomb periodogram analysis) increases from ~20% to ~90% in the urethane-

anesthetized rat following dopamine cell lesion (Walters et al., 2005, 2007; Parr-

Brownlie et al., 2007). Dopamine cell lesion also resulted in an increase in 

oscillatory firing in the SNpr. Relative to the STN, few SNpr cells have oscillatory 

firing patterns in the intact rat, but 35-44% of SNpr cells are oscillatory in the 6-

OHDA lesioned rat (Tseng et al., 2001a; Walters et al., 2007). 
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Figure 3.7. Characteristics of PPN spike trains in the ketamine-anesthetized preparation. Oscillatory activity in PPN spike trains (A, n=37 cells in intact rats, 

38 cells in lesioned rats) was not significantly different between intact and lesioned rats in the ~1 Hz range (left). Dopamine cell lesion had no significant effect 

on total power in PPN spike trains between 0.3-2.5 Hz (right). Firing rate distributions (B, n=37 cells in intact rats, 38 cells in lesioned rats) are indicated for 

the intact and dopamine cell lesioned animals. There was also no significant difference in firing rate between the intact and lesioned rat. 
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Figure 3.8. Relationships between PPN spiking and LFP activity in the ketamine-anesthetized preparation. Coherence between PPN spike trains and PPN 

LFP (A, n=37 cells in intact rats, 38 cells in lesioned rats) and coherence between PPN spike trains and M1 LFP (B, n=37 cells in intact rats, 38 cells in 

lesioned rats) do not change following dopamine cell lesion. There is also no change in mean coherence between PPN spiking and PPN LFP or M1 LFP 

activity in the 0.3-2.5 Hz range (right). Polar histogram plots (C) summarize the distribution of phases of PPN spikes with respect to PPN LFP (top, n=38 

significantly oscillatory cells in the intact rat, 32 cells in the lesioned rat) and M1 LFP (bottom, n=36 cells in the intact rat, 35 cells in the lesioned rat) 

oscillations. There is no consistent phase-locking between PPN spiking and LFP activity in the intact (left) or lesioned (right) rats.  
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The effect of oscillatory output from the basal ganglia on spike timing in 

the PPN is an interesting issue with respect to mechanisms underlying motor 

dysfunction in PD as the PPN has been suggested to play a role in the control 

of gait (Garcia-Rill et al., 1985, 1987; Reese et al., 1995) and is in a position to 

be affected by DBS of the STN (Florio et al., 2007; Stefani et al., 2007). Since 

the PPN is strongly interconnected with both the STN (Spann and Grofova, 

1991) and SNpr (Shink et al., 1996, 1997), the oscillatory outputs of these 

nuclei are likely to affect PPN spike timing. However, as increased oscillatory 

input to the PPN from the STN is excitatory and in phase with increased 

inhibitory oscillatory input from the SNpr (Walters et al., 2007), these temporally 

coincident oscillatory inputs might effectively cancel each other in the PPN at 

the level of individual neurons or at the level of the overall PPN neuronal 

population.  

The present results show that PPN spiking activity becomes more 

oscillatory in the urethane-anesthetized rat. Mean power in PPN spike trains in 

the ~1 Hz range significantly increased following dopamine cell lesion and total 

power in PPN spike trains in the 0.3-2.5 Hz range doubled. Furthermore, 

coherence between PPN spiking and PPN LFP and coherence between PPN 

spiking and M1 LFP activity also increased significantly following dopamine cell 

lesion indicating that PPN spiking becomes more entrained to the slow 

oscillations observed in the M1 following dopamine loss in the urethane-

anesthetized rat. These results are consistent with the view that phase 

cancellation in PPN spiking activity is not the dominant result of the coincident 

excitatory and inhibitory oscillatory input from the STN and SNpr/GPi.   
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3.4.2 Effect of basal ganglia output on PPN spike timing following 

dopamine cell lesion in the urethane-anesthetized rat 

To further explore the relationship between oscillatory activity in the PPN 

and oscillatory activity in the basal ganglia and motor cortex, PPN spike-

triggered M1 LFP averages were analyzed.  The troughs of LFP oscillations 

represent the periods of greatest negative potential in the extracellular space 

and thus correspond to the periods of greatest membrane depolarization of 

recorded cells. Consistently, cortical spiking activity has been shown to 

predominantly occur at the troughs of cortical LFP oscillations in awake animals 

(Murthy and Fetz, 1996a, 1996b; Donoghue et al., 1998), in anesthetized 

animals (Parr-Brownlie et al., 2007; Rasch et al., 2008), and at the troughs of 

slow cortical LFP oscillations (<1 Hz) observed during sleep (Destexhe et al., 

1999). Firing in the STN and SNpr is also locked to the troughs of M1 LFP 

oscillations after dopamine loss suggesting that firing in these structures is in 

phase with firing in the M1 (Magill et al., 2001; Tseng et al., 2001b; Murer et al., 

2002; Belluscio et al., 2003; Sharott et al., 2005a; Walters et al., 2007).  

Changes in phase relationships observed between PPN spiking and M1 

LFP activity in the urethane anesthetized preparation support the view that 

inhibitory oscillatory output from the basal ganglia, i.e. from the SNpr and GPi, 

dominates PPN spike timing following dopamine loss. In the intact urethane-

anesthetized rat, PPN spiking most frequently coincided with the troughs of M1 

LFP oscillations. These results suggest that input from the STN may influence 

PPN spike timing relationships resulting in the more frequent occurrence of 

trough-locked PPN firing in phase with firing in the M1. Excitatory input to the 

PPN directly from the M1 could also result in PPN firing in phase with M1 firing 
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in the intact rat. However, it is unknown whether a direct connection in the rat 

exists. In contrast, in the parkinsonian 6-OHDA lesioned rat, PPN spiking most 

frequently coincided with the peaks of M1 LFP oscillations. Since increases in 

bursty and oscillatory activity in the STN are associated with in phase increases 

in oscillatory activity in the SNpr in the lesioned rat (Walters et al., 2007), the 

results from this study suggest that PPN neurons are more influenced by 

trough-locked inhibitory input from the SNpr resulting in predominantly peak-

locked PPN firing out of phase with firing in the M1. These results also 

corroborate observations in PD patients and evidence from parkinsonian non-

human primates that suggest that the PPN is over-inhibited in PD (Nandi et al., 

2002a; Jenkinson et al., 2004; Mazzone et al., 2005; Plaha and Gill, 2005; 

Stefani et al., 2007).  

It should be pointed out that while the majority (62-76%) of PPN cells 

exhibited the phase locking described above (firing in phase with M1 firing in 

the intact rat, but antiphase to M1 firing in the lesioned rat), 24-38% of all PPN 

cells exhibited the opposite phase relationship (firing antiphase to M1 firing in 

the intact rat but in phase with M1 firing in the lesioned rat). This diversity in 

spike timing within the PPN, despite the transmission of a stable ~1 Hz cortical 

rhythm, is not surprising noting the numerous inputs (Inglis and Winn, 1995; 

Lee et al., 2000; Pahapill and Lozano, 2000) and the multiple neurochemically-

defined PPN neuronal subtypes including cholinergic (Spann and Grofova, 

1992), glutamatergic (Rye et al., 1987), dopaminergic (Rye et al., 1987), and 

GABAergic (Ford et al., 1995) neuronal populations.  
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3.4.3 Causes of coherent decreases in M1 and PPN LFP power in the 

urethane-anesthetized rat 

Studies have shown that LFPs in the basal ganglia are highly correlated 

with cortical EEG/cortical LFP in anesthetized rats in the slow oscillation 

frequency range (Magill et al., 2000, 2001; Tseng et al., 2001b; Murer et al., 

2002; Sharott et al., 2005a; Walters et al., 2007; Parr-Brownlie et al., 2007). In 

the present study, PPN LFP activity was also significantly and highly coherent 

with M1 LFP activity in both the intact and lesioned urethane-anesthetized rat.  

However, the present results raise interesting questions regarding: 1) 

discrepant relationships between PPN spike timing and PPN LFP and 2) effects 

of dopamine cell lesion on LFP power and amplitude in both the PPN and M1. 

Intriguingly, PPN spike timing relationships with PPN LFP oscillations 

were similar to PPN spike timing relationships with M1 LFP oscillations. Since 

the troughs of LFPs should correspond to the periods when cells closest to the 

recording site are most likely to fire, one might expect PPN spiking to be 

predominantly trough-locked to PPN LFP oscillations in both the intact and 

lesioned rat. However, the results show that PPN spiking is predominantly 

peak-locked to PPN LFP oscillations in the lesioned rat. This dissociation 

between PPN spike timing and PPN LFP phase after dopamine cell lesion 

raises questions about the extent to which PPN LFP reflects local net 

depolarization related solely to the observed PPN spiking activity.    

The present study also demonstrated dopamine cell lesion induced 

changes in LFP power in the ~1 Hz range in both the M1 and PPN. Specifically, 

significant decreases in M1 and PPN LFP total power between 0.3-2.5 Hz were 

observed in conjunction with mean decreases in LFP amplitude.  Decreases in 
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PPN LFP power are incongruent with the observed increases in 

synchronization in PPN firing and the increased coherence between PPN 

spiking and PPN LFP activity discussed above, both of which suggest that PPN 

LFP power should increase with dopamine cell lesion. In addition, decreases in 

cortical LFP in the ~1 Hz frequency range after dopamine cell lesion is 

inconsistent with the idea that basal ganglia-thalamo-cortical circuits may 

become more entrained to the slow oscillatory rhythm after loss of dopamine 

(Goldberg et al., 2002, 2004; Leblois et al., 2006).  

A number of factors may contribute to the decrease in power and 

amplitude in the PPN and M1 LFPs. Inhibitory oscillatory input from the SNpr 

could compete with excitatory oscillatory input from the STN resulting in the 

decreased PPN LFP amplitude and power observed in this study. In addition, 

since the generation of cortical LFPs is thought to be due to the regular 

columnar and laminar organization of cortical cells (Elul, 1971; Klee and Rall, 

1977; Mitzdorf, 1985; Goldberg et al., 2004), it is unclear whether LFPs are 

similarly generated in a structure with sparse and irregular cytoarchitecture like 

the PPN (Rye et al., 1987; Inglis and Winn, 1995; Pahapill and Lozano, 2000). 

In this context, it is interesting to note that the M1 LFP amplitude observed in 

this study is almost 5 times larger than PPN LFP amplitude which is indicative 

of the more regular organization of M1 neuronal elements contributing to the 

generation of M1 LFP. Therefore, it is likely that PPN LFP may not be as robust 

a measure of neuronal activity as M1 LFP.  

A factor that could contribute to decreases in M1 LFP amplitude and 

LFP power following dopamine cell lesion is a reduction in the number of 

regularly firing M1 cells. As basal ganglia output from the SNpr is inhibitory and 
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in phase with cortical activity (Murer et al., 1997; Tseng et al., 2000, 2001a; 

Walters et al., 2007), this inhibitory basal ganglia output might modulate 

excitatory thalamocortical activity and thus reduce the number of M1 cells firing 

synchronously in the urethane-anesthetized rat following dopamine lesion. This 

is supported by studies in animal models of PD demonstrating hypoactivity of 

glutamatergic thalamic projection neurons to the cortex (Palombo et al., 1988; 

Schwartzman et al., 1988; Mitchell et al., 1989; Gnanalingham et al., 1995; 

Brownell et al., 2003; Rolland et al., 2007). Evidence for attenuation of cortical 

output following dopamine cell lesion also supports this hypothesis. Decreased 

striatal dendritic length and a decrease in the number of striatal dendritic spines 

have been observed in 6-OHDA lesioned rats and transgenic mouse models of 

PD (Ingham et al., 1989, 1993, 1998; Day et al., 2006; Solis et al., 2007) and 

could be related to decreased connectivity and glutamatergic cortical input to 

the striatum (McAllister, 2000; Day et al., 2006).  

 

3.4.4 Comparison of the neurological effects of urethane and ketamine 

Ketamine anesthesia is associated with a faster slow oscillation in M1 

LFP (Magill et al., 2000; Fontanini et al., 2003; Musizza et al., 2007) and a 

different mechanism of action from urethane. In the present study, a second 

series of animals were studied under ketamine anesthesia. Results showed 

that PPN spike timing with respect to M1 was not significantly modulated in 

ketamine-xylazine anesthetized rats. Unlike in the urethane-anesthetized 

preparation, 6-OHDA lesion in the ketamine-anesthetized rat had no significant 

effect on PPN spike power, PPN or M1 LFP power, coherence between PPN 
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spike and LFP activity, coherence between PPN LFP and M1 LFP activity, or 

on the phase relationships between PPN spiking and LFP oscillations.  

Urethane has been shown to have a modest effect on several 

neurotransmitter-gated ion channels at concentrations close to those used for 

maintaining anesthesia (Hara and Harris, 2002) but may preferentially affect 

Ba2+-sensitive K+ leak conductance (Sceniak and Maciver, 2006). These effects 

on ion channel physiology may confer urethane with its anesthetic properties. 

Ketamine’s anesthetic effect, on the other hand, is thought to result from its 

action as a non-competitive NMDA-receptor antagonist (Rudolph and 

Antkowiak, 2004; Wolff and Winstock, 2006), which ultimately results in 

depression of neuronal responses by interfering with the excitatory effects of 

glutamate (Anis et al., 1983; Wolff and Winstock, 2006).  

Ketamine may have effects similar to NMDA antagonists such as 

amantadine which are effective adjuvant parkinsonian therapies (Papa et al., 

1995; Papa and Chase, 1996; Blanchet et al., 1997, 2003; Verhagen et al., 

1998; Luginger et al., 2000). Furthermore, NMDA antagonists acting at the 

level of the STN could reduce glutamatergic STN output (Greenamyre and 

O'Brien, 1991; Allers et al., 2005). In the intact rat, reduction of excitatory 

oscillatory output from the STN to the PPN would decrease the incidence of 

PPN firing phase-locked to firing in the cortex. In the 6-OHDA lesioned rat, the 

reduction of excitatory oscillatory output from the STN to the basal ganglia 

output nuclei would result in decreased inhibitory oscillatory output from the 

SNpr/GPi to the PPN which would also decrease oscillatory firing in the PPN.   

Therefore, ketamine could compensate for the effects of dopamine cell 

lesion via its NMDA antagonist properties and consequent effects on basal 
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ganglia-thalamocortical networks. In contrast, though urethane is not a 

neurologically inert compound, its limited and non-specific effects on inhibitory 

and excitatory neurotransmission (Hara and Harris, 2002) make it a good 

anesthetic candidate for studying the effects of striatal dopamine depletion.  

 

3.4.5 Relevance to faster oscillations in Parkinson’s disease patients 

Anesthetized preparations were used in the present investigation to 

probe the effect of dopamine cell lesion on the transmission of slow ~1 Hz 

oscillatory activity from the M1 to the basal ganglia and PPN. However, 

oscillations in the θ (3-8 Hz), α (8-12 Hz), and β (12-30 Hz) frequencies tend to 

dominate LFP recordings in the cortex and basal ganglia of awake PD patients 

(Salinas and Sejnowski, 2001; Brown, 2003). Our results in the anesthetized 

animal should be interpreted conservatively with regard to phase relationships 

during the transmission of faster frequency oscillations through basal-

ganglia/PPN/thalamocortical networks as lags due to axonal conduction and 

synaptic transmission may become more relevant. However, the network 

dynamics observed in this study may be relevant to transmission of lower 

physiological frequencies such as the <30 Hz frequencies that have been 

associated with parkinsonian motor symptoms (Brown, 2003). 

 

Main Findings 

• PPN spike timing in PD is dominated by increased inhibitory oscillatory 

output from the basal ganglia output nuclei (GPi/SNpr). 

• The effect of this inhibitory oscillatory basal ganglia output on PPN spike 

timing may be attenuated by NMDA antagonists. 
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4. MODULATION OF STN AND PPN LFP ACTIVITY DURING SIMPLE 

VOLUNTARY MOVEMENT 

 

 Although the PPN and STN are strongly interconnected (Section 2), 

inhibitory oscillatory output from the GPi/SNpr appears to have a greater effect 

on PPN spike timing in PD (Section 3) suggesting that oscillatory activity could 

be differently modulated in the STN and PPN in the parkinsonian brain. 

Modulation of β and γ oscillations in the STN has been correlated with 

voluntary movements and motor imagery in PD patients. The PPN has not 

been studied as extensively in the context of LFP activity modulation during 

voluntary movement, but the PPN has been shown to be responsive to sensory 

input and has been implicated in sensory gating and integration. To further 

examine and compare the roles of the STN and PPN in voluntary movement, 

we compared STN and PPN LFP activity recorded from PD patients performing 

internally-generated (IG) and externally-cued (EC) voluntary movements.  

 

4.1 Modulation of STN LFP activity during cued and self-paced voluntary 

movements 

 

4.1.1 Introduction and rationale 

The role of STN oscillatory activity can be probed by recording LFPs 

from DBS macroelectrodes implanted in the STNs of PD patients. As discussed 

earlier (Section 1.2), it is thought that low frequency basal ganglia oscillations 
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(8-30 Hz, α and β bands) are generally “antikinetic” while γ oscillations (>60 Hz) 

are “prokinetic” (Brown, 2003).  

Further studies have correlated STN LFP activity in either the full β band 

(11-30 Hz, though this definition varies across studies) or in the grouped α and 

β bands (8-30 Hz) with various motor tasks. Event-related desynchronization 

(ERD) in the full β range and the grouped α and β range has been observed in 

STN LFPs during self-paced (Paradiso et al., 2003; Alegre et al., 2005; Doyle 

et al., 2005; Kempf et al., 2007) and visually-cued voluntary movements 

(Cassidy et al., 2002; Kuhn et al., 2004, 2006; Williams et al., 2005; 

Klostermann et al., 2007).  

However, there is a functional distinction between the α (8-12 Hz), low β 

(12-20 Hz), and high β (20-30 Hz) frequency bands. For example, suppression 

of the low β band is more accentuated in PD patients by the administration of L-

DOPA than is suppression of the high β band (Priori et al., 2002, 2004). Also, 

while the task-related modulation of the full β band is similar between the 

thalamus, cortex, and the STN, modulation of α band activity appears to differ 

greatly between these structures (Klostermann et al., 2007).  

Therefore, several issues regarding the motor function of STN 

oscillations need to be addressed: (1) The modulation of oscillatory activity in 

narrow frequency bands in the STN has not been compared directly between 

IG and EC movements in the same subject group;  (2) A direct comparison of 

STN LFP activity between IG and EC tasks may allow for further functional 

decomposition of STN LFP signals;  and (3) While the modulation of STN 

activity has been examined only during slow voluntary movement in PD 

patients, with a median inter-movement interval of 8 sec (ranging from 5-30 
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sec) (Priori et al., 2002; Cassidy et al., 2002; Williams et al., 2003, 2005; 

Paradiso et al., 2003; Kuhn et al., 2004, 2006; Loukas and Brown, 2004; Alegre 

et al., 2005; Doyle et al., 2005), parkinsonian bradykinesia may be more 

exposed during rapid movements (Sheridan et al., 1987; Agostino et al., 1998; 

Taylor Tavares et al., 2005). 

In this study, we hypothesize that modulation of STN LFP oscillations 

may be coded in narrower frequency bands than those previously studied, and 

may be attributable to the different sensorimotor events of voluntary 

movements in PD. To test this hypothesis, modulation of STN LFP signals was 

compared between IG and EC movements with short inter-movement intervals 

ranging from 1 to 5 sec. Furthermore, event-related desynchronization (ERD) 

and synchronization (ERS) were investigated in the STN LFP signals 

decomposed into the θ (3-8 Hz), α (8-12 Hz), low (12-20 Hz) and high β (20-30 

Hz), and low (30-60 Hz) and high γ frequency bands (60-90 Hz), and compared 

between tasks in their magnitudes, timings, and laterality.  

 

4.1.2 Methods 

4.1.2.1 Patients, electrode implantation, and electrode placement confirmation 

Six patients (age 58 ± 2 years) with PD participated in this study. Their 

clinical details are summarized in Table 4.1. All subjects provided informed 

consent and approval of the study was obtained from the local research ethics 

committee.  

Detailed surgical procedures have been described previously (Liu et al., 

2001, 2002) and are summarized here. The DBS electrodes (Model 3387, 

Medtronic Neurological Division, Minneapolis, MN, USA) were bilaterally 
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implanted in STN for the treatment of severe PD. LFPs were recorded via the 

externalized leads from the STN during the week immediately post-implantation 

before the pulse generator was implanted. The electrode has 4 platinum-iridium 

cylindrical contacts (1.27 mm in diameter and 1.5 mm in length) that are 

separated by a 1.5 mm gap. Patients underwent bilateral implantation of DBS 

electrodes in the STN using Radionics Image Fusion and Stereoplan (Integra 

Radionics, Burlington, MA, USA). The T2-weighted MRI images are fused and 

spatially corrected to the stereotactic CT scan to minimize the inherent errors 

secondary to field inhomogeneities in MRI scanning. The STN is localized as a 

hyperintense area 2–4 mm anterolateral to the red nucleus and 2–4 mm above 

the SN in the Stereoplan programme. The electrode position was confirmed by 

noting a decrease in parkinsonian symptoms during intra-operative electrical 

stimulation of the target STN site and by examining the post-operative MRI 

scan or the fused images of pre-implantation MRI with post-implantation CT. 

Figure 4.1 shows representative post-operative fused images, 2 mm in 

thickness, of bilateral DBS electrode positions in one patient. In all patients, the 

contact positions were estimated by their proximity to the electrode tip upwards 

based on the geometry of the electrode. The positions of the electrode contacts 

could be directly identified as hollow rings of high intensity in transverse 

sections (Fig. 4.1A) which could be visually differentiated from the electrode 

wires which appeared as smaller solid dots in the transverse and coronal 

sections (Fig. 4.1B).  

The center of the STN was identified on the transverse slice in which the 

red nuclei appeared largest in diameter (Fig. 4.1A). The relative positions of 

electrode contacts to the STN center were then estimated on the images 
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around this slice. The contacts visually confirmed to be within the STN are 

indicated in Table 4.1 for each patient. The contact pair (composed of contacts 

0-1, 1-2, or 2-3) within the STN chosen for analysis demonstrated the greatest 

percentage β (12-30 Hz) modulation surrounding the movement (Williams et 

al., 2003; Chen et al., 2006) relative to the amplitude of β modulation during the 

baseline activity period occurring 1-2 sec before the registration of the motor 

response (see Signal Processing and Analysis in Methods). In one patient 

exhibiting tremor during the recording session, all contacts demonstrated 

similar amounts of β modulation with movement, so the contact pair that 

appeared to show maximum oscillations at the tremor (θ) frequency was 

chosen for analysis (Liu et al., 2001).  

A methodological issue here is correlation of the STN LFPs with detailed 

anatomical localization so that the generator of the modulated activity may be 

identified. This has been attempted using a combination of single unit and LFP 

recordings in a recent study (Trottenberg et al., 2006), in which activity during 

rest was best described as being recorded in the upper STN and bordering the 

zona incerta. In this study, we relied on post-operative fused CT/MRI images 

and LFP recordings to localize the electrode contact relative to the STN and 

were thus unable to determine whether a pair of electrode contacts or only one 

contact was actually inside of the STN as β modulation could be detected in 

both situations with a bipolar setting. The spatial resolution of the electrode 

localization in this study was defined by two sets of parameters: (1) the 2 mm 

thickness of post-operative CT scans; and (2) the distance between 

neighboring pairs of electrode contacts in the DBS electrode (1.5 mm  for each 

contact + 1.5 mm separation between contacts). These two factors allowed us 
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to achieve a spatial resolution of 2.0 to 3.0 mm. Therefore, the STN LFPs 

described in this study may have been recorded from a region including, but 

not completely limited to, the STN. It is important to note, however, that the field 

potential generated by the STN can radially conduct outwards to the 

surrounding brain area (Liu, 2003; Kuhn et al., 2005; Chen et al., 2006). The 

amplitude of the LFPs correlates with the proximity of the recording electrode to 

the ‘source nucleus’ (Liu, 2003; Kuhn et al., 2005) and slight differences in 

electrode localizations between recordings do not affect the time-frequency 

profile of LFPs (Chen et al., 2006). 

 

4.1.2.2 Visuomotor paradigms  

STN LFPs and surface EMGs were recorded together during two finger-

pressing tasks which were carried out in a random order with short resting 

periods between tasks.  

Patients were seated approximately 60 cm from a computer screen. 

Prior to each motor task, patients were instructed to place their left and right 

index fingers on distinct keys on the left or right hand side of a standard 

keyboard, respectively, and to look at a 10 mm cross that was continuously 

displayed in the center of the screen. In the IG motor task, the subjects were 

asked to press a key with either their left or right index finger at random self-

paced intervals. Movements that were executed <1 sec before or >5 sec after 

the previous movement were excluded to ensure a finite range of inter-

movement intervals and to specifically examine rapid repetitive movements.  
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Table 4.1. Summary of Subjects’ Clinical Details 
 

L/R: Side of DBS electrode implantation (left/right), 0/1/2/3: DBS electrode contact.

Subject No./ 
DBS Target Age Sex 

Disease 
Duration 
(years) 

Motor 
UPDRS 
Score 

(on / off 
med) 

Electrode 
Contacts used for 
Stimulation (+/-) 

Electrode 
Contacts 

Located w/in 
Target 

Electrode Pair 
Used for 
Analysis 

Medication 
(daily dose) 

1 / STN 64 M 13 15 / 36 System removed due 
to infection 

L2 
R1 

L12 
R01 

Sinemet 625 mg 
Entacapone 800 mg 
Ropinirole 96 mg  
Amitryptiline 25 mg 

2 / STN 60 M 13 10 / 35 L1, - 
R1, - 

L1 
R2 

L12 
R23 

Sinemet 625-750 mg 
Selegiline (Eldepryl) 5 mg 
Ropinirole 10 mg 

3 / STN 58 M 7 - / 43 L0, L1 
R2, R1 

L2 
R2 

L23 
R23 Trihexyphenidyl 8-10 mg 

4 / STN 57 F 10 21 / 44 L0, - 
R2, R1 

L0 
R1 

L01 
R12 

Sinemet 500 mg  
Mirapexin 2.8 mg  
Thyroxine 150 mcg 

5 / STN 55 M 10 33 / 60 L1, - 
R1, - 

L1 
R1 

L12 
R12 

Apomorphine 200 mg  
+ 6 mg bolus (pen) 

6 / STN 53 F 3 19 / 30 L1, - 
R2, - 

L2 
R2 

L23 
R12 

Madopar 375 mg 
Fluoxetine 40 mg 
Domperidone 20 mg 

STN  
Mean± SE 58±4 ---- 9±4 20±9 / 41±11 ---- ---- ---- ---- 

7 / PPN 55 M 12 29 / 57 L1, L2 L2 L12 

Madopar 500 mg 
Pramipexole 0.7mg 
Amantadine 100 mg 
Apomorphine 50 mg 
Domperidone 40 mg 
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Figure 4.1. Localization of DBS Contacts within the STN. A) DBS contacts within the STN are 

shown in a transverse slice (2 mm thick slices parallel to the anterior commissure-posterior 

commissure line) obtained by fusion of pre-operative MRI scan with post-operative CT scan (Liu 

et al., 2001). Key structures used for localization are labeled. B) The DBS electrode wires are 

visible in a coronal slice. CP-cerebellar peduncle;  RN- red nucleus;  SN-substantia nigra. 

 

In the EC task, a visual cue (the letter A, 8 mm in height and 7 mm in 

width) appeared on the screen for a period of 400 msec to the immediate left or 

right of the central cross as a signal cueing the onset and laterality of the 

subsequent finger movement response. The prediction of the timing or laterality 

of the visual cue was limited as the cues were presented at random intervals 

between 1 and 5 sec, comparable to those of the IG task, and cue laterality to the 

fixation cross was pseudo-randomized as well. Subjects were instructed to press 

the key ipsilateral to the cue with the corresponding index finger as quickly as 

possible. Movements associated with reaction times >1 sec were excluded from 

 

A 

B 

RN

SNCP

CP
SN

RN
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further analysis. The size of the visual cue ensured a small visual angle (<0.7°) 

from the central cross thus preventing significant ocular movements from 

occurring (Young and Sheena, 1975; Oster and Stern, 1980).  

 

4.1.2.3 LFP and EMG recordings  

STN LFP recordings were made from the externalized electrodes 4-6 days 

post-operatively after the patients had been off medication over night. The LFPs 

were recorded with a bipolar configuration from the three adjacent pairs of 4 

contacts of each macroelectrode (contacts 0-1, 1-2, and 2-3). Signal segments 

containing premature, absent, or erroneous responses to visual cues were 

excluded. In addition to noting the time of the key press as registration of the 

motor response, the onset of the motor response and the onset of other voluntary 

or involuntary movements were monitored using surface EMGs recorded from 

the index finger extensor (Extensor digitorum) and flexor (Flexor digitorum). The 

full finger movement, as indicated by EMG activity, involved flexion from resting 

state on top of the key (finger downswing) to the point of motor response 

registration (the key press, recorded as a TTL signal from the keyboard) and then 

recovery to resting state on top of the key (finger upswing). In studies examining 

the average duration of muscle activation during finger tapping, the time from the 

beginning of finger downswing to the end of finger upswing is well within ± 100 

msec from the time of motor response registration (Dennerlein et al., 1998; Kuo 

et al., 2006). That is, the actual period of motor execution began <100 msec 

before the time of motor response registration and lasted for <100 msec after the 
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time of motor response registration. This was corroborated by EMG recordings in 

this experiment as well (data not shown) and, consequently, reactive finger 

movements could be identified as sharp EMG bursts within 200 msec in duration. 

Signals were amplified using isolated CED 1902 amplifiers (×10,000 for LFPs 

and x1000 for EMGs), filtered at 0.5-500 Hz and digitized using CED 1401mark II 

at a rate of 4000 Hz, displayed on line and saved onto a hard disk using a 

custom written program in Spike 2 (Cambridge Electronic Design, CED, 

Cambridge, UK).  

 

4.1.2.4 Signal processing and analysis  

STN LFP and EMG recordings were processed in a custom written 

program Neural Signal Processing Lab (NSPL) in MATLAB (Version 7.0, The 

MathWorks Inc., Natick, MA, USA). LFP recordings were selected by excluding 

the segments contaminated with unintended movements based on surface 

EMGs. LFPs, originally recorded with a sampling rate of 4000 Hz, were re-

sampled at 500 Hz in order to design the filters with varied bandwidth for 

extracting LFP activity in the selected frequency ranges. The LFPs were then 

digitally bandpass-filtered between 3-8 Hz (θ), 8-12 Hz (α), 12-20 Hz (low β), 20-

30 Hz (high β), 30-60 Hz (low γ), and 60-90 Hz (high γ) frequencies using a 

Chebyshev Type I filter with zero-phase shifting. As the bandwidth varies from 5 

to 30 Hz in a given frequency band, the Hilbert transform was used to extract the 

instantaneous amplitude of the filtered signal to achieve optimal temporal 

resolution in each band. The Hilbert Transform is preferable to other methods 
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such as ‘squaring’ the signal which tends to maintain or amplify signal noise and 

also poorly handles small inter-trial phase offsets when multiple trials are 

averaged (Hahn, 1996; Oppenheim and Schafer, 1998; Marple, 1999). The 

Hilbert transform algorithm is summarized as: Let x(n) be the filtered signal and 

X(k) be the Fourier transform of x(n), where n, k=1, 2, …., N.  Then, Y(k) are 

obtained from X(k) by multiplying X(k) with 2 for k=2, 3, …., N/2 and setting X(k) 

as zeros for k=N/2+2, N/2+3, …., N. The analytic signal xa(n) of x(n) is computed 

by performing the inverse Fourier transform of Y(k). xa(n) is a complex signal and 

can be expressed as xa(n)=A(n)*exp(i*φ(n)), where A(n) and φ(n) are the 

instantaneous amplitude and phase of x(n), respectively. Figure 4.2 shows the 

compound STN LFP signal (left, Fig. 4.2), the signal bandpass-filtered to the low 

β band (middle, Fig. 4.2), and the instantaneous amplitude-modulation of the 

bandpass-filtered signal processed using the Hilbert transformation (right, Fig. 

4.2). Data are shown over three consecutive EC movement trials each composed 

of visual cue presentation (the downward bars in the top trace, Fig. 4.2) and the 

registration of the subsequent motor response (the upward bars in the top trace, 

Fig. 4.2).  

The amplitude of the bandpass-filtered transformed signals was observed 

in each trial between 2 sec before and 3 sec after each external cue and/or motor 

response registration in each subject. An example is shown for one patient in 

Figure 4.3, which presents amplitude modulation of each frequency band, coded 

in color, during the EC task over 80 trials. Signals were analyzed time-locked to 

the presentation of the visual cue (left, Fig. 4.3) or to the time of motor response 
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registration (right, Fig. 4.3) and were ordered by motor reaction time (top figure of 

each row, Fig. 4.3) or averaged across trials (bottom graph of each row, Fig. 4.3) 

in each frequency band confirming that activity in the low and high β bands is 

primarily locked to the time of motor response (Williams et al., 2005). In addition, 

activity in the θ, α, and γ bands appeared to show activity time-locked to the time 

of motor response. Therefore, all further statistical analyses were conducted on 

signals time-locked to the registration of the motor response.  

 

 

 

 

 

Figure 4.2. Processing of STN LFPs. An example of a signal recorded during an externally-cued 

movement task in one patient is shown bandpass-filtered between 12 and 20 Hz (low β band). 

STN LFPs recorded during the movement task are denoised (left) and decomposed in the time-

frequency domain using bandpass-filtering (middle). The power envelope signals in each 

frequency band were extracted using the Hilbert transform (right). The time of stimulus 

presentation and the registration of the subsequent motor response are shown using solid and 

dashed vertical lines, respectively, and, in the top traces, as downward and upward bars, 

respectively. 

 

Given that the minimum inter-movement interval in the EC and IG tasks is 

1 sec, when averaging event-related potentials (ERP) across all trials, LFP 

modulation related to the previous and subsequent movements relative to each 

trial may have also been averaged in the time period ranging from 2 sec before 

to 3 sec following the motor response. However, since there is inherent variability 

in the inter-movement intervals between 1 and 5 sec for each patient in the IG 
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task, and since the inter-cue intervals in the EC task are comparably randomized 

within a 1 to 5 sec range, a baseline-amplitude of ERP modulation is still clearly 

discernable from the modulation surrounding the motor response itself (bottom 

graphs in each row, Fig. 4.3). It is important to note that this baseline period does 

not necessarily represent a state of motor rest, but it does represent a consistent 

background level of LFP activity in a given frequency band relative to which 

changes in LFP activity modulation can be examined. This method allows for the 

examination of LFP modulation related to the brisk and rapidly-executed 

movements in this study. The bandpass-filtered LFPs in a given task for each 

patient were expressed as a percentage of this baseline amplitude value, 

calculated as the mean amplitude over the period between 1 and 2 sec prior to 

the registration of the motor response. 

The cross-patient average of these normalized traces was then calculated. 

The time and amplitude of ERD or ERS induced by the motor response for each 

patient were determined from the local minimum or maximum between 0.5 sec 

before and 0.5 sec after motor response registration in the normalized trace. 

Visual examination of the normalized traces confirmed that the peak amplitude 

was not outside of this 1 sec window centered at the time of motor response 

registration. The onset of frequency band modulation was not directly calculated 

as the cut-off between baseline activity and task-related amplitude modulation 

because it could not be accurately determined given the short inter-movement 

intervals in the EC and IG tasks. Instead, the time of greatest modulation (ERD 

or ERS) of each frequency band was determined relative to the time of motor 
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response registration. While onset represents the time of event occurrence, the 

time of greatest amplitude modulation represents the length of process of the 

event from occurrence to its peak. Any delay of this process will delay the peak 

latency. The normalized values in amplitude and time of peak ERD or ERS were 

averaged across the all subjects to represent the population. 

 

4.1.2.5 Statistical analyses  

Five subjects completed both tasks and one additional subject completed 

the IG task only. In the EC movement task, 9 electrodes were analyzed for each 

STN hemisphere (in one subject, only information on EC movement executed by 

the right index finger was available). After excluding trials with incorrect EC 

responses or artifacts, 96±25 trials (ranging from 43 to 171 trials) were analyzed 

for each electrode for the EC movement task. During the IG movement task, 7 

electrodes were analyzed for each STN hemisphere (in one subject, only 

information on EC movement executed by the right index finger was available 

and another subject performed the vast majority of movements within 1s of the 

previous movement). After excluding movement artifacts or movements that were 

performed within 1 sec or greater than 5 sec after the previous movement, 94±28 

trials (ranging from 40 to 150 trials) were analyzed for each electrode in the IG 

movement task.  
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Figure 4.3 (on previous page). STN LFPs recorded during an externally-cued movement task in 

one subject are shown in a 5 sec window across frequency bands (rows) centered at either the 

time of stimulus presentation (left column) or the time of the response registration (right 

column). The top figure in each row shows the power in a given frequency band over time for 

each trial (visual cue followed by a response) with trials ordered by increasing reaction time. 

Time zero is marked by a vertical thin dotted line indicating the time of stimulus presentation 

(left column) or response registration (right column). In the stimulus-centered figures, the time 

of response registration is indicated by a thick dotted line. LFP power is coded in color with a 

unit of µV. The bottom figure in each row shows the power in the frequency band over time 

averaged across all trials. Modulation of the θ, α, low and high β, and high γ bands appears 

locked to the time of response and there is no modulation of the low γ frequency band.  

 

All statistical analyses were processed using SPSS (SPSS Inc., 

Chicago, IL, USA). Normal distributions of the ERD/ERS values in amplitude 

and timing across all STNs were tested using the Shapiro-Wilk and 

Kolmogorov-Smirnov tests. Amplitude data were normally distributed. Three-

way ANOVA analysis using a univariate general linear model was used to test 

the interaction between and the influence of task type (IG vs. EC), STN LFP 

frequency, and laterality of the STN on the amplitude of peak ERD/ERS and, 

separately, on the timing of peak ERD/ERS. One-way ANOVA was used to test 

changes in STN activity across frequency bands in each task, followed by t-

tests to compare activity in two frequency bands directly. T-tests were also 

used to test changes between EC and IG tasks and between contralateral and 

ipsilateral STNs. Criterion of significance was p<0.05. The values in the figures 

and in the text are all presented as mean ± SEM. 
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Table 4.2. Mean Amplitudes and Times of Peak Modulation of STN LFP Activity in Each Frequency Band 

Amplitude of Peak Modulation Time of Peak Modulation 

Contralateral Ipsilateral Contralateral Ipsilateral  

EC IG EC IG EC IG EC IG 

3-8 Hz 119.7±8.6 (*) 100.3±6.2 108.2±10.6 101.1±5.7 -0.07±0.07 0.09±0.09 -0.07±0.07 0.08±0.08 

8-12 Hz 74.9±3.1 (*)ξ 88.5±3.9 (*)ξ 76.6±4.8 (*) 103.8±6.7 0.15±0.05 
(*)ξ 

-0.03±0.06 
ξ 0.13±0.05 (*) -0.02±0.06 

12-20 Hz 63.7±2.9 (*)ξ 78.8±2.2 (*)ξ 65.0±3.5 (*) 85.5±4.8 (*) -0.01±0.03 0.06±0.05 -0.04±0.04 0.09±0.04 

20-30 Hz 74.8±2.8 (*) 81.3±5.0 (*) 79.4±5.0 (*) 91.1±5.3 0.12±0.08 0.03±0.04 0.05±0.07 0.04±0.07 

60-90 Hz 110.1±6.9 (*) 111.8±8.2 109.8±5.3 111.0±8.0 0.10±0.06 0.00±0.07 -0.02±0.10 -0.04±0.10 

All values show the mean ± SEM, averaged across all subjects. The amplitude values indicate the percent of the baseline level of STN LFP activity in a given 

frequency band at the time of peak modulation (baseline = 100%). The times (sec) are shown relative to the time of motor response registration (0 sec). 

Values that are significantly different from the baseline level of activity or from the time of motor response registration are indicated with an asterisk ((*)). 

Values that are significantly different between tasks are indicated with a lower-case sigma (ξ).  
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Figure 4.4. STN LFP traces, averaged across all trials, and normalized to average baseline 

LFP amplitude, are shown overlaid for all patients (gray) along with a mean trace averaged 

across patients (bold black) for each frequency band in the contralateral and ipsilateral STN. 

The registration of the motor response (vertical dashed line) and the mean base line at 0% 

(horizontal dashed line) are indicated in each plot. Only the α, low β, and high β bands are 

modulated in both the EC (left) and IG (right) tasks (Fig. 4.6).  

 
 
4.1.3 Results  

The mean reaction time in the EC task, across all patients, was 

0.55±0.01 sec. The averaged minimum and averaged maximum times between 

subsequent movements were 1.0 and 4.1 sec for the EC task and 1.0 and 3.6 

sec in the IG task. The normalized STN LFP traces in the θ, α, low and high β, 
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and low and high γ frequency bands were averaged across all patients and 

grouped by laterality to the movement (Figs. 4.4, 4.5). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. As only the α, low β, and high β bands are modulated in both the EC (top row) and 

IG (bottom row) tasks (Figs. 4.4, 4.7), comparison of the average normalized traces of STN 

LFP activity in the α (pink), low β (green), and high β (blue) frequency bands is shown. LFP 

modulation in the contralateral STN is shown in the left column and modulation in the ipsilateral 

STN is shown in the right column. In each plot, the vertical dashed line at time ‘0’ shows the 

time of motor response registration. The horizontal dashed line shows the mean base line 

power value at 0%. The gray boxes indicate the average duration of EMG activation 

(Dennerlein et al., 1998; Kuo et al., 2006). For the EC task (top row), the first vertical dashed 

line shows the average time of the cue presentation relative to the time of motor response 

registration (average reaction time was 0.55±0.01 sec from the time of cue). There is greater 

bilateral modulation of these frequency bands with EC movement than there is with the IG 

movement.  

 

Across all data, there was a significant difference in the peak amplitude 

of ERD/ERS across frequency bands (three-factor ANOVA;  n = 32;  p<0.001) 

and between the contralateral and ipsilateral STN (n = 80;  p<0.05). There was 

also a significant interaction between task and frequency band in both the time 

(p<0.05) and peak amplitude of ERD/ERS (p<0.005). Table 4.2 shows the 

mean (±SEM) values for the amplitude and time of peak modulation in each 
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frequency band in the contralateral STN and ipsilateral STN during the EC and 

IG motor tasks.  

 

4.1.3.1 Similarities in STN LFP modulation between EC and IG tasks  

The most clear similarity between tasks was that significant ERD of the 

low β band was observed in the STN bilaterally during both EC and IG 

movements (t-test;  p<0.05) (Table 4.2, Figs. 4.4, 4.5, 4.6), with the peak 

modulation of the low β band occurring close to the time of motor response 

registration (Table 4.2, Figs. 4.4, 4.5, 4.7). ERD of the low β band began before 

and lasted after the time of EMG activation in both tasks as well (Fig. 4.5). This 

suggests that the ERD of the low β band specifically represents the motor 

execution element of the ‘button pressing’ movement, which was identical in 

both tasks. Modulation of the α and high β bands was also observed during 

both EC and IG movements but modulation of the low γ band was not observed 

in either task (Fig. 4.4). 

 

4.1.3.2 Differences in STN LFP modulation between EC and IG tasks  

There were four main differences between STN activity modulation 

during EC and IG movements. First, EC movement was associated with greater 

bilateral modulation of STN activity than IG movement. Significant ERD was 

observed bilaterally in the α (p<0.001), low β (p<0.001), and high β bands 

(p<0.01) during the EC task, while bilateral modulation only occurred in the low 

β band with IG movement (p<0.05) (Table 4.2, Fig. 4.6). This may represent 

the difference between tasks in motor preparation as bilateral preparation was 
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needed preceding the directional cue in the EC task while the laterality of the 

movement was self-defined by the subjects in the IG task.  

 

 

 

 

 

Figure 4.6. Mean levels of ERD and ERS (±SEM) in the θ, α, low and high β, and γ frequency 

bands in the contralateral (left) and ipsilateral (right) STN.  ERD and ERS are shown as a 

percentage of the baseline value ± SEM (100%, horizontal dashed line). (*): significant 

modulation of STN LFP activity in a given frequency band relative to baseline or a significant 

difference in modulation amplitude between tasks in a given frequency band (p<0.05). Only the 

low β band is significantly modulated bilaterally during both types of movement. Greatest ERD 

occurs in the low β band bilaterally in the EC task and ERD in the α and low β bands is greater 

with EC movement than with IG movement bilaterally in the STN.  

 

Second, STN activity modulation was observed in a wider frequency 

range during EC movement than during IG movement. In addition to bilateral 

suppression of the α, low β, and high β bands, significant ERS was observed 

contralaterally in the θ (p<0.05) and high γ bands (p<0.05) during EC 

movement (Table 4.2, Fig. 4.6). In contrast, IG movement modulation was 

limited to just the low β band bilaterally and to the α (p<0.05) and high β bands 

(p<0.05) contralaterally (Table 4.2, Fig. 4.6). 

Third, EC and IG movement also differed in the amplitude of STN 

activity modulation. The magnitude of ERD in the α and low β bands was 

greater during the EC task than during the IG task, bilaterally (p<0.05) (Table 

4.2, Fig. 4.6). Furthermore, during EC movement, the ERD in low β band was 

greater than ERD in the other frequency bands (p<0.05) though no such 
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differentiation in the amplitude of frequency band modulation occurred during 

the IG task (Table 4.2, Figs. 4.5, 4.6).  

 

 

 

 

 

 

 

Figure 4.7. Mean time of peak STN modulation relative to the motor response (vertical dashed 

line) in the α, low β, and high β frequency bands in the contralateral (left) and ipsilateral (right) 

STN during IG (□) and EC movement (■). Error bars indicate SEM of the mean. (*): significant 

difference in the time of peak modulation and the time of motor response registration or a 

significant difference in the time of peak modulation between tasks in a given frequency band 

(p<0.05). Peak modulation of the α band occurs significantly after the motor response bilaterally 

with EC movement and significantly after it does during IG movement in the contralateral STN. 
 

Finally, EC and IG movement also differed in the temporal profile of STN 

modulation. In the IG task, the times of peak ERD also did not differ between 

the α, low β, and high β bands and were all close to the time of motor response 

registration in the IG task (Table 4.2, Figs. 4.5, 4.7). On the other hand, in the 

EC task, peak desynchronization of the α band occurred significantly after peak 

ERD in the low β band (p<0.05) and after motor response registration (p<0.05) 

(Table 4.2, Figs. 4.5, 4.7). The onset and termination of α ERD also appeared 

to be later than ERD onset and termination, respectively, of the low and high β 

bands. Perhaps most interesting, however, is the delay in the onset and peak 

of α ERD in the EC task. This delay appeared to begin around the time of the 

visual cue and was absent in the IG task where there was no visual cue. 

Furthermore, the delay was consistently maintained relative to low β or high β 
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ERD (Figs. 4.5, 4.7). It is possible that this delay in α ERD is related to a period 

of processing the randomized directional cue.  

 

4.1.4 Discussion 

4.1.4.1 Modulation of STN activity related to motor preparation, selection, and 

execution 

The EC and IG tasks can be compared in terms of the steps involved in 

a motor task: motor preparation, cue processing and/or movement selection, 

and motor execution (Goodale, 1998). The EC task required bilateral motor 

preparation to respond to a directional cue while motor preparation in the IG 

task was required only unilaterally. Also unlike the IG task, the EC task involved 

a period of movement selection following a visual cue. However, the finger 

movement itself was identical in both tasks. Therefore, by directly comparing 

EC and IG movements in this study, we can associate modulation of LFP 

activity in different frequency bands with these three motor task steps.  

The high β band is most likely associated with motor preparation. High β 

ERD was observed bilaterally during EC and contralaterally during IG 

movement. This is in accordance with the different movement preparation 

demands of the two tasks and with several studies linking maximal high β 

cortical activity to motor preparation (Sanes and Donoghue, 1993; MacKay and 

Mendonca, 1995; Hamada et al., 1999; Neuper and Pfurtscheller, 2001; 

Wheaton et al., 2005). The peri-movement high β ERD observed here may be 

a more indirect reflection of motor preparation. Noting that even small 

movements can block high β activity related to motor preparation in the cortex 

(Sanes and Donoghue, 1993; Neuper and Pfurtscheller, 2001), perhaps the 
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existence of bilateral preparation during the EC task results in a bilateral 

decrease of high β oscillations with movement.     

The most striking difference in α band modulation between the IG and 

EC tasks in this study is the delay in α ERD onset with cued movement. 

Following the cue in the EC movement task, the rates of desynchronization in 

the α and low β bands are similar but are consistently offset from each other by 

a delay that appears to occur at the time of cue presentation (Fig. 4.5). 

Therefore, an increase in or maintenance of α activity (Fig. 4.5) may be 

associated with a period of cue-processing and movement selection. Indeed, 

modulation of α activity has been associated with discriminating the meaning of 

visual cues in the sensory domain (Schmiedt et al., 2005) and higher levels of 

basal α power in cortical EEGs are associated with better motor performance 

following a go cue (Klimesch et al., 1996). However, given that α ERD in the 

EC task begins after movement onset and given the absence of this delay in 

the IG task, one may argue for an alternative explanation for α activity. It is 

possible that α ERD reflects processing of motor-related and non-motor-related 

visual information as the processing of the non-motor related visual information 

may last well after the time of movement itself. It has also been suggested that 

α ERD represents idle motor state cessation (Pfurtscheller and Neuper, 1994; 

Pfurtscheller et al., 1997, 2000) necessary for voluntary motor execution. The 

delay and accentuation of α ERD in the EC task may, therefore, represent 

anticipatory motor facilitation of subsequent movements during a rapid motor 

task. This may help explain why a delay in α ERD onset has not been observed 

previously during more slow-paced voluntary motor tasks (Alegre et al., 2005; 

Klostermann et al., 2007).  
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Finally, the modulation of STN activity related to motor execution 

appears to mainly involve suppression of low β activity. Low β ERD occurs 

bilaterally in both tasks and its temporal profile is similar between tasks as well, 

consistently spanning the average duration of EMG activation (Fig. 4.5). 

Therefore, it is likely that low β ERD is primarily related to motor execution 

since it is similarly modulated between the EC and IG tasks. Previous 

conclusions that bilateral suppression across the entire β band occurs with 

movement (Williams et al., 2003, 2005; Alegre et al., 2005; Doyle et al., 2005; 

Kuhn et al., 2006; Kempf et al., 2007; Klostermann et al., 2007) may now be 

modified according to the results presented in this section to show that low β 

and high β activity in the STN may preferentially encode different 

pathophysiological information (motor execution and motor preparation, 

respectively). 

 

4.1.4.2 Greater bilateral STN involvement during externally-cued movement 

It is interesting to see bilateral STN involvement across a wider 

frequency range during EC movement than during IG movement. This may 

further reflect bilateral motor preparation or may reflect bilateral whole field 

visual input in the EC task. It is unlikely that bilateral involvement is only due to 

visual processing since the magnitude of β band modulation during cued 

movement can differ depending on the type of cue (Williams et al., 2003) and 

the amount of motor involvement (Kuhn et al., 2006). Furthermore, as shown in 

the present study, bilateral low β modulation occurs during IG movement, 

although to a lesser extent than it does during EC movement. Thus, the greater 

bilateral STN involvement during cued movement may be induced by the 
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demands of both bilateral acquisition of visual stimulation and the greater 

processing required for the visuomotor integration towards movement selection 

and preparation.  

 

4.1.4.3 Role of the STN in facilitation of movement by an external cue in 

Parkinson’s disease  

It is known that the presence of a spatial or temporal external cue 

facilitates voluntary movement for PD patients (Glickstein and Stein, 1991; 

Georgiou et al., 1993; Morris et al., 1994; Thaut et al., 1996; Burleigh-Jacobs et 

al., 1997; Curra et al., 1997; Majsak et al., 1998; Kelly et al., 2002). However, 

the mechanism underlying this facilitation is unclear. 

There are two STN activity modulation phenomena observed in this 

study that may help shed light on this mechanism. First, there is a greater 

magnitude of α band ERD during cued movement than there is during self-

paced movement. As aforementioned, α oscillations have been associated with 

cortical inactivity (Pfurtscheller and Neuper, 1994; Pfurtscheller et al., 1997, 

2000; Pfurtscheller and Lopes da Silva, 1999) and administration of L-DOPA 

has been shown to reduce α oscillations in the STN and GPi of PD patients 

(Brown et al., 2001). Similarly, the results presented in this section show that 

the presence of an external cue further reduces α activity during movement in 

PD patients. Second, low β ERD during cued movement is greater than that 

during self-paced movement and is also greater than α and high β ERD during 

cued movement. Therefore, similar to what happens with administration of L-

DOPA in PD patients (Priori et al., 2004; Foffani et al., 2005), an external cue 

preferentially accentuates low β band suppression.  
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Taken together, these results suggest that the presentation of an 

external-cue and the administration of dopaminergic medication may facilitate 

movement via a similar mechanism. This is especially plausible when 

considering that the improvement in voluntary movement conferred with cue-

presentation and the improvement in movement following dopamine 

replacement therapy are not additive (Burleigh-Jacobs et al., 1997; Kelly et al., 

2002).  

 

4.1.4.4 STN LFP modulation specific to Parkinson’s disease patients 

As all recordings were done in PD patients off anti-parkinsonian 

medication, it is possible that certain modulation phenomena observed here 

were unique to PD. For example, antikinetic θ ERS was observed 

contralaterally during cued movement in this study. However, tremor-related 

oscillations also fell in this frequency band. Therefore, it is possible that the θ 

activity observed with cue presentation is related to attentional tremor and not 

necessarily to voluntary movement. 

In addition, the lack of γ ERS during self-paced movement and the 

relatively small ERS observed during cued movement may be unique to PD 

patients. It has been shown that administration of L-DOPA to PD patients 

results in a shift from antikinetic β oscillation to prokinetic γ oscillation in the 

STN (Brown, 2003). Furthermore, bilateral γ band oscillation has been 

observed during self-paced movement performed by PD patients while on-

medication. This suggests that, in parkinsonian patients off-medication, the role 

of synchronous γ frequency oscillations in the STN during motor execution may 

be diminished relative to healthy individuals or relative to patients on-
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medication. The presence of an external cue, similar to L-DOPA, may help 

partially recover these prokinetic γ oscillations. 

 

4.1.4.5 Concluding remarks 

We have correlated STN LFP activity in different frequency bands with 

specific events related to voluntary movement. The results presented in this 

seciton suggest that: (1) Modulation of the high β band is related to motor 

preparation; (2) The delay in α ERD onset with cued movement may underlie a 

period of visual cue processing and movement selection or may be related to 

the facilitation of rapid movement execution;  and (3) Bilateral ERD in the low β 

band is specifically related to motor execution.  

 

4.2 Modulation of PPN LFP activity during cued and self-paced rapid 

voluntary movements 

 

4.2.1 Introduction and rationale 

 The link between PPN activity and simple voluntary movement is a 

tenuous one. Primate studies have correlated akinesia with PPN lesions 

(Kojima et al., 1997) and motor hyperactivity with PPN excitation (Nandi et al., 

2002a, 2002b). On the other hand, in rodents, it is argued that there may be a 

more nuanced relationship between the PPN and reward-directed motor 

behavior (Inglis and Winn, 1995; Winn, 2006). However, studies in decerebrate 

rodents and cats have shown that pharmacological or electrical stimulation of 

the PPN results in graded increases in locomotion during treadmill walking 

(higher current electrical stimulation corresponds to faster walking cadence) 
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(Garcia-Rill et al., 1985, 1987; Reese et al., 1995). This has also been 

corroborated by studies showing that unrestricted movement in an open field 

increases in intact rats following pharmacological or electrical PPN stimulation 

(Brudzynski et al., 1986; Milner and Mogenson, 1988). 

The PPN has also been implicated in attentional processes. PPN lesions 

in rats result in selective deficits in the execution of the classic five-choice serial 

reaction time task and also impair performance in a simpler attention task 

where an increase in the brightness of a light stimulus cues a given motor 

behavior (Inglis et al., 2001; Kozak et al., 2005). In addition, visual and auditory 

stimuli also modulate PPN activity (Reese et al., 1995; Dormont et al., 1998; 

Kobayashi et al., 2002; Pan and Hyland, 2005) as PPN firing tends to increase 

in as little as 9 msec after the presentation of a sensory stimulus (Dormont et 

al., 1998). These results suggest that the PPN plays a role in relaying the 

timing of sensory cues to other motor areas (Pan and Hyland, 2005) and 

possibly serves as a centre for sensory gating and integration (Winn, 2006).  

Therefore, it is possible that PPN LFP modulation may occur during the 

preparation and execution of simple voluntary movements. Furthermore, this 

modulation may differ between IG and EC movement as these tasks require 

different levels of attention and sensory processing.  

However, information on PPN LFP oscillatory activity in PD is limited. 

Although it is known that β oscillatory activity is prominent in the STN in PD, it 

is unclear whether this “antikinetic” oscillatory activity can also be found in the 

parkinsonian PPN. Furthermore, if β frequency oscillations are present in the 

PPN, it is difficult to predict how these oscillations would be modified by 

voluntary movement, if at all. Recently, α (7-11 Hz) oscillatory activity has been 
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reported in the PPN area of PD patients on dopaminergic medication. 

Furthermore, this activity appears to increase 3 sec before an IG movement 

(Androulidakis et al., 2008). However, the location of the recording sites in this 

study (as described by Stefani et al., 2007) have been questioned (Yelnik, 

2007; Zrinzo et al., 2007a, 2007b). Even if the recorded LFPs accurately reflect 

PPN activity, the modulation of oscillatory activity in the PPN during rapid IG 

and EC movement in PD patients off medication is still unknown.  

In order to determine the range of oscillatory activity present in the PPN 

in the PD and whether this activity is modulated by different types of rapid 

voluntary movement, we repeated the experiments used to examine STN LFP 

modulation during IG and EC motor tasks (Section 4.1) in one patient who had 

received bilateral DBS electrode implants in the PPN (Patient 7, see Table 4.1). 

  

4.2.2 Methods 

The clinical details of Patient 7 are summarized in Table 4.1. Patient 7 

provided informed consent and approval of the study was obtained from the 

local research ethics committee. The DBS electrodes (Model 3387, Medtronic 

Neurological Division, Minneapolis, MN, USA) were bilaterally implanted in the 

PPN as described earlier (Section 4.1.2, Fig. 4.2). Contact locations were 

determined on transverse and coronal sections of fused images of pre-

implantation MRI with post-implantation CT. The PPN was identified on the 

transverse slice on which the superior cerebellar decussation was most 

prominent. The relative position of the contacts to the PPN center were then 

estimated on the images around this slice (Fig. 4.8). The contacts visually 

confirmed to be within the PPN in Patient 7 are indicated in Table 4.1 and the 
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contact pair closest to the center of the PPN, L12, was the contact pair chosen 

for analysis.  

We first examined power spectra of PPN LFP activity when Patient 7 

was at rest (seated with hands placed on lap) and during the IG and EC motor 

tasks. LFP recordings 100 sec in length were selected by excluding the 

segments contaminated with unintended movements based on surface EMGs. 

Windowed FFT was used to determine the dominant frequencies (the 

frequencies with the greatest spectral power) in the LFP for each 100 sec data 

segment binning at 2 msec, using a block size of 2048 yielding a frequency 

resolution of 0.24 Hz. This frequency resolution was sufficient for examining the 

presence of β (12-30 Hz) oscillations in the LFP signal. Figure 4.9 shows the 

PPN LFP power spectra when the patient was at rest, performing a series of IG 

movements, or performing a series of EC movements. As has been previously 

demonstrated in STN LFPs in PD patients, β oscillatory activity is also present 

in the PPN in the PD patient in this study. Therefore, after confirming that β 

oscillations were present in the PPN, we next examined whether these 

oscillations could be modified with an individual IG or EC movement event.  

The EC and IG visuomotor paradigms, LFP and EMG recording 

procedures, and signal analysis techniques were the same as those used for 

examination of STN LFP activity modulation (Sections 4.1.2.2, 4.1.2.3, and 

4.1.2.4). The amplitude of the bandpass-filtered transformed signals was 

observed in each trial between 2 sec before and 3 sec after each external cue 

and/or motor response registration. Figure 4.10 presents amplitude modulation 

of each frequency band, coded in color, during the IG task over 47 left index 

finger clicking events (the side ipsilateral to the PPN recording pair) and 37 
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right index finger clicking events (the side contralateral to the PPN recording 

pair). Figures 4.11 and 4.12 similarly present amplitude modulation during the 

EC task over 41 right index finger clicking events (the side contralateral to the 

PPN recording contact pair, Fig. 4.11) and 36 left index finger clicking events 

(the side ipsilateral to the PPN recording contact pair, Fig. 4.12). For the EC 

task (Figs. 4.11, 4.12), signals were analyzed time-locked to the presentation of 

the visual cue (left column, Figs. 4.11, 4.12) or to the time of motor response 

registration (right column, Figs. 4.11, 4.12) and were ordered by motor reaction 

time (top figure of each row, Figs. 4.11, 4.12) or averaged across trials (bottom 

graph of each row, Figs. 4.11, 4.12) in each frequency band. Figure 4.10 

similarly presents amplitude modulation of each frequency band, coded in 

color, during the IG task. No comparative statistics or signal normalizations 

were performed as data were only collected from one patient. 

 

4.2.3 Results  

The mean reaction time in the EC task was 0.49±0.01 sec. The 

minimum and maximum times between subsequent movements were 1.5 and 

5.0 sec for the EC task (77 EC events) and 1.1 and 5.0 sec in the IG task (84 

IG events). The normalized PPN LFP traces in the θ, α, low and high β, and 

low and high γ frequency bands were grouped by laterality to the movement 

(Figs. 4.10, 4.11, 4.12). 

The power spectra obtained from PPN LFP recordings revealed a clear 

delineation between the θ, α, low β, high β, and γ frequency bands. Power was 

highest in the θ band, followed by the β bands, the α band, the low γ band, and 

the high γ band. There was little discernable difference between the power 



 

 142

spectra obtained during periods of rest, performance of the IG task, and 

performance of the EC task (Fig 4.9).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Localization of DBS contacts within the PPN. A) DBS contacts within the left PPN 

are shown in a transverse slice (2 mm thick slices parallel to the AC-PC line) obtained by fusion 

of pre-operative MRI scan with post-operative CT scan (Liu et al., 2001). Key structures used 

for localization are labeled. B) The DBS electrode wires are visible in a coronal slice. xscp-

decussation of the superior cerebellar peduncle. 

 

4.2.3.1 Similarities in PPN LFP modulation between EC and IG tasks  

The main similarity between the EC and IG tasks was that both tasks 

involved high β band desynchronization in the contralateral PPN (Figs. 4.10A, 

4.11A). Low γ band desynchronization was also apparent in both the IG and 

EC tasks, but since the β band has been previously defined to include 

frequencies as high as 35 Hz (Neuper and Pfurtscheller, 2001; Foffani et al., 

2005), the low γ band was further sub-divided to 30-35 Hz and 35-60 Hz 

frequency bands. As expected, ERD in the low γ band was predominantly 

localized to the 30-35 Hz frequency range (Figs. 4.10B, 4.11B) suggesting that 

 

xscp

xscp

A 

B 
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any low γ modulation was likely a residual effect of high β band modulation. 

This is further supported by the relatively large amplitude high β band ERD in 

both the EC and IG tasks (Figs. 4.10, 4.11). This high β ERD began before and 

lasted after motor response-related EMG activation in both tasks (Figs. 4.10, 

4.11) (EMG activations lasts, on average ±100 msec around the time of motor 

response registration (Dennerlein et al., 1998; Kuo et al., 2006). 

Finally, in both the EC and IG tasks, there was no significant modulation 

of either the θ, α, or high γ bands in either the ipsilateral or contralateral PPN. 

Therefore, the high β band (including the 30-35 Hz range) is the only frequency 

band that is modulated during both EC and IG movements. 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. PPN LFP power spectra during rest, IG movement, and EC movement. The power 

spectra in the 0-90 Hz range in a 100 sec PPN LFP recording taken while the patient was at 

rest (thick back line), performing the IG movement task (thick gray line), or performing the EC 

movement task (thick black line). Line noise was flitered out in the ~50 Hz range. High spectral 

power can be observed in the θ, α, low β, and high β bands.  
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Figure 4.10. PPN LFPs recorded during the 

IG movement task are shown in a 5 sec

window across frequency bands (rows) in 

the contralateral PPN (left column) or the 

ipsilateral PPN (right column). The top figure 

in each row shows the power in a given 

frequency band over time for each trial. 

Time ‘0’ is marked by a vertical thin dotted 

line indicating the time of motor response 

registration. LFP power is coded in color 

with a unit of µV. The bottom figure in each 

row shows the power in the frequency band 

over time averaged across all trials. A) Peri-

movement ERD is apparent in the low β, 

high β, and low γ bands in the contralateral 

PPN, while post-movement ERS occurs in 

these bands in the ipsilateral PPN. B) A 

separation of the low γ band into 30-35 Hz 

and 35-60 Hz frequency ranges reveals that 

modulation of the low γ band is localized to 

the 30-35 Hz frequency band. 
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Figure 4.11. LFPs recorded in the 

contralateral PPN during the EC movement 

task are shown in a 5 sec window across 

frequency bands (rows) centered at either 

the time of stimulus presentation (left 

column) or the time of the response 

registration (right column). The top figure in 

each row shows the power in a given 

frequency band over time for each trial 

(visual cue followed by a response) with 

trials ordered by increasing reaction time. 

Time zero is marked by a vertical thin dotted 

line indicating the time of stimulus 

presentation (left column) or response 

registration (right column). In the stimulus-

centered figures, the time of response 

registration is indicated by a thick dotted 

line. LFP power is coded in color with a unit 

of µV. The bottom figure in each row shows 

the power in the frequency band over time 

averaged across all trials. A) ERD of the 

high β and low γ appears to begin at the 

time of stimulus presentation and continue 

after the time of motor response. B) ERD in 

the low γ band appears limited to the 30-35 

Hz frequency range.  
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Figure 4.12. LFPs recorded in the ipsilateral 

PPN during the EC movement task are 

shown in a 5 sec window across frequency 

bands (rows) centered at either the time of 

stimulus presentation (left column) or the 

time of the response registration (right 

column). A) ERD of the high β and low γ 

appears to begin at the time of stimulus 

presentation and continue after the time of 

motor response. B) ERD in the low γ band 

appears limited to the 30-35 Hz frequency 

range.  
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4.2.3.2 Differences in PPN LFP modulation between EC and IG tasks  

There were three main differences in PPN LFP modulation between the 

EC and IG tasks. First, the IG task involved modulation of both the low and high 

β bands, while the EC task involved only high β band modulation. In the 

ipsilateral PPN during the IG task, there was low β synchronization following 

the motor response beginning after the period of EMG activation (Fig. 4.10A). 

EC movements, on the other hand, did not appear to correlate with any 

modulation of the low β band in either the ipsilateral PPN (Fig. 4.12A) or 

contralateral PPN (Fig. 4.11A).  

Second, although high β ERD in the contralateral PPN was observed in 

both tasks, high β modulation in the ipsilateral PPN differs between the IG and 

EC tasks. In the IG task, there is high β synchronization beginning after the 

period of EMG activation in the ipsilateral PPN. In the EC task, on the other 

hand, there is high β desynchronization beginning before and lasting after the 

period of EMG activation in the ipsilateral PPN. The low γ band exhibits 

modulation similar to that of the high β band in the ipsilateral PPN (post-

movement ERS in the IG task and peri-movement ERD in the EC task) (Figs. 

4.10A, 4.12A), but, as in the contralateral PPN (Fig. 4.11B), this low γ 

modulation in the ipsilateral PPN appears to be limited to the 30-35 Hz 

frequency band suggesting that it is a residual effect of high β band modulation 

(Figs. 4.10B, 4.12B).  

Third, the main difference between the EC and IG tasks may be that 

high β band modulation in the EC task appears locked to the time of stimulus 

(Figs. 4.11, 4.12) and not to the onset of movement (as in the IG task, by 
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default). Therefore, high β modulation in the PPN can be correlated with both 

cue-processing and motor-processing.  

 

4.2.4 Discussion 

4.2.4.1 High β band modulation in the PPN is related to motor preparation and 

cue processing 

High β modulation has been correlated with motor preparation in the 

STN (Section 4.1) and in the cortex (Sanes and Donoghue, 1993; MacKay and 

Mendonca, 1995; Hamada et al., 1999; Neuper and Pfurtscheller, 2001; 

Wheaton et al., 2005). In the PPN, peri-movement high β desynchronization 

occurs contralateral to both IG and EC movements. Furthermore, since high β 

modulation is locked to the time of the stimulus in the EC task, the results of 

this study demonstrate the presentation of a preparatory visual cue can initiate 

high β ERD. Therefore, it is most likely that high β desynchronization is 

correlated with motor preparation in the contralateral PPN.  

Bilateral high β desynchronization may also be correlated with cue-

processing and sensorimotor integration in the PPN since high β ERD is 

initiated by cue-presentation in the EC task bilaterally in the PPN. This is further 

supported by a lack of bilateral high β ERD when a cue is not present (high β 

ERD occurs only contralaterally in the IG task).  

High β ERD is probably not associated with motor execution. Even 

though both the IG and EC tasks involved high β band desynchronization in the 

contralateral PPN, high β ERD was locked to the time of stimulus during the EC 

task suggesting that high β modulation is most likely correlated with motor 

preparation in the IG task as well.  Furthermore, though the PPN has been 



 

 149

implicated in cue processing and sensory gating (Reese et al., 1995; Dormont 

et al., 1998; Kobayashi et al., 2002; Pan and Hyland, 2005; Winn, 2006), PPN 

activity is thought to be more related to gait and large scale movements and not 

necessarily to fine voluntary movements (Garcia-Rill et al., 1985, 1987; Inglis 

and Winn, 1995; Reese et al., 1995; Lee et al., 2000; Pahapill and Lozano, 

2000).  

 

4.2.4.2 Role of the PPN in facilitation of movement by an external cue in 

Parkinson’s disease  

Post-movement synchronization is present in both the low and high β 

band in the ipsilateral PPN during self-paced movement, but is greatly reduced 

by the present of a visual cue. Synchronization in the β bands has been shown 

to be antikinetic and post-movement synchronization in these bands would 

likely make it difficult to execute rapid movements. Therefore, noting that the 

presentation of an external cue greatly facilitates voluntary movement 

execution (Glickstein and Stein, 1991; Georgiou et al., 1993; Morris et al., 

1994; Thaut et al., 1996; Burleigh-Jacobs et al., 1997; Curra et al., 1997; 

Majsak et al., 1998; Kelly et al., 2002), it is possible that one of the ways this 

movement facilitation occurs is via attenuation of β ERS in the ipsilateral PPN.   

 

4.2.4.3 PPN LFP modulation specific to Parkinson’s disease patients 

PPN LFP modulation in the low β band may be unique to PD patients. 

Low β modulation of PPN LFP was present only in the IG task and the 

presence of an external cue attenuates all low β modulation in the PPN LFP 

during the EC task. L-DOPA has also been shown to reduce power in 
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specifically the low β band in the basal ganglia (Priori et al., 2002) further 

supporting the hypothesis that the presentation of external cue facilitates motor 

execution via a similar mechanism (Section 4.1.4.3).  

The synchronization in the high β band observed in the ipsilateral PPN 

during the IG task may also be unique to PD patients. Although, rebound 

synchronization in the full β band has been reported previously in the STN and 

M1 following discrete voluntary movements (Pfurtscheller and Neuper, 1994; 

Neuper and Pfurtscheller, 2001; Kuhn et al., 2006), this synchronization is 

usually preceded by peri-movement β ERD (Neuper and Pfurtscheller, 2001; 

Kuhn et al., 2006). The presence of high β synchronization independent of peri-

movement ERD is likely to be an antikinetic and pathological phenomenon. 

This is further supported by the results of this study that show that the 

presentation of an external cue (which has been previously shown to facilitate 

movement) eliminates high β synchronization in the ipsilateral PPN.  

Finally, high γ band ERS was not observed in the PPN in the PD patient 

in this study who was off medication. As it has been established that high γ 

oscillatory activity serves a prokinetic function in the basal ganglia, it is possible 

that the lack of high γ modulation in the PPN with voluntary movement is 

demonstrative of parkinsonian pathology and not necessarily representative of 

what happens in the normal PPN. However, since high γ activity is associated 

directly with motor execution (Brown, 2003; Alegre et al., 2005) while PPN LFP 

modulation is not, it is also possible that high γ ERS would not be present in the 

normal PPN.  
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4.2.4.4 Differences between LFP modulation in the PPN and STN  

There are two differences between LFP modulation in the PPN and 

STN. First, LFP modulation in both the PPN and STN appears to be associated 

with motor preparation and cue processing, but only STN LFP modulation 

appears to be associated with motor execution. The STN has long been 

associated with the control of fine voluntary movement (Williams et al., 2003, 

2005; Kuhn et al., 2004, 2006; Alegre et al., 2005; Foffani et al., 2005) while the 

PPN is generally associated with whole-body movements such as gait and 

postural control (Garcia-Rill et al., 1985, 1987; Lee et al., 2000; Pahapill and 

Lozano, 2000) and also, to some extent, with sensorimotor integration (Reese 

et al., 1995; Dormont et al., 1998; Kobayashi et al., 2002; Pan and Hyland, 

2005). The findings of this study further corroborate the distinction between 

these two nuclei with regards to their roles in motor control.  

Second, the main difference between PPN and STN LFP modulation 

during IG and EC movement observed in this study is that the greatest 

magnitude LFP modulation in the PPN occurred in the high β band while the 

greatest magnitude LFP modulation in the STN occurred in the α and low β 

bands. It is possible that this is a distinction between oscillatory activity within 

the basal ganglia and oscillatory activity downstream from the basal ganglia. L-

DOPA administration preferentially decreases oscillatory activity in θ, α, and 

low β bands, and has relatively little effect on high β band oscillatory activity 

(Priori et al., 2002). Perhaps movement-related modulation of oscillatory activity 

occurs in lower frequency bands in networks that respond to dopamine in the 

parkinsonian brain and occurs in the higher β ranges in parkinsonian networks 

relatively independent from dopaminergic input. In this context, it is interesting 
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to note that the clinical effects of STN DBS and dopaminergic medication are 

not additive in PD patients (Krack et al., 1997a, 2003; Rodriguez-Oroz et al., 

2005), while the effects of PPN  DBS and dopaminergic medication are additive 

(Jenkinson et al., 2006; Stefani et al., 2007) which suggests that the STN is 

part of a dopamine-responsive network (i.e. the basal ganglia) while the PPN is 

not. This supports the hypothesis that the modulation of oscillatory activity 

related to motor execution occurs in lower frequency ranges in the STN and in 

higher frequency ranges downstream from the basal ganglia in the PPN.  

 

4.2.4.5 Concluding remarks 

PPN LFPs were recorded from one patient from one contact pair that 

could be confidently located in the PPN. Further study with a greater number of 

patients is required to corroborate the results describing movement-related LFP 

modulation in the PPN. Oscillatory activity in the θ, α, low β, and high β bands 

was present in PPN LFP power spectra, but only the low β and high β bands 

were modulated during IG or EC movement. The results presented here 

associate high β desynchronization in the PPN with motor preparation and cue 

processing, but suggest that low β modulation in the PPN is a pathological 

parkinsonian phenomenon. Intriguingly, though lower frequency movement-

related modulation is not present in the PPN, the greatest STN LFP modulation 

occurs in the α and low β bands. This suggests that modulation of low 

frequency oscillatory activity related to motor execution is present in the STN 

while modulation of higher frequency oscillatory activity related to motor 

preparation is found downstream of the basal ganglia in the PPN. 
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Main Findings 

• In the STN, bilateral low β band desynchronization is related to motor 

execution, the laterality of high β band desynchronization is related to 

motor preparation, and a delay in α band synchronization may be 

associated with cue processing. 

• In the PPN, high β desynchronization appears to be related to motor 

preparation and the processing of a visual cue. There does not appear 

to be any PPN LFP modulation related solely to motor execution.  

• The greatest magnitude LFP modulation occurred in the α and low β 

bands in the STN but in the high β band in the PPN. This suggests that 

oscillatory activity is not directly transmitted from the STN to the PPN, 

despite the strong anatomical connection between these nuclei (Section 

2). 
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5. EFFECTS OF STN AND PPN STIMULATION ON GAIT 

 

 Gait abnormalities are a common motor symptom of PD and often 

persist even with dopamine replacement therapy. Though DBS of the STN 

does reduce some gait problems, this effect is limited as STN stimulation tends 

to best alleviate dopamine-responsive parkinsonian symptoms. DBS of the 

PPN has recently been demonstrated to ameliorate these previously medically 

intractable and dopamine-resistant gait abnormalities (Section 1). In this 

section, the differences in gait improvement following DBS of the STN and DBS 

of the PPN are compared using modern gait analysis motion capture 

techniques to better understand the roles of these nuclei in large-scale motor 

control.    

 

5.1 Introduction and rationale 

 

Locomotion is primarily controlled by the autonomic system (Dietz, 1997) 

via central pattern generators in the spinal cord (Grillner, 1981; Dietz, 1997; 

Grillner et al., 2008). These central pattern generators are also affected by 

input from the brainstem mesencephalic locomotor region which, in turn, 

responds to higher “executive” areas of motor control (such as the basal 

ganglia and motor cortex) (Grillner, 1981; Grillner et al., 2008). These executive 

control regions are thought to be responsible for goal-directed movement and 

specific gait program selection (Grillner, 1981; Grillner et al., 2008) while the 

mesencephalic locomotor region (including the PPN (Lee et al., 2000; Pahapill 
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and Lozano, 2000)) is thought to be responsible for activating the central 

pattern generators (Grillner, 1981; Dietz, 1997; Grillner et al., 2008). These 

central pattern generators then sequentially activate a specific set of motor 

units and muscle groups to execute a gait cycle (Grillner, 1981; Perry, 1992; 

Dietz, 1997; Kaufman and Sutherland, 2006; Grillner et al., 2008).  

 

 

 

 

 

 

 

 

 

Figure 5.1. The normal gait cycle is shown subdivided into phases demarcated by gait events. 

A diagram of lower body motion is shown for each gait event. The duration of gait cycle phases 

is indicated relative to the duration of the entire gait cycle. 

 
The gait cycle is the time period during which one set of regularly 

recurring gait events is completed. During normal walking, these gait events 

are foot-strike, contralateral foot-off, contralateral foot-strike, foot-off, and then 

the foot-strike beginning the next gait cycle. Different periods of the gait cycle 

can be described with reference to these basic gait events. The stance phase 

occurs between foot-strike and foot-off and comprises 60% of the cycle while 

the swing phase occurs between foot-off and the subsequent foot-strike and 

comprises 40% of the cycle. The stance phase can be further subdivided into 

periods of double support (when both feet are in contact with the ground) and 

single support (when only one foot is in contact with the ground). The initial 
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double support phase (10% of the gait cycle) occurs between foot-strike and 

contralateral foot-off. It is followed by the single support phase (40% of the gait 

cycle) that occurs between contralateral foot-off and contralateral foot-strike, 

and then, finally, by the terminal double support phase (10% of the gait cycle) 

that occurs between the contralateral foot-strike and foot-off (Fig. 5.1) (Perry, 

1992; Kaufman and Sutherland, 2006). Therefore, the total time spent in double 

support should be approximately half of the total time spent in single support. 

An increase in this ratio indicates poor balance and/or shuffling gait.  

Figure 5.2. Diagram of thoracic and pelvic 

motion in the transverse (rotation), coronal 

(side flexion), and sagittal (thoracic flexion 

and pelvic tilt) planes. 

 

 

 

 

 

In addition to examining the duration of gait cycle phases, gait can also 

be studied by conducting kinematics analysis which allows for the 

determination of body angles during various phases of the gait cycle (Fig. 5.2). 

Lower-body kinematics have been examined extensively during straight 

walking in healthy individuals (Perry, 1992; Kaufman and Sutherland, 2006). 

For example, it is known that the pelvis tilts forward during walking but tilts the 

least at the end of the double support phase, that the contralateral pelvis drops 

during stance, and that maximal internal pelvic rotation occurs at foot strike 

while maximal external pelvic rotation occurs at contralateral foot strike (Perry, 

1992; Kaufman and Sutherland, 2006). Considerably less research has been 
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done on upper-body kinematics during walking, though it is expected that 

thoracic angles should mirror pelvic angles as forward foot swing occurs 

concurrently with ipsilateral backward arm swing (Perry, 1992).   

Gait, postural abnormalities, and other axial symptoms are major motor 

problems in PD. Several studies have shown that walking speed and stride 

length (the distance between two consecutive ipsilateral foot strikes during 

straight line walking) are decreased in PD (Murray et al., 1978; Defebvre et al., 

1996, 1999; Morris et al., 1996, 1998, 2001). Some studies have suggested 

increased double support duration during walking as well (Murray et al., 1978a; 

Morris et al., 2001). The incidence of falls is also much greater in PD patients 

(Morris et al., 2001; Bloem et al., 2004b) and PD patients are more likely to fall 

or experience akinetic episodes when turning or walking around a corner 

(Hausdorff et al., 1997; Morris et al., 2001; Bloem et al., 2004a). DBS of the 

STN results in some improvement in gait abnormalities (Kumar et al., 1998; 

Krystkowiak et al., 2003; Ferrarin et al., 2004, 2005, 2007; Rodriguez-Oroz et 

al., 2005; Carpinella et al., 2007), but STN stimulation has a limited effect on 

dopamine-resistant parkinsonian gait and postural abnormalities (Yokoyama et 

al., 1999; Stolze et al., 2001; Pahwa et al., 2006). DBS of the PPN, on the other 

hand, has been shown to improve the akinesia and gait abnormalities that 

remained intractable with dopaminergic medication (Mazzone et al., 2005; 

Plaha and Gill, 2005). Furthermore, when patients are on dopaminergic 

medication, the beneficial effects of PPN DBS and STN DBS are additive 

(Stefani et al., 2007). This suggests that DBS of the PPN and DBS of the STN 

both beneficially affect gait in PD patients via at least partially distinct 

mechanisms. However, the effects of DBS of the PPN and STN on gait, 
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turning, and balance have not been compared using modern gait analysis 

motion capture techniques that allow for accurate determination of temporal 

and kinematic gait parameters. 

This section will compare the effects of DBS of the STN and DBS of the 

PPN on gait and posture in PD patients. Data will be collected from PD patients 

on and off STN or PPN stimulation and from age and weight-matched controls 

during straight walking, turning, and standing. Gait deficiencies in patients off 

stimulation and improvement in gait on stimulation will be examined to compare 

the effects of PPN and STN DBS on large-scale motor control.  

 

5.2 Methods 

 

5.2.1 Subjects 

Five PD patients who have had bilateral STN DBS electrode implants 

(Section 4.1.2.1) and 1 PD patient with bilateral PPN implants (patient GF, 

Section 4.2.2) participated in this study. Data from 6 age- and weight-matched 

controls were also collected. Patient clinical details and control subject 

demographic details are summarized in Table 5.1. Control subjects had no 

previous history of gait or neurological abnormalities. PD patients were not co-

morbid for any other gait or neurological abnormalities and were asked to be off 

medication for at least six hours before the gait recording session.  

 

5.2.2 Gait task design 

Three conditions were recorded: standing, walking in a straight line, and 

turning. During standing, the subject stood for 100 sec with feet shoulder-width 
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apart. During walking, the subject walked in a straight line across the room. 

During turning, the subject walked around a chair that was consistently placed 

at the same distance from all subjects and at the same angle from the point of 

gait initiation. The subject turned left or right around the chair and then 

continued to walk in a straight line (Fig. 5.3). Turns were defined as 

contralateral (turning in the direction opposite to the foot initiating the first gait 

cycle of the turn) or ipsilateral (turning in the direction of the foot initiating the 

first gait cycle of the turn). For example, a right turn was defined as 

contralateral if the first gait cycle was initiated with a left foot-strike, but it was 

defined as ipsilateral if the first gait cycle was initiated with a right foot-strike. 

Each subject completed at least 2 walking trials, one contralateral left turn, one 

ipsilateral left turn, one contralateral right turn, one ipsilateral right turn, and two 

periods of standing. In the turning trials, the first, second, and third gait cycles 

of the turn were analyzed separately. Each task (walking, left turn, right turn, 

and standing) was physically demonstrated by the experimenter at the 

beginning of the gait recording session and cued verbally by stating “walking”, 

“left turn”, “right turn”, or “standing”. The order of each task was randomized for 

each subject. PD patients always performed the tasks on DBS stimulation first 

and, if the patient felt physically capable, DBS stimulation was turned off for 20 

min before they were asked to repeat the gait tasks off stimulation. The 

stimulation settings had already been optimized in all patients studied. The 

PPN patient was stimulated at 20 Hz and the STN patients were all stimulated 

at frequencies >100 Hz. All PD patients completed all gait tasks on and off 

stimulation. 
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5.2.3 Data capture and processing 

A 12 camera VICON 612 system (Oxford Metrics Group Ltd., Oxford, 

UK) was used to collect kinematic data in three dimensions, sampling at 100 

Hz. Twenty 14 mm retro-reflective markers were attached to the patient at the 

shoulder (left and right acromial processes), upper back (C7 and T10), sternum 

(xiphoid process), clavicular notch, pelvis (left and right anterior superior iliac 

spines), sacral notch, thigh (along the femur), knee (at the lateral aspect of the 

joint), shank (along the tibia), ankle (lateral malleolus), and foot (between the 

first and second metatarsals). Figure 5.4 shows the location of the 12 cameras 

relative to the subject (top) and the resultant marker rendering (bottom). Gait 

kinematic and temporal data were recorded using VICON Nexus software, 

 

Stride Length 

W 

T1
T2 

T3 

Figure 5.3. The walking task (gray) and the right 

turning task (black) are shown. Analyzed gait 

cycles are indicated by a letter (W – a gait cycle 

during straight walking, T1 – first gait cycle of 

the turn, T2 – second gait cycle of the right turn, 

T3 – third gait cycle of the right turn). A white 

square indicates the position of the chair around 

which all subjects turned during the turning 

tasks. Stride length (distance between 

subsequent ipsilateral foot strikes) is also 

indicated. 
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version 1.1 (Oxford Metrics Group Ltd., Oxford, UK) and gait data processing 

was performed using VICON Polygon Authoring Tool software (Oxford Metrics 

Group Ltd., Oxford, UK).  

Figure 5.4. Sample images obtained using 

the VICON 612 motion capture system are 

shown. The top image shows the location 

of all 12 cameras relative to the subject 

(colored figure walking on floor grid). The 

bottom image shows how the VICON 

system renders markers (small spheres) 

and body segments (yellow – thorax, gray 

– pelvis, red – left leg, green – right leg).  

 

 

 

 

Walking speed (m/sec), stride length (m), the ratio of double support 

duration to single support duration (DS/SS), thoracic angles, and pelvic angles 

were determined for all subjects during all walking trials. In the standing trials, 

the standard deviation of thoracic and pelvic movement in each plane 

(transverse, coronal, sagittal) over 100 sec was determined as a measure of 

balance since balance-impaired adults have been shown to have much greater 

trunk movement while standing than do adults without a history of falls 

(Shumway-Cook et al., 1997; Woollacott and Shumway-Cook, 2002). Two 

representative gait cycles were selected for walking and for the first, second, 

and third gait cycles of each turn. Data from corresponding representative gait 

cycles were averaged for each subject as were data from two 100 sec standing 

trials.  
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Table 5.1. Summary of Subjects’ Clinical Details 

Subject No./ 
DBS Target or 

Control 
Age Sex Height 

(m) 
Weight 

(kg) 
Disease 
Duration 
(years) 

Motor UPDRS 
Score 

(on / off med) 

Electrode 
Contacts used for 
Stimulation (+/-) 

Years with 
DBS 

Implant 
Medication 
(daily dose) 

1 / Control 60 M 1.77 84.2 ---- ---- ---- ---- ---- 
2 / Control 63 M 1.68 68.9 ---- ---- ---- ---- ---- 
3 / Control 55 F 1.60 74.0 ---- ---- ---- ---- ---- 

4 / Control 53 F 1.69 64.3 ---- ---- ---- ---- ---- 
5 / Control 60 F 1.62 67.1 ---- ---- ---- ---- ---- 
6 / Control 58 M 1.81 92.8 ---- ---- ---- ---- ---- 

Control  
Mean± SE 58±2 ---- 1.70±0.03 75±4.5 ---- ---- ---- ---- ---- 

7 / STN 63 F 1.70 81.2 15 25 / 40 L0, L1 
R1, R2 6 

Sinemet 100 mg 
Amantadine 100 mg 
Benzhexol 16 mg 

8 / STN 54 M 1.74 87.5 9 20 / 36 L1, - 
R2, - 5 

Madopar 62.5 mg 
Selegiline 10 mg 
Cabergoline 6 mg 
Amantadine 200 mg 

9 / STN 50 M 1.81 89.0 6 24 / 40 L0, L1 
R0, R1 1 Sinemet 250 mg 

10 / STN 53 M 1.62 63.2 8 21 / 42 
L2, L3 
R1, R2 

 
8 

Sinemet 200 mg 
Entacapone 200 mg 
Ropinerole 5 mg 
Selegiline 5 mg 

11 / STN 60 F 1.69 67.2 14 23 / 39 L2,- 
R3,- 

6 
 

Sinemet 437.5 mg 
Ropinerole 25 mg 
Amantadine 100 mg 

STN 
Mean± SE 56±2 ---- 1.71±0.03 78±5 10.4±1.7 22±1 / 39±1 ---- 5.2±1.1 ---- 

12 / PPN 55 M 1.59 65.7 12 29 / 57 L1, L2 1 week 

Madopar 500 mg 
Pramipexole 0.7 mg 
Amantadine 100 mg 
Apomorphine 50 mg 
Domperidone 40 mg 
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Only one patient with PPN DBS implants was available for this study so 

no statistical analyses were performed using data derived from that patient. 

Walking speed, stride length, DS/SS, and thoracic and pelvic angles during 

standing were compared between patients on STN stimulation, patients off 

STN stimulation, and control subjects using grouped t-tests. Data in bar graphs 

(Figs. 5.5, 5.7) are presented as mean ± SEM. Criterion for significance was 

p<0.05. Gait angles during walking and turning (Figs. 5.6, 5.8) are presented as 

the mean value over the duration of the gait cycle. Gait angles during walking 

are shown ± SEM, but gait angles during turning are presented as just the 

mean trace for purposes of visual clarity. PD patients off stimulation will be 

referred to as “STN DBS OFF” or “PPN DBS OFF”. Data from STN DBS OFF 

and PPN DBS OFF patients are analyzed separately since selection criteria for 

STN DBS and PPN DBS greatly differ (Section 6.2). 

 

5.3 Results 

 

5.3.1 Effect of turning on gait performance of healthy control subjects 

The average walking speed (1.42 ± 0.06 m/sec), stride length (1.40 ± 

0.04 m), and DS/SS (0.47 ± 0.03) of control subjects (58 ± 2 years old, Table 

5.1) during straight walking matched expected values for healthy individuals 

between 50 and 65 years old (walking speed: 1.50 m/sec, stride length: 1.45 m, 

DS/SS: 0.5 (Perry, 1992; Kaufman and Sutherland, 2006)). Walking speed 

decreased during the first gait cycle of the turn (though this effect was not 

significant) and progressively increased to straight walking speed during the 

second and third gait cycles of the turn. Stride length did not consistently vary 
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with turning in this manner suggesting that the observed differences in walking 

speed during turning may be because control subjects are taking longer to 

complete the initial gait cycles of a turn (as opposed to taking smaller steps). 

Finally, DS/SS also appeared to be greater during the turning gait cycles than 

during a straight walking gait cycle, but this effect was also not significant (Figs. 

5.5A, 5.7A). 

The pelvic angles of the control subjects during normal straight walking 

matched the angles previously determined in other studies examining normal 

gait (Perry, 1992; Kaufman and Sutherland, 2006). As expected, thoracic 

angles mirrored pelvic angles during normal walking in the coronal and 

transverse planes of movement, and matched pelvic angles in the sagittal 

plane of movement (Perry, 1992; Kaufman and Sutherland, 2006). It is 

interesting to note that both the pelvis and thorax were tilted/flexed forward 

throughout the walking trial indicating the stooped posture that is common in 

older walkers (Perry, 1992; Kaufman and Sutherland, 2006) (Figs. 5.6, 5.8).  

Turning had little effect on thoracic movement in the sagittal plane 

(thoracic flexion) or on movement in the coronal plane (thoracic and pelvic side 

flexion). However, pelvic tilt and thoracic and pelvic movement in the 

transverse plane (rotation) were markedly different between the turning and 

walking trials. The pelvis was tilted forward (relative to pelvic tilt during straight 

walking) in the second gait cycles of both ipsilateral and contralateral turns and 

pelvic tilt varied less across these gait cycles as well. Increased pelvic tilt, but 

not increased thoracic flexion, indicates a forward jutting of the hips that may 

be helpful in maintaining balance (Morris et al., 2001; Crenna et al., 2007) 

following the sudden center-of-mass displacement necessitated by an abrupt 
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90° turn. Internal rotation of the thorax and pelvis was also much greater during 

the stance phases of the first and second gait cycles of an ipsilateral turn, while 

external rotation in the stance phases of these gait cycles was greater during 

contralateral turns. Thoracic and pelvic rotation returned to straight walking 

values during the swing phases of the first and second turning gait cycles and 

during the entire third turning gait cycle (Figs. 5.6, 5.8). Increased rotation 

values during the first gait cycle of a turn are expected as the direction of 

movement is also rotating in this transverse plane. As soon as the direction of 

movement becomes straight, thoracic and pelvic rotation values should rapidly 

return to values that would be observed during straight walking. In control 

subjects, this return is almost complete during the second gait cycle of a turn 

and is totally complete during the third gait cycle (Figs. 5.6, 5.8). 

 

5.3.2 Effects of STN stimulation on gait 

5.3.2.1 Effects of STN stimulation on gait performance and standing balance  

Gait impairment was clearly visible in all STN DBS OFF patients. 

Relative to gait performance of the control subjects, speed and stride length 

during straight walking and turning were significantly decreased for STN DBS 

OFF patients (p<0.05). In addition, DS/SS during straight walking and turning 

was also significantly greater in STN DBS OFF patients (p<0.05) (Fig. 5.5).   

STN stimulation tended to improve walking speed, stride length, and 

DS/SS, but this effect was variably significant. Walking speed was significantly 

improved with STN stimulation during the all gait cycles of a contralateral turn 

but only during the first gait cycle of an ipsilateral turn (p<0.05). STN stimulation 

had no significant effect on stride length during any gait task, and only resulted 
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in a significant improvement in DS/SS during straight walking (p<0.05) (Fig. 

5.5A). Despite some improvement in gait performance following STN 

stimulation, walking speed, stride length, and DS/SS were still significantly 

worse for STN DBS ON patients relative to these gait performance parameters 

for the control subjects (p<0.05).  

 

 

 

 

 

 

Figure 5.5. Effects of STN stimulation on temporal gait parameters and standing balance. A) 

Walking speed, stride length, and double-support / single-support duration are shown during 

walking and turning for control subjects and PD patients on (STN ON) and off (STN OFF) STN 

stimulation (W – gait cycle during straight walking, C1/2/3 –first, second, and third gait cycles of 

a contralateral turn, I1/2/3 – first, second, and third gait cycles of an ipsilateral turn). B) The 

standard deviations (SD) of thoracic and pelvic motion in the transverse (rotation), coronal (side 

flexion), and sagittal (thoracic flexion and pelvic tilt) planes are shown during 100 sec of 

standing for control subjects and PD patients on and off STN stimulation. Horizontal lines (

) indicate significant differences between groups (p<0.05).  

 
Furthermore, STN stimulation did not appear to have a significantly 

beneficial effect on balance during turning since STN stimulation did not result 

in a significant decrease in DS/SS during any of the turning gait cycles (Fig. 

5.5A). STN DBS OFF patients tended to move more during the standing task 

than did the control subjects, but only pelvic side flexion movements were 

significantly greater in PD patients off stimulation (p<0.05). However, STN DBS 

ON patients exhibited significantly greater thoracic flexion, pelvic tilt, pelvic side 
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flexion, and pelvic rotation movements during standing than did the control 

subjects. Surprisingly, STN stimulation also appeared to increase thoracic and 

pelvic movement during standing in the sagittal and transverse planes (relative 

to thoracic and pelvic movement in these planes in the same patients off STN 

stimulation), although this effect was not significant (Fig. 5.5B). 

 

5.3.2.2 Effects of STN stimulation on thoracic and pelvic angles during walking 

 There were two main abnormalities in thoracic and pelvic gait angles of 

STN DBS OFF patients during straight walking. First, STN DBS OFF patients 

exhibited slightly more forward thoracic flexion and more forward pelvic tilt 

during straight walking than did the control subjects. This is indicative of greater 

stooped posture in these patients relative to healthy controls (Perry, 1992; 

Morris et al., 2000; Woollacott and Shumway-Cook, 2002). Second, STN DBS 

OFF patients did not increase thoracic side flexion during the swing phase of a 

straight walking gait cycle as would be expected from changes in thoracic side 

flexion during straight walking in healthy control subjects. Since decreased 

forward arm swing would selectively result in a dampening of thoracic side 

flexion (but not dampening of pelvic side flexion), these results support the 

observation that arm swinging is reduced during walking in PD patients (Perry, 

1992; Carpinella et al., 2007). STN stimulation did not appear to improve either 

of these gait angle abnormalities during straight walking (Fig. 5.6). 

 

5.3.2.3 Effects of STN stimulation on thoracic and pelvic angles during turning 

 Thoracic and pelvic angles during turning were abnormal in STN DBS 

OFF patients in all planes of movement. In the sagittal plane, both the thorax 
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and pelvis were flexed/tilted more forward during the second gait cycle of the 

turn (relative to angles during straight walking in these patients). In control 

subjects, only pelvic tilt increased in the second gait cycle of a turn while 

thoracic flexion remained unchanged (Fig. 5.6). The similarity between thoracic 

and pelvic angles in STN DBS OFF patients during turning may be due to 

increased trunk rigidity which would reduce independent movement of the 

thorax and pelvis.  

In the coronal plane of movement, thoracic and pelvic side flexion were 

more variable across each turning gait cycle in STN DBS OFF patients than 

they were during turning in the control subjects, and this increased variability 

did not seem to follow any pattern across the different turning gait cycles (Fig. 

5.6). Increased, and apparently random, gait variability has been previously 

reported in PD patients and has been thought to reflect increased demands on 

attention and decreased autonomic control of gait in PD (Sheridan and 

Flowers, 1990; Hausdorff et al., 1998, 2003a, 2003b; Springer et al., 2006). It is 

possible that increased gait variability during turning in thoracic and pelvic side 

flexion corresponds to this phenomenon.  

Finally, in the transverse plane of movement, internal rotation was much 

greater in the first and second gait cycles of ipsilateral turns and external 

rotation was much greater during the first and second gait cycles of 

contralateral turns in STN DBS OFF patients relative to these rotation values in 

control subjects. This increased rotation is apparent in both the stance and 

swing phases of the first and second gait cycle, but was only apparent during 

the stance phase in control subjects (Fig. 5.6). Therefore, it appears that 

changes in direction of motion have a greater effect on trunk rotation in STN 
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DBS OFF patients. It also may take longer STN DBS OFF patients longer 

(more gait cycles) to restore thoracic and pelvic rotation values to those 

observed in straight walking.  

STN stimulation had the same effect on thoracic and pelvic angles in all 

planes of movement: it appeared to reduce differences in thoracic and pelvic 

movement between walking and turning. This effect was most dramatic in the 

transverse plane of movement where the extent and duration of abnormally 

high thoracic and pelvic rotation was reduced with STN stimulation and brought 

much closer to rotation values observed in control subjects during turning. 

However, it is possible that STN stimulation may have detrimentally affected 

pelvic tilt during turning. In control subjects, the pelvis is tilted more forward 

during the second gait cycle of a turn (relative to pelvic tilt during straight 

walking). STN stimulation reduced forward pelvic tilt during the second gait 

cycle of a turn to more closely resemble pelvic angles during straight walking, 

which may have resulted in poorer balance during this gait cycle (Fig. 5.6).  

 

5.3.3 Effects of PPN stimulation on gait 

5.3.3.1 Effects of PPN stimulation on gait performance and standing balance  

Abnormalities in walking speed, stride length, and DS/SS were more 

pronounced in the PPN DBS OFF patient than they were in the STN DBS OFF 

patients. PPN stimulation appeared to increase walking speed and stride length 

during straight walking, but this effect was inconsistent during turning. 
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Figure 5.6. Effects of STN stimulation on thoracic and pelvic angles during walking and turning. 

Thoracic and pelvic angles are shown in each plane of motion (indicated on the left) normalized 

across a gait cycle during walking (W, black with gray error bars indicating SEM), and the first, 

second, and third gait cycles of an ipsilateral (I1/2/3, red) and contralateral (C1/2/3, blue) turn 

for control subjects and PD patients on (STN ON) and off (STN OFF) STN stimulation. The 

direction of motion corresponding to a positive (+) or (–) angle value is indicated on diagrams of 

thoracic and pelvic angles to the left of the corresponding graphs.  
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 PPN stimulation did, however, result in dramatic improvements in 

balance measures. During both straight walking and turning, PPN stimulation 

resulted in large decreases in DS/SS. This effect was most prominent during 

walking (a reduction in DS/SS from 1.20 off PPN stimulation to 0.76 on PPN 

stimulation) and ipsilateral turning. PPN stimulation also resulted in far less 

movement during standing causing marked decreases in thoracic flexion (by 

30%), thoracic rotation (by 53%), and pelvic rotation (by 17%) (Fig. 5.7B).  

 

 

 

 

 

 

 

Figure 5.7. Effects of PPN stimulation on temporal gait parameters and standing balance. A) 

Walking speed, stride length, and double-support / single-support duration are shown during 

walking and turning for control subjects and for one PD patient on (PPN ON) and off (PPN 

OFF) PPN stimulation (W – gait cycle during straight walking, I1/2/3 –first, second, and third 

gait cycles of an ipsilateral turn, C1/2/3 – first, second, and third gait cycles of a contralateral 

turn). B) The standard deviations (SD) of thoracic and pelvic motion in the transverse (rotation), 

coronal (side flexion), and sagittal (thoracic flexion and pelvic tilt) planes are shown during 100 

sec of standing for control subjects and for one PD patient on and off PPN stimulation.  

 

5.3.3.2 Effects of PPN stimulation on thoracic and pelvic angles during walking 

 The three abnormalities in trunk angles in the PPN DBS OFF patient 

were more pronounced than they were in the STN DBS OFF patients. First, the 

PPN DBS OFF patient had much greater forward thoracic flexion during 

straight walking than did the STN DBS OFF patients or the control subjects, 

indicating a more stooped posture. Second, thoracic side flexion was more 
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negative for the PPN DBS OFF patient than it was for the STN DBS OFF 

patients or for the control subjects, but pelvic side flexion during straight 

walking was comparable to control values. This suggests that the PPN patient 

exhibited far less arm swinging than did the STN DBS OFF patients. Finally, 

the PPN DBS OFF patient’s thorax and pelvis were more externally rotated 

during walking. In contrast, trunk rotation in the STN DBS OFF patients was not 

different from trunk rotation in the control subjects. The increased trunk rotation 

in the PPN DBS OFF patient may be due to decreased arm swinging 

(suggested by the negative thoracic side flexion) since restriction of arm 

movement during walking has been shown to greatly increase trunk torque and 

rotation (Kubo et al., 2006). PPN stimulation did not appear to have an effect 

on these trunk angle abnormalities during straight walking. 

 

5.3.3.3 Effects of PPN stimulation on thoracic and pelvic angles during turning 

Abnormalities in trunk angles during turning permeated all planes of 

movement in the PPN DBS OFF patient just as they did in the STN DBS OFF 

patients. In the sagittal and coronal planes, thoracic and pelvic angles deviated 

from walking trunk angles during each of the turning gait cycles in PPN DBS 

OFF patients. However, this deviation did not appear to follow any pattern 

across the gait cycles. This may again be related to the attention-related gait 

variability in PD patients (Sheridan and Flowers, 1990; Hausdorff et al., 1998, 

2003a; 2003b; Springer et al., 2006). PPN stimulation reduced this variability 

and resulted in turning trunk angles that were similar to walking trunk angles in 

both the sagittal and coronal planes of movement.  
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Figure 5.8. Effects of PPN stimulation on thoracic and pelvic angles during walking and turning. 

Thoracic and pelvic angles are shown in each plane of motion (indicated on the left) normalized 

across a gait cycle during walking (W, black with gray error bars indicating SEM), and the first, 

second, and third gait cycles of an ipsilateral (I1/2/3, red) and contralateral (C1/2/3, blue) turn 

for control subjects and for one PD patient on (PPN ON) and off (PPN OFF) PPN stimulation. 

The direction of motion corresponding to a positive (+) or (–) angle value is indicated on 

diagrams of thoracic and pelvic angles to the left of the corresponding graphs. 
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The most obvious abnormality in the PPN DBS OFF patient during 

turning was in the transverse plane of movement. Similar to the STN DBS OFF 

patients, the PPN DBS OFF patient over-rotated the trunk during the first gait 

cycle of each turn (relative to trunk rotation during this cycle in control 

subjects). However, though both the STN DBS OFF patients and the control 

subjects began re-orienting the trunk to straight walking rotation values in the 

second gait cycle of the turn and had completed this re-orientation by the third 

gait cycle, the PPN DBS OFF patient did not correct trunk rotation at all in the 

second gait cycle and had not achieved trunk re-orientation by the third gait 

cycle. Instead, the PPN DBS OFF patient appeared to over-compensate for 

poor trunk rotation in the first and second turning gait cycles by rotating the 

trunk excessively in the opposite direction during the third gait cycle (excessive 

external rotation during the third gait cycle of ipsilateral turns and excessive 

internal rotation during the third gait cycle of contralateral turns). This abnormal 

trunk rotation in the PPN DBS OFF patient during turning may be due to 

decreased autonomic control of balance (Grillner, 1981; Sheridan and Flowers, 

1990; Dietz, 1997; Hausdorff et al., 1998, 2003a, 2003b; Springer et al., 2006; 

Grillner et al., 2008). Executive control of balance maintenance may explain the 

forced compensatory trunk rotation in the third gait cycle following the 

autonomic inability to re-orient trunk rotation in the second gait cycle of the turn. 

PPN stimulation greatly ameliorated the abnormal trunk rotation in the PD 

patient studied. In addition to reducing trunk rotation during the first gait cycle of 

the turn, PPN stimulation also helped the patient begin re-orientation of the 

trunk during the second gait cycle and complete this re-orientation by the third 

gait cycle.  
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5.4 Discussion 

 

The effects of STN DBS and PPN DBS on gait performance, balance, 

and trunk kinematics during walking and turning were studied. Control subjects 

exhibited the walking speed, stride length, DS/SS, and slightly stooped posture 

during straight walking that are representative of older walkers. Relative to the 

control subjects, PD patients had decreased walking speeds, decreased stride 

length, increased DS/SS, more trunk movement during standing, greater 

stooped posture, and impaired arm swinging. These gait abnormalities were 

more severe in the PPN DBS OFF patient than they were in the STN DBS OFF 

patients. Perhaps due to greater restriction of arm movement, the PPN DBS 

OFF patient also displayed increased trunk rotation during straight walking. 

Both STN DBS and PPN DBS helped improve walking speeds, stride length, 

and DS/SS, but PPN DBS resulted in much greater improvement of DS/SS and 

in a greater reduction of trunk movement during standing than did STN DBS. 

During turning, trunk angles in the sagittal and coronal planes of 

movement were highly variable for PD patients, but more so in the PPN DBS 

OFF patient than in the STN DBS OFF patients. PD patients also tended to 

over-rotate the trunk during the first gait cycle of each turn and took longer to 

re-orient the trunk to straight-walking rotation values. Again this effect was most 

pronounced in the PPN DBS OFF patient who was unable to re-orient the trunk 

at all in the second gait cycle of the turn and appeared to over-compensate for 

this by rotating the trunk in the opposite direction during the third gait cycle. 

STN DBS and PPN DBS reduced trunk angle variability and trunk over-rotation 

during turning.  
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5.4.1 Differences between PPN and STN DBS 

There are two main differences between the effects of PPN DBS and the 

effects of STN DBS on gait performance in PD patients. First, based on results 

from the 1 PD patient studied, PPN DBS may be more effective at restoring 

balance. During walking and turning PPN DBS resulted in greater improvement 

of DS/SS than did STN DBS. Also, PPN DBS decreased thoracic flexion, 

thoracic rotation, and pelvic rotation during standing which is indicative of 

improvements in balance (Shumway-Cook et al., 1997; Woollacott and 

Shumway-Cook, 2002). In contrast, STN DBS did not have a significant effect 

on trunk movement relative to PD patients off stimulation and may have even 

increased trunk movement during standing. Since the STN DBS OFF patients 

participating in this study had been on STN DBS stimulation for several years 

(5.2 ± 1.1 years, Table 5.1), it is possible that the beneficial effects of STN DBS 

on balance have waned over time in these patients (Krack et al., 2003). 

Therefore, at least initially, PPN DBS may result in greater improvements in 

balance than does STN DBS after several years of stimulation.  

Second, in the patient receiving PPN DBS that participated in this study, 

PPN stimulation appears to improve turning by reducing dependence on 

executive control of gait. In contrast, in the patients receiving STN DBS that 

participated in this study, STN stimulation appears to optimize executive control 

of gait. The PPN DBS OFF patient had increased trunk angle variability during 

turning (a task that places greater demands on attention than does straight 

walking) and was unable to re-orient the trunk after turning without over-rotating 

the trunk in the third gait cycle of the turn. Increased gait variability (Sheridan 

and Flowers, 1990; Hausdorff et al., 1998, 2003a, 2003b; Springer et al., 2006) 
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and the apparent forced compensatory trunk rotation during turning are both 

indicative of decreased autonomic control and a greater dependence on 

executive control of gait and balance. In contrast, the STN DBS OFF patients 

exhibited less trunk angle variability during turning (relative to the PPN DBS 

OFF patient) and were able to progressively re-orient the trunk during turning. 

Therefore, when examining PD patients off stimulation, the patients with STN 

DBS implants appeared to have retained more autonomic gait control than did 

the patient with PPN DBS implants.  

Both PPN and STN stimulation improved trunk angles in PD patients 

during turning. In the 1 PD patient studied, PPN DBS decreased trunk angle 

variability during turning and also restored a more normal progression of trunk 

re-orientation following a turn, both of which suggest an increase in autonomic 

control of gait. In contrast, STN stimulation reduced excessive trunk rotation 

during all gait cycles of turning. This effect may be more indicative of the 

optimization of executive gait control and motor program selection. 

 

5.4.2 Concluding remarks 

Gait analysis was performed on 6 healthy older walkers and on 6 PD 

patients (5 with STN DBS implants, 1 with PPN DBS implants) who were off 

medication. Since PPN DBS was only recently introduced clinically, future 

research could compare the long term effects of PPN DBS to the long term 

effects of STN DBS. It is also necessary to determine trunk kinematics during 

turning for a larger number of STN and PPN DBS patients to verify the results 

presented here. Finally, the possible synergistic effects of dopaminergic 

medication with STN and PPN stimulation (Stefani et al., 2007) should also be 
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determined with regards to trunk kinematics during turning. The results of this 

study suggest that the patient selected to receive PPN DBS, relative to those 

selected for STN DBS, had greater trunk angle variability, poorer balance, 

increased stooping, decreased autonomic gait control, and increased 

dependence on executive gait control. A comparison of the effects of STN and 

PPN DBS suggests that PPN DBS may result in a greater improvement in 

balance and that it may increase autonomic gait control. STN DBS may have a 

more limited effect on balance and may optimize executive gait control and 

motor program selection.  

  

Main Findings 

• PPN DBS may be more effective than STN DBS at improving balance 

measures in PD patients (as evidenced by greater relative decreases in 

DS/SS and in trunk movement during standing). 

• PD patients all displayed difficulty re-orienting the trunk promptly and 

accurately following a 90° turn.  

• Both STN and PPN DBS decreased excessive trunk rotation during 

turning, but PPN DBS also appeared to restore some autonomic control 

of gait during turning while STN DBS appeared to optimize executive 

gait control during turning.  
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6. IMPLICATIONS FOR DBS IN PARKINSON’S DISEASE 

 

This thesis has compared the anatomy, electrophysiology, and motor 

control relationships of the STN and PPN in order to better understand their 

roles as DBS targets for PD. Probabilistic diffusion tractography was used to 

study the connections of the human STN and PPN in Section 2. Transmission 

of oscillatory activity from the basal ganglia to the PPN was examined using 

electrophysiological recordings in anesthetized rats in Section 3. Modulation of 

oscillatory activity was examined in the PPN and STN during simple voluntary 

movement in PD patients in Section 4. Finally, Section 5 compared the effects 

of PPN and STN stimulation on gait in PD patients. This section summarizes 

the results from these experiments and discusses their implications for DBS in 

PD. 

  

6.1 Summary of results 

 

6.1.1 Comparison of PPN and STN anatomy 

Since rodent and primate studies differ in their description of the relative 

strengths of the connections between the PPN and the basal ganglia (reviewed 

in Lee et al., 2000), the anatomical connections of the PPN and STN and the 

topography of these connections were determined using probabilistic diffusion 

tractography in healthy human subjects (Section 2.1) and in the non-human 

primate (Section 2.2). 
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Both the human PPN and human STN showed connections with the 

cortex, basal ganglia, cerebellum, and down the spinal cord, largely matching 

connections previously demonstrated in monkeys (Fig. 6.1). The topography of 

motor and associative brain areas in the human STN was strikingly similar to 

that shown in animals. PPN topography has not been extensively demonstrated 

in rodents or monkeys, but significant topography of cortical and sub-cortical 

connections was demonstrated in the human PPN in Section 2.1. In addition to 

demonstrating the usefulness of diffusion tractography in determining the 

connections and topography of small gray matter structures in vivo, these 

results allow for inference of optimal DBS target locations (Section 6.3) and add 

to our understanding of the role of these nuclei in PD (Section 6.4). 

In order to further compare the anatomical connections of the PPN in 

healthy humans to the histologically demonstrated connections of the PPN in 

monkeys, and thus to support the use of diffusion tractography in humans, 

diffusion tractography was also carried out in a fixed Macaca mulatta brain. 

PPN connections with the basal ganglia and motor cortical areas 

observed in the monkey brain using diffusion tractography matched those 

previously demonstrated using conventional anatomical tracing techniques. 

Furthermore, the results presented in Section 2.2 demonstrate clearly distinct 

regions of the PPN that connect with the thalamus, SN, and STN in the monkey 

brain.  

Thus in addition to increasing confidence in the accuracy of diffusion 

tractography for tracing PPN connections and determining the organization of 

these connections within the PPN in vivo, these observations suggest that 
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diffusion tractography will be a useful new technique for rapidly identifying 

connections in animal brains pre and post mortem.  

 

6.1.2 Electrophysiological relationship between the PPN and basal 

ganglia  

After observing that the PPN was strongly connected with the STN and 

the other basal ganglia nuclei in humans in Section 2, the electrophysiological 

relationship between the PPN and STN was examined in Section 3. The 

anesthetized rat has been a useful model for investigating the effects of 

dopamine loss on the transmission of oscillatory cortical activity through basal 

ganglia structures. Previous studies have shown that, after dopamine cell 

lesion, synchronous oscillatory activity emerges in the STN and SNpr in phase 

with M1 oscillations (Magill et al., 2001; Tseng et al., 2001b; Belluscio et al., 

2003; Walters et al., 2005, 2007; Parr-Brownlie et al., 2007). However, the 

impact of these changes in basal ganglia output on the timing of PPN spiking 

remained unknown. Section 3 investigated the effect of dopamine loss on spike 

timing in the PPN using M1 LFP activity as a reference in urethane-

anesthetized and ketamine-anesthetized rats. 

Simultaneous recordings of PPN spike trains and LFP activity in the 

PPN and M1 were conducted in anesthetized intact and hemi-parkinsonian rats 

7-10 days after a unilateral injection of 6-hydroxydopamine into the medial 

forebrain bundle. Increased spectral power in PPN spike trains and increased 

coherence between PPN spiking and PPN LFP activity were observed following 

dopamine cell lesion in urethane-anesthetized rats. PPN spike timing also 

changed from the PPN firing predominantly in phase with M1 slow oscillatory 



 

 182

activity in the intact urethane-anesthetized rat to firing predominantly antiphase 

to M1 oscillations in the hemi-parkinsonian rat (Fig. 6.1). These changes were 

not observed in the ketamine-anesthetized preparation suggesting that the 

NMDA antagonist properties of ketamine may attenuate some of the effects of 

dopamine cell lesion.  

The results from Section 3 suggest that PPN spike timing after 

dopamine cell lesion is altered by increased inhibitory oscillatory input to the 

PPN from basal ganglia output nuclei. These findings highlight processes that 

may be involved in motor dysfunction and PPN DBS efficacy in PD patients 

(Section 6.4). 

 

6.1.3 Modulation of STN and PPN oscillatory activity during simple 

voluntary movement  

The results from Section 3 demonstrated that, following dopamine loss, 

there is increased transmission of oscillatory cortical activity to the PPN via the 

basal ganglia in the anesthetized rat model of PD. However, in that preparation, 

output from the GPi/SNpr, not output from the STN, dominated PPN spike 

timing in the parkinsonian brain. Therefore, these results suggest that 

oscillatory activity present in the STN in PD patients may not necessarily be 

present in the PPN. As a result, modulation of oscillatory activity related to 

movement may differ between the STN and PPN and may speak to the 

different roles of these nuclei in motor control. To explore these questions, 

Section 4 examined PPN and STN activity in PD patients performing simple 

voluntary movements. LFPs were recorded during IG and EC finger movement 

tasks. Recordings were made from 12 DBS electrodes implanted in the STNs 
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of 6 PD patients and from 1 DBS electrode implanted in the PPN of 1 PD 

patient. As has been previously demonstrated in STN LFPs recorded from PD 

patients (Brown, 2003; Brown and Williams, 2005), β (12-30 Hz) frequency 

oscillations were also present in PPN LFPs.  

To determine how oscillations present in both PPN and STN LFPs were 

modulated with voluntary movement, STN and PPN LFP signals were 

decomposed into θ (3-8 Hz), α (8-12 Hz), low (12-20 Hz) and high (20-30 Hz) 

β, and low (30-60 Hz) and high (60-90 Hz) γ frequency bands. The 

instantaneous amplitude of the decomposed signal in each frequency band 

was extracted using the Hilbert transform over time and expressed as 

percentage changes relative to baseline activity levels. Changes in 

synchronization were compared between EC and IG tasks and frequency 

bands.  

In STN LFPs, bilateral low β band desynchronization was observed 

during both IG and EC tasks. Our results associate this modulation with motor 

execution, as finger movements were similar between tasks. Furthermore, 

unlike the IG task, the EC task also involved bilateral α and high β band 

desynchronization and a delay in the onset and peak of α band 

desynchronization. Since the EC task involved bilateral motor preparation and 

cue processing while the IG task did not, our results suggest that laterality of 

high β band desynchronization is related to motor preparation and that a delay 

in α band desynchronization is associated with cue processing or motor 

facilitation of subsequent movements in a repetitive motor task. 
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 In PPN LFPs, high β band ERD during the EC task occurred bilaterally 

and was locked to the time of stimulus presentation. However, in the IG task, 

peri-movement high β ERD occurred only in the contralateral PPN while post-

movement low β ERS and high β ERS occurred in the ipsilateral PPN. 

Therefore, our results associate bilateral high β ERD with the processing of a 

visual cue and contralateral high β ERD with motor preparation and execution. 

On the other hand, low β ERS and high β ERS in the ipsilateral PPN during the 

IG task are most likely a pathological antikinetic phenomenon as this ERS is 

eliminated following the presentation of a prokinetic visual cue.  

 The main difference between LFP modulation in the STN and in the PPN 

is that the greatest magnitude LFP modulation in the PPN occurred in the high 

β band while the greatest magnitude LFP modulation in the STN occurred in 

the α and low β bands. These results in PD patients (Section 4), taken together 

with the results from rodent studies (Section 3), suggest that oscillatory activity 

from the STN may not be directly transmitted to the PPN in the parkinsonian 

brain (Fig. 6.1). The results from PD patients (Section 4) also suggest that 

movement-related modulation of oscillatory activity occurs at the α and low β 

frequencies in the basal ganglia and may be more related to motor execution. 

In contrast, downstream of the basal ganglia in the PPN, movement-related 

modulation of oscillatory activity may preferentially occur at the high β 

frequencies and may be more closely associated with motor preparation and 

sensory cue processing.  
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Figure 6.1. Summary of results from Sections 1-4. Novel findings and hypotheses presented in 

this thesis are indicated with asterisks (*) on a schematic of basal ganglia network connections. 

Dashed lines around and emerging from the SNpc indicate degeneration of dopamine neurons 

in the SNpc in the parkinsonian brain. Example local field potential traces are indicated in each 

structure as they would appear if recorded simultaneously (Walters et al., 2007). Troughs 

indicate periods of greatest depolarization in the structure while peaks indicate periods of least 

depolarization. Arrows encircling frequency ranges indicate the frequency of oscillatory activity 

that is predominantly modulated during simple voluntary movement in the designated 

oscillatory network loop. “STN DBS” and “PPN DBS” labels are placed near the connections 

that may be the most important for improving gait when affected by STN and PPN stimulation. 

Arrows between structures indicate direct connections (green: excitatory, red: inhibitory, black: 

either inhibitory or excitatory). 
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6.1.4 Effects of STN and PPN DBS on gait  

The results presented in Section 4 demonstrate that oscillatory activity is 

differently modulated in the STN and PPN during simple voluntary movement. 

To determine how the STN and PPN differ in the control of large-scale 

coordinated voluntary movement, the effects of STN and PPN DBS on gait 

were examined in Section 5.   

 Five PD patients with bilateral STN DBS implants, 1 PD patient with 

bilateral PPN DBS implants, and 6 age- and weight-matched controls were 

recruited to participate in this study. Walking speed, stride length, the ratio of 

double support duration to single support duration (DS/SS), and trunk angles 

during standing, walking, and turning were evaluated for all PD patients on and 

off stimulation and compared to values obtained from healthy control subjects. 

 PD patients exhibited decreased walking speed, decreased stride 

length, increased DS/SS, and increased trunk movement during standing. Both 

PPN DBS and STN DBS improved these gait performance parameters, but 

results from 1 PD patient with PPN DBS implants suggested that PPN DBS 

may be more effective than STN DBS at improving balance (decreasing DS/SS 

and reducing trunk movement during standing).  

PD patients also displayed abnormal trunk angles during turning. STN 

DBS OFF patients took longer to straighten the trunk following a turn, but still 

progressively decreased trunk rotation after the turn was completed similar to 

the progressive decrease in trunk rotation exhibited by control subjects 

following a turn. In contrast, the PPN DBS OFF patient was unable to 

progressively straighten the thorax following a turn and ultimately compensated 

for this by over-rotating the thorax in the direction opposite to the turn. In 
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addition, the PPN DBS patient also exhibited greater trunk angle variability 

during turning, indicative of decreased autonomic gait control (via spinal central 

pattern generators and brainstem locomotor centers) and an increased 

dependence on executive gait control (via motor cortex and basal ganglia-

mediated selection of motor programs). That is, assuming that the patients 

participating in this gait study were representative of the criteria used to 

differentiate between PD patient candidates for STN DBS and PPN DBS, these 

results suggest that PD patients selected for STN DBS appear to retain greater 

autonomic control of gait than do PD patients selected for PPN DBS.  

Both STN stimulation and PPN stimulation decreased the excessive 

trunk rotation during turning that was present in PD patients. PPN DBS also 

appeared to restore the ability to progressively decrease thoracic rotation 

following turn and eliminated compensatory thoracic over-rotation in the 1 

patient studied. Therefore, these preliminary results suggest that PPN DBS 

may improve turning in PD patients by restoring autonomic control of gait while 

STN DBS may improve turning by optimizing the executive control of gait 

(Section 6.4, Fig. 6.1).  

 

6.2 Choosing Parkinson’s disease patient candidates for STN and PPN 

DBS 

 

PD patients usually selected to receive STN DBS exhibit dopamine-

responsive motor symptoms (usually limited to tremor and bradykinesia) 

(Kumar et al., 1998; Yokoyama et al., 1999; Stolze et al., 2001; Krack et al., 

2003; Rodriguez-Oroz et al., 2005). In contrast, candidates for PPN DBS 
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exhibit axial rigidity and gait abnormalities that are medically intractable, even 

with dopaminergic medication (Mazzone et al., 2005; Plaha and Gill, 2005; 

Jenkinson et al., 2006; Stefani et al., 2007).  

The gait analysis described in Section 5 also reveals several differences 

between PD patients chosen to receive STN DBS and the PD patient chosen to 

receive PPN DBS implants. The PPN DBS OFF patient, relative to the STN 

DBS OFF patients, exhibited much lower walking speed, decreased stride 

length, increased DS/SS, greater stooped posture, greater external trunk 

rotation during walking, inability to re-orient trunk rotation following a turn, and a 

tendency to over-rotate the trunk following a turn to compensate for this 

inability. These gait analysis measures may be useful for quantifying 

parkinsonian gait abnormalities and for possibly helping to determine PD 

patient candidates for PPN DBS. Trunk rotation during turning appears to 

reveal the greatest difference between STN DBS OFF patients and the PPN 

DBS OFF patient. This difference, if it proves to be a valid predictor of clinical 

outcome, could be further exposed by giving patients dual-attention tasks 

during turning and thus creating greater demands on executive function 

(Woollacott and Shumway-Cook, 2002; Hausdorff et al., 2003a; Yogev et al., 

2005; Springer et al., 2006; Rochester et al., 2007). The results of this study 

suggest that the PPN DBS OFF patient relied much more on executive control 

of gait than did the STN DBS OFF patients. Therefore, PD patient candidates 

for PPN DBS may be the patients who show the most dramatic decline in the 

ability to control thoracic rotation during turning given increased demands on 

attention. 
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6.3 Optimally targeting the STN and PPN for DBS 

 

The topography of the human STN and PPN, as revealed by 

tractography studies (Section 2), has distinct implications for targeting in 

functional neurosurgery. For example, it has been previously suggested that 

the optimal site for targeting in the STN should be the area most connected to 

sensorimotor brain regions (Romanelli et al., 2004). Our work shows that this 

target site should be in the superior portion of the STN, which has, in fact, been 

shown to be the optimal target site (Lanotte et al., 2002; Voges et al., 2002; 

Hamel et al., 2003; Caire et al., 2006; Godinho et al., 2006).  In addition, as 

several studies still dispute that DBS of the STN is more effective than DBS of 

GPi for PD (Burchiel et al., 1999; Volkmann, 2004; Anderson et al., 2005; 

Rodriguez-Oroz et al., 2005), stimulation of the portion of the PPN connected 

with the GP, in addition to STN stimulation, may be beneficial for PD patients. 

Though the directionality of the connection between the GP and PPN cannot be 

determined using diffusion tractography, it is known that the GPi sends an 

inhibitory projection to the PPN in monkeys. Low frequency stimulation of the 

portion of the PPN connected with the GP may help counter the excessive 

inhibitory drive from the GPi observed in PD (Albin et al., 1989; Bergman et al., 

1998a).  

The topography results from Section 2 demonstrate that sensorimotor 

brain regions connect with the lateral half of the PPN and that the GP also 

connects in the lateral portion of the PPN. Therefore, our PPN topography 

results suggest that DBS of the PPN will achieve maximum therapeutic benefit 

by aiming for the lateral portion of the PPN for stimulation. This targeting 
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suggestion is especially interesting when considering preliminary evidence that 

the beneficial effects of DBS of the STN and DBS of the PPN in PD patients 

are additive (Stefani et al., 2007). Perhaps by targeting a portion of the PPN 

that does not already connect with the STN, this additive benefit will be 

maximized.  

 

 

6.4 Insights into the mechanisms underlying STN and PPN DBS efficacy 

 

DBS is thought to ameliorate parkinsonian symptoms by disrupting 

pathological oscillations that emerge in the basal ganglia in the parkinsonian 

brain (Benazzouz and Hallett, 2000; Obeso et al., 2000; Brown, 2003; Brown 

and Williams, 2005; Wichmann and DeLong, 2006). The PPN exhibits robust 

connections with the basal ganglia and dopamine cell lesion has been 

suggested to result in increased transmission of oscillatory activity from the 

cortex to the basal ganglia (Murer et al., 2002; Walters et al., 2007). The results 

from Section 3 suggest that this increased oscillatory activity in the basal 

ganglia is also transmitted downstream to the PPN as evidenced by increased 

power in PPN spike trains following dopamine cell lesion. Therefore, similar to 

DBS of the STN, it is possible that DBS of the PPN works by optimally 

disrupting pathological oscillations in the PPN.  

DBS of the PPN could also drive PPN activity in the parkinsonian brain. 

Low frequency stimulation, generally thought to drive neuronal activity, is found 

to be most therapeutically effective when stimulating the PPN in PD patients 

(Mazzone et al., 2005; Plaha and Gill, 2005; Stefani et al., 2007) and studies in 
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non-human primates suggest that the PPN is over-inhibited in PD (Kojima et 

al., 1997; Munro-Davies et al., 1999; Matsumura and Kojima, 2001; Nandi et 

al., 2002a; Jenkinson et al., 2004). Our results also suggest that the PPN is 

dominated by inhibitory oscillatory input from the SNpr in the parkinsonian 

brain. Therefore, driving PPN neuronal activity via low frequency stimulation 

could attenuate the effects of excessive inhibitory input to the PPN in PD. 

Alternatively, DBS of the PPN could also affect PPN spike timing 

relationships. The significant changes in PPN spike timing following dopamine 

cell lesion observed in this study suggest that PPN spike timing in the 

parkinsonian brain is potentially dysfunctional. Low frequency stimulation of the 

PPN, in addition to driving PPN neuronal activity, may disrupt this pathological 

spike timing relationship or properly synchronize PPN firing with excitatory input 

from the STN.  

Low frequency stimulation of the PPN could also result in PD symptom 

amelioration by introducing functionally beneficial oscillatory activity into the 

PPN. As demonstrated in Section 4, simple voluntary movement results in 

modulation of α and low β frequency oscillations (8-20 Hz) in the STN. 

However, movement-related modulation occurs primarily in the high β band 

(20-30 Hz) in the PPN. Since high β movement-related modulation in the PPN 

appears to extend slightly into the low γ range (up to 35 Hz), it is also possible 

that the functional high β range in the PPN may be limited to higher 

frequencies. In the context of these results, it is possible that the 10-25 Hz PPN 

stimulation used in PD patients (Mazzone et al., 2005; Plaha and Gill, 2005; 

Stefani et al., 2007) could ameliorate parkinsonian symptoms by synchronizing 
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PPN oscillatory activity with the lower frequency oscillatory activity found in the 

STN. 

The effectiveness of high frequency (>100 Hz) STN stimulation may also 

be partially attributable to its downstream effects on PPN oscillatory activity. In 

the PD patients selected to receive STN DBS (patients with dopamine-

responsive motor symptoms), STN stimulation appears to improve turning by 

optimizing executive control of gait. In contrast, in the PD patients selected to 

receive PPN DBS (patients with medically intractable axial symptoms), PPN 

DBS appears to improve turning by restoring autonomic control of gait. It has 

been suggested that executive motor control centers facilitate motor program 

selection by disinhibiting the mesencephalic locomotor region and thus allowing 

it to activate the central pattern generators in the spinal cord that are 

responsible for basic gait execution (Grillner, 1981; Grillner et al., 2008). 

Disinhibition of the mesencephalic locomotor region (which includes the PPN) 

could involve decreasing inhibitory oscillatory output from the GPi/SNpr to the 

PPN. In this context, it is interesting to note that oscillatory activity in the PPN 

appears to be dominated by inhibitory oscillatory output from the GPi/SNpr in 

the anesthetized rat model of PD (Section 3). STN DBS could decrease this 

inhibitory oscillatory output from the GPi/SNpr to the PPN, and ultimately 

facilitate the executive control of gait, by decreasing excitatory oscillatory 

output from the STN to the GPi/SNpr. PPN DBS could restore the autonomic 

control of gait by directly activating the central pattern generators in the spinal 

cord (Fig. 6.1).  
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6.5 The efficacy of dual STN and PPN DBS for Parkinson’s disease: 

Insights and future research 

 

DBS of the PPN appears to alleviate the parkinsonian gait and postural 

abnormalities that persist even with dopaminergic medication or, ostensibly, 

STN stimulation. As a result, it appears that DBS of the STN and DBS of the 

PPN could have additive beneficial effects. Information regarding the effects of 

dual stimulation of the STN and PPN in PD patients has been limited. There 

has only been one clinical study describing the effects of dual STN and PPN 

DBS (Stefani et al., 2007), and it suggests that combined stimulation may only 

provide added benefit when PD patients are also on dopaminergic medication. 

Furthermore, as DBS of the STN is done at high frequencies (>100 Hz), while 

DBS of the PPN is done at lower frequencies (<25 Hz), it is unclear how dual 

stimulation of two connected and relatively proximal nuclei can be optimally 

maintained given such different stimulation parameters.  

However, the results presented in this thesis suggest that the PPN and 

STN are more segregated than is belied by their anatomical connections alone. 

The results from Section 2 demonstrate a robust connection between the PPN 

and STN which suggests that it is anatomically possible for oscillatory activity 

or stimulation in one nucleus to directly affect activity of the other. However, the 

results from Section 3 show that PPN spike timing in the anesthetized 

parkinsonian rat brain is actually dominated by increased inhibitory oscillatory 

output from the GPi/SNpr, and not by the increased excitatory oscillatory output 

from the STN, suggesting that oscillatory activity may not be directly 

transmitted between the STN and PPN. This is corroborated by results from 
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Section 4 showing that voluntary movement predominantly involves modulation 

of different frequency ranges of oscillatory activity in the STN and PPN, further 

highlighting the electrophysiological schism between the two nuclei. The effects 

of STN and PPN DBS on gait presented in Section 5 also illustrate differences 

in the behavioral effects of stimulation of these two nuclei. DBS of the PPN 

appears to restore autonomic control of gait, perhaps via its connections with 

spinal cord motor centers and central pattern generators. DBS of the STN 

appears to optimize executive control of gait, possibly via its connections to 

other basal ganglia nuclei involved in the fine-scale modulation of motor 

control.  

These differences in STN and PPN electrophysiology and behavioral 

roles suggest that dual STN and PPN stimulation at different frequencies may 

still be additively beneficial. PPN topography (Section 2) shows that the portion 

of the PPN connected to the STN is more medial than the portions of the PPN 

connected to any other motor structure (M1, cerebellar nuclei, GP). Perhaps to 

maximize the additive benefit of dual stimulation and prevent a virtual stalemate 

of clashing oscillatory activity, dual STN and PPN stimulation could involve 

targeting the lateral portion of the PPN to avoid directly co-stimulating portions 

of the PPN that may be receiving at least some input from the STN. In addition, 

it may also be worthwhile to synchronize stimulation pulses in the PPN and 

STN (for example, stimulating the PPN coincident with every 10th stimulation 

pulse in the STN). This technique may also foster increased synchrony in 

oscillatory activity between the STN and PPN and thus reduce the dominant 

effects of excessive inhibitory oscillatory input to the PPN from the basal 

ganglia output nuclei (Section 3). 
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Alternatively, though much of the neurosurgical focus has been on dual 

stimulation of the STN and PPN for PD, perhaps dual stimulation of the GPi 

and PPN would be equally or more effective. The GPi and PPN are robustly 

connected to each other anatomically (Section 2) and electrophysiologically in 

the parkinsonian brain (Section 3). Perhaps the best stimulation paradigm for 

dual GPi and PPN stimulation would involve stimulating the lateral portion of 

the PPN (which exhibits connections with the GP) with pulses that are out of 

synchrony with the stimulation pulses in the GPi in order to optimally disrupt the 

pathologically dominant effect of GPi oscillatory output on PPN activity in the 

parkinsonian brain (Section 3).  

Future clinical studies could address these hypotheses regarding the 

optimization of dual target stimulation. Repeating the gait analyses (Section 5) 

for PD patients with DBS electrode implants in the GPi and recording LFP 

activity from the GPi in awake PD patients during simple voluntary movement 

(Section 4) may also shed light on the hypotheses presented above. In 

addition, the upstream and downstream electrophysiological effects of co-

stimulation of the PPN and STN or GPi could be examined in the anesthetized 

rat model to determine the more global effects of dual stimulation paradigms 

and to even further understand the role of these nuclei as DBS targets for PD. 
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