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Abstract

The functional significance of oscillatory local field potential activity in the

parkinsonian subthalamic nucleus

David Williams

It has long been evident that oscillations are manifest in the local field potential
(LFP) activity recorded in regions of the brain as diverse as olfactory, somatomotor,
parietal and occipital cortex within primates. Further investigations have
demonstrated similar oscillatory activity within cerebellum and thalamus in primates
and sub-primates and in recent years within the LFP activity of the human basal
ganglia. However, the capricious nature of much of the frequency content particularly
in the beta band, in many of these areas, has resulted in speculation concerning the

functional significance of this activity.

The current thesis sought to test the hypothesis that oscillatory activity, particularly in
the beta band (ca. 13-30 Hz), evident in the LFP activity of the parkinsonian
subthalamic nucleus (STN) has significance in the motor related function of the
nucleus. In order to examine this fundamental proposition a series of predictions
derived from this hypothesis have been tested. Firstly, that given the known
anatomical connectivity of the STN, receiving prominent projections from cortex and
in turn sending projections to globus pallidus interna (GPi) and substantia nigra pars
reticulata (SNr), activity of functional relevance should display similar patterns of
connectivity. Secondly, that suppression of average power in the beta band of LFP
activity associated with the presentation of movement-related cues should display
response bias for functionally relevant stimuli. Thirdly, that these modulations of
power observed in human subjects in response to behaviourally relevant stimuli
should correlate not merely in gross terms with behaviour, but in a consistent

discernable manner with aspects of behavioural performance.



The present work shows in simultaneous recordings of the electroencephalogram
(EEG) and STN LFP that significant coherence exists between regions exhibiting
both beta band oscillatory activity and anatomical cortico-striatal connectivity in
cortex, and the parkinsonian STN; phase analysis further suggesting a cortical drive.
This connectivity appears dopamine dependent with coherent activity in the beta
band most evident on withdrawal of I-dopa medication, while coherence in the
gamma band (ca. 60-80 Hz) is pronounced with |-dopa. Furthermore, beta band
activity, previously shown to display suppression with movement is not only shown to
exhibit similar modulation after cues allowing movement preparation, but to a greater
extent with more informative cues than less informative. Finally, in contrast to prior
efforts to display a relationship between beta oscillations and behaviour in the motor
system, it is shown that there exists a consistent relationship between beta
oscillation suppression and motor performance apparent across single trial data.
These observations in the context of other work in both cortex and sub-cortex appear
consistent with the functional significance of oscillatory activity in the parkinsonian
STN and allow the formation of a further hypothesis as to its function and

mechanism.
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CHAPTERI

INTRODUCTION:
Oscillations, LFPs and Parkinson’s disease

“What are we to say, now that we are fully informed, when someone
talks — as is too often the case — about a “fast rhythm”? How can such
a blunder be made by a reasonable person” (Stravinsky, 1942)

Rhythmic activity is a near ubiquitous natural phenomenon, evident from fluctuations
in galaxy clusters to neutrino oscillations. It is therefore perhaps unsurprising that
oscillatory content was noted in some of the earliest characterizations of electrical
activity in the human brain (Berger, 1929,1969; Adrian and Mathews, 1934). From
these early and fundamental observations of the human electroencephalogram
(EEG), it has become apparent that rhythmic properties are observable at all scales
of brain activity; in intracellular neuronal and glial calcium oscillations (Pasti et al,
1997; Flint et al, 1999); subthreshold membrane potential oscillations (Llinas and
Yarom, 1986; Alonso and Llinas; 1989; Agrawal et al, 2001); single spike and burst
neuronal firing patterns (Steriade et al, 1977, McCormick and Feeser, 1990;
McCormick, 1992); and network neuronal population activity (Miles and Wong, 1983;
Fisahn et al, 1998).

The development of techniques allowing the electrophysiological investigation of
these phenomena has paralleled this scalar diversity (Makeig, 2002), ranging from
patch clamp and intraneuronal microelectrode recordings of single units to scalp
EEG recordings of several cm? of cortical surface (Cooper et al, 1965). Local field
potential1 (LFP) recordings via implanted intracortical or subcortical macroelectrodes
lie between these two extremes, allowing neuronal population activity to be

examined, while limiting the brain volume recorded and muscle noise contamination

' While the EEG is essentially a sub-type of LFP activity, LFPs considered in the current text always
refer to activity recorded intra-cranially via either macro- or micro-electrodes, as distinct from scalp
recorded EEG. The two are considered separately in this introduction as a result of distinctions in the

regional accessibility, frequency resolution and types of potential contamination between the two.
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inherent in scalp recordings. However, in common with microelectrode techniques
access to restricted brain regions is offered at temporal resolutions unrivalled by
imaging methods such as computerized tomography (CT) and magnetic resonance
imaging (MRI). Furthermore, with the increasing use of deep brain electrode (DBE)
implantation and stimulation as treatments for conditions such as epilepsy
(Loddenkemper et al, 2001), dystonia (Kupsch et al, 2003), and Parkinson’s disease
(Limousin-Dowsey et al, 1999), macroelectrode LFP recording techniques have the
further benefit of allowing practical access to deep brain structures in alert, active

human subjects.

While methods of analyzing oscillatory brain activity are ever increasing, it remains
the case that fundamental issues regarding the phenomenon at differing scales,
frequencies and locations are still in what Kuhn may have described as, a “pre-
paradigm” phase (Kuhn, 1962) — unresolved and characterized by competing
explanatory models. What is the origin and mechanism of generation of oscillatory
activity? Does this mode of activity have functional significance?, and if so what is the
nature of this significance? The current thesis deals explicitly with this second
question, in the context of the human parkinsonian basal ganglia, at the level of the
LFP and in the motor system. The hypothesis that oscillations in the LFP of the
parkinsonian basal ganglia, particularly at frequencies between 13 and 30 Hz, have
systemic, functional significance is tested by examination of a series of predictions,
namely — Does this activity display the distribution and connectivity that may be
expected of such a phenomenon? Is this activity modulated in a reproducible fashion
by appropriate stimuli? Is there a consistent relationship between any such
modulation and behaviour? In order for the informed consideration of these
questions, current views concerning the structure and connectivity of the basal
ganglia (particularly the STN) as well as the nature, origin and putative role of brain

oscillatory activity must first be considered.

2 The usage of the phrase “functional significance” in this work denotes a causal linkage between a
phenomenon or processes underlying the generation of a phenomenon and behaviour. As such, it
does not preclude the pathophysiological significance of any activity so described.
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1.1 The functional anatomy of the basal ganglia

Despite their earlier depiction by Versalius (Goetz et al, 2001), the first identification
and description of the basal ganglia is typically attributed to Thomas Willis in his
“Cerebri Anatome” of 1664 (Swanson, 2000). What Willis described as the “corpora

{3

striata” however, represented the mass of subcortical tissue “....connecting the
cerebrum to the legs of the medulla oblongata.” (Dewhurst K, 1980a). It is as a result
of the further Willis inspired work of anatomists such as Vieussens (1684) that
additional subdivsion and classification proceeded, eventually resulting in the
contemporary conception of the mammalian basal ganglia as a complex of
component subcortical nuclei. This complex comprises the dorsal striatopallidal
system: dorsal striatum (caudate and putamen), globus pallidus interna (GPi) and
externa (GPe)® and ventral striatopallidal system: nucleus accumbens (ventral
striatum) and ventral pallidum - these groups all developmentally derived from the
lateral and medial ganglionic eminences of the basal telencephalon (Parent 1997;
Smeets et al, 2000, see figure 1). In addition the closely related, and interconnected
structures of the substantia nigra (pars compacta SNc, and reticulata SNr) and
subthalamic nucleus (STN) are also considered integrated components of this
complex of nuclei. While minor variation still persists as to the exact definition of the
basal ganglia between authors, in this text the term describes these core
components. In addition the term striatum unless further qualified may be considered
synonymous with the dorsal striatal components of the caudate nucleus and

putamen.

1.1.1 Circuit models of the basal ganglia

Extensive anatomical, pharmacological and physiological investigation of the basal
ganglia, over the last three decades has allowed their description, not merely in
terms of anatomical connectivity, but as functional circuits of interacting component

nuclei. Such basal ganglia circuit models presented by Albin, Young and Penney

% GPe and GPi in primates are analogous to the globus pallidus and entopedunclear nucleus of non
primates respectively
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(Albin et al, 1989) and adapted and expanded upon by Alexander, Crutcher and
DelLong (Alexander and Crutcher, 1990; DelLong, 1990) derive their significance
from their ability to represent putative interactions between nuclei in the healthy
state, to represent possible pathophysiological changes in hypokinetic or
hyperkinetic disease states, and to predict the consequences of specific
interventions (e.g. lesioning) of potential therapeutic significance in these states.
Common to these “classical” models (fig 1.1) are a series of assumptions about

basal ganglia function:

Cerebral Cortex Cerebral Cortex
Striatum striatum
Thai Thai
r r
GPe GPe
-ADA
SNc SNc
\ 1A
STN STN Ret
GPi/SNr GPI/SNr
Brainstem Brainstem
Spinal Cord PPN Spinal Cord PPN
CLASSICAL UPDATED

Fig. 1.1 Schematic representation of the basal ganglia functional circuit in the classical conception of
the Albin-Alexander-DeLong model, left, and updated with respect to GPe connectivity, right.
Neuronal populations with postsynaptic inhibitory effects are filled in black, those with excitatory
effects in grey. The primary neurotransmitters mediating these postsynaptic effects are indicated in
parentheses. Abbreviations are as per page 11 (Adapted from Alexander and Crutcher, 1990, and
Smith et al, 1998).

First, it is implicit that ‘communication’ of nuclei within the basal ganglia is primarily
mediated by linear interactions between their constituent neuronal populations. As
such all representations of this type are essentially rate models ie. the
consequences of increases or decreases in rate of a given neuronal population may

be predicted on the basis of a knowledge of presynaptic/postsynaptic
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transmitter/receptor interactions in a deterministic manner. Second, that the principal
spiny neuronal population of the striatal nuclei (caudate, putamen, nucleus
accumbens) are the primary input component of the system receiving excitatory
glutamatergic afferents from widespread regions of cortex in a topographically
distinct manner. Third, that GPi and SNr neuronal populations are the primary output
stage of the complex with inhibitory GABA efferents to thalamus, superior colliculus,
mesopontine tegmentum and reticular formation. Fourth, that basal ganglia effects
upon cortex are mediated by output nuclei modulation of excitatory thalamocortical
projections. Fifth, that transmission between input and output stages occurs by one
of two distinct pathways, direct — via striatal projections to SNr and GPi, and indirect
- via striatal projections to GPe and then in turn to GPi and SNr, each mediated by
distinct neuronal populations. As such common rate increases to both neuronal
pools of the striatum would be predicted to have contradictory effects on neurons of
the output nuclei. Sixth and finally, that dopamine modulates the system via
projections from the SNc with differential consequences upon striatal neurons of the
direct and indirect pathway, expressing D1 and D2 receptor subtypes respectively. In
the functional circuit derived from such assumptions the hypokinetic features of
Parkinson’s disease are envisaged as a consequence of selective degeneration of
SNc striatal afferents, resulting in reduced dopaminergic inhibition of ‘indirect’ striatal
projections to GPe and reduced excitation of ‘direct’ projections to SNr and GPi - the
net result being an increase in the tonic activity of output nuclei neuronal populations
leading to reduced thalamocortical excitation. Similarly, the hyperkinetic features of
Huntington’s disease are considered the consequence of reduced inhibition via the
‘indirect’ striatopallidal projection with consequent excessive inhibition of subthalamic
activity — resulting in decreased output nuclei neuronal population activity and

excessive thalamocortical excitation (Albin et al, 1989; DelLong, 1990).

While experimental observation supports some of the classical model of basal
ganglia functional circuitry (Albin et al, 1989; Alexander and Crutcher, 1990; DelLong,
1990), and important interventions such as STN lesioning in Parkinson’s disease
have resulted from its use as a conceptual framework for prediction (Bergman et al,
1990; Aziz et al, 1991) more recent investigation suggests a need for significant

refinement of some of its assumptions — in terms of components incorporated,

16



connectivity displayed and the nature of nuclei interactions. With respect to
components, it is now apparent from observations in both rat and squirrel monkey
that GABA and neuropeptide Y interneurons as well as cholinergic neurons of the
striatum receive cortical input (Lapper and Bolam 1992; Lapper et al, 1992; Bennet
and Bolam 1994). The interactions and projections of these populations may
significantly alter the conception of a two pool striatal input population. In addition
with respect to the output populations, the presence of striatal projections and
similarities of firing rate, pattern and conduction velocity between SNr neurons and
midbrain reticular formation neurons (Rodriguez et al, 2001), as well as the presence
of subsequent projections to thalamus (Veazey and Severin, 1980) have suggested
that the midbrain reticular formation may represent a further significant output
nucleus of the complex. New emphasis concerning connectivity is also being made.
It is now apparent that GPe neurons, far from predominantly projecting to STN, send
significant afferents to both SNr and GPi in both rat and monkey (Parent and De
Bellefeuille, 1983; Bevan et al, 1996; Smith and Bolam, 1990; Kincaid et al, 1991,
Smith et al, 1993). Such connectivity significantly alters the perceived role of GPe in
the basal ganglia (see fig 1.1 updated) from relay in a single ‘indirect’ pathway, to a
major modulator of output nuclei in a series of ‘indirect’ pathways. Further anomalies
discussed in section 1.6.1 relating the classical model to Parkinson’s disease
suggest that beyond components involved and their connectivity, patterns of activity,
particularly oscillatory patterns, may have a bearing in the normal and abnormal

function of the basal ganglia — completely absent from the classical model.

1.1.2 Connectivity of the subthalamic nucleus

Despite evolving ideas of basal ganglia circuitry, the STN appear integral to function.
On a theoretical basis this is apparent in their role in circuit models both as a major
source of cortical input to the system and as modulators of SNr/GPi nuclei output.
The capacity of STN lesions in the healthy state to induce the hyperkinetic disorder,
hemiballismus, both in humans and non-human primates (Martin, 1927; Whittier and
Mettler, 1949), and to ameliorate motor symptoms in human parkinsonism and the
MPTP primate analogue (Alvarez et al, 1999; Bergman et al, 1990; Aziz et al, 1991)

17



also make the STN of practical significance — potentially giving insight into the
function and possibly therapeutic manipulations of the basal ganglia as a whole in
both healthy and parkinsonian states. Furthermore, the relatively recent emergence
of repetitive electrical stimulation (DBS) of the STN as an effective reversible therapy
in Parkinson’s disease (Benabid et al, 1994; Limousin et al, 1995) raises questions
such as - How does DBS of the STN work? and - What is the role of oscillatory
phenomena in the function of the STN and basal ganglia? The degree, manner and
pattern in which oscillatory activity evident in cortex relates to that of the STN may
either support or refute the notion that frequency content apparent in LFPs of both
regions may reflect integrated and therefore more likely functionally significant
activity. Such connectivity in the frequency domain is considered in the work of
Chapter 3. Any functionally significant pattern of observed frequency connectivity
would however be predicted to be limited by anatomical connectivity and regional
functional significance, as such the distribution of corticosubthalamic projections is of

importance.

Corticosubthalamic anatomical connectivity exists both indirectly, particularly via
striatum, or directly via corticosubthalamic projections. Both electrophysiological and
tracer studies have demonstrated widespread corticostriatal projections in non-
human primates, showing evidence of anatomical connectivity between motor and
premotor cortical regions and putamen (Kunzle, 1975, 1977; Flaherty and Graybiel,
1991); associative cortex and caudate and rostral putamen (Goldman and Nauta,
1977; Yeterian and Pandya, 1991); amygdala, hippocampus, limbic cortex and
nucleus accumbens (Brog et al, 1993; Kunishio and Haber, 1994; Russchen et al,
1985). In addition there is strong evidence of bilateral projection of cortical regions to
striatum (Kunzle, 1975; Fallon et al, 1979, Battaglini et al, 1982). As such a large
proportion of cortex may conceivably influence subthalamic neuronal activity via
polysynaptic interactions. The capacity of a cortical region to directly influence
subthalamic neuronal activity via monosynaptic projections in addition suggests that

such cortical regions may be of particular significance to STN function.
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In addition to receiving significant direct projections from brainstem nuclei’, the
centromedian parafasicular nucleus of the thalamus (Sugimoto and Hattori, 1983;
Groenewegen and Berendse, 1990) and GPe (Carpenter et al, 1981a; Carpenter et
al, 1981b), the STN receives substantial direct projections from cortex. Attempts
have been made to characterize the cortical origins of this input both in rat and
monkey species. Tracer studies in rats have been consistent in demonstrating a
major afferent component of motor cortical origin (Afsharpour, 1985 (only
anterograde); Canteras et al, 1990 (anterograde and retrograde), Orieux et al, 2002
(anterograde and retrograde)). Furthermore staining has localized this source
predominantly to the layer 5 cortical population (Kitai and Deniau, 1981; Orieux et al,
2002). Contradictions are apparent however with regards the degree of
somatosensory input, with some investigators suggesting a substantial component
(Afsharpour, 1985; Canteras et al, 1990) but more recent work none at all (Orieux et
al, 2002). In addition, these investigators have reported a more extensive input area
reporting corticosubthalamic origins in insular, anterior and medial cingulate and
anterior frontal lobe cortex. Indeed electrophysiological investigation by Rouzaire-
Dubois and Scarnati (1985) has demonstrated that stimulation of widespread regions
of rat cortex may elicit excitatory responses in the STN neuronal population in a
monosynaptic manner. In addition this STN excitation may result from stimulation of
either ipsilateral or contralateral cortex. This appears consistent with similar
observations of contralateral sensorimotor cortex stimulation responses in STN,
abolished by rostral corpus callosum transection (Fujimoto and Kita, 1993), but
contrary to tracer studies in both rat and monkey that suggest predominantly
ipsilateral connectivity (Monakow et al, 1978; Carpenter et al, 1981b; Canteras et al,
1990). Monkey tracer studies in common with their rat analogues have also shown
major projections from motor cortex to STN (Nambu et al, 1996), but in addition have
shown evidence of substantial other premotor sources in Brodmann’s areas 6, 8 and
9 and cingulate cortex (Monakow et al, 1978; Huerta et al, 1986; Takada et al, 2001),
particularly from supplementary motor area (SMA) (Jurgens, 1984; Nambu et al,
1997). Further combinations of tracing and microstimulation have illustrated a

dorsolateral representation of motor cortical input, with SMA and pre-SMA regions

* Substantia nigra (Canteras et al, 1990), pedunculopontine nucleus (Carpenter et al, 1981b; Jackson
and Crossman, 1983) and dorsal raphe nucleus (Woolf et al, 1986; Canteras et al, 1990)
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more medial and ventral respectively (Nambu et al, 1996; Nambu et al, 1997, Inase
et al, 1999).

There is therefore considerable evidence to date of direct mammalian
corticosubthalamic connectivity from motor cortex, SMA and pre-SMA areas and
indirect from most regions of cortex. While the majority of evidence supports the
dominance  of ipsilateral connectivity in  monosynaptic  connections,
electrophysiological observation suggests the potential for contralateral interactions
in both monosynaptic and polysynaptic projections. Though these observations
particularly in non-human primates represent the best available basis for predicting
the limit of any functional connectivity that might be examined between the two
regions, it must be remembered that the potential exists for minor variations in

anatomical connectivity between species’ (let alone genus or family).

1.2  Origins of local field potential oscillations

Oscillatory activity at the level of the EEG and LFP may be classified by location,
amplitude, morphology and behavioural correlate. Early investigations of the human
EEG associated these features with specific frequency bands (Berger, 1929,1969),
and it is this extended categorization by frequency bands, denoted alpha (ca. 8-13
Hz), beta (ca. 13-30 Hz), gamma (> 30 Hz), delta (< 4 Hz) and theta (ca. 4-7 Hz)
which remains the dominant, and expandings, means of classification. This work is
consistent with this convention. A minor degree of controversy in such classification
exists in the variation in definition of band boundaries. Variability is both inherent in

comparisons between subjects (Klimesch, 1999), and comparisons between studies.

® E.g. Evidence has been presented of input from Brodmann'’s area 8 of the owl monkey and
macaque to STN, apparently absent in squirrel monkeys (Huerta et al, 1986).

® Beyond the well-established activities listed here there is increasing interest in ever higher frequency
bands such as rho (ca. 200 Hz) hippocampal ripple activity and somatosensory evoked sigma burst
(ca. 600Hz) activity (Curio, 2000). These bands and activity in the lower theta and delta bands (e.g.
Steriade et al, 1993a) are peripheral to the investigations detailed here and are therefore treated as

such in this introduction.

20



Steriade, for example suggests that the subdivision of activity > 20 Hz into distinct
beta and gamma components is “an analytical effort with terminology, worthy of a
better cause” (Steriade, 1997), arguing that activity within the beta range may
potentially fluctuate in frequency within a 1 sec epoch up to 40 Hz without
behavioural correlate. In this work, the usage of alpha, beta and gamma bands as
detailed above, is justified because activities are predominantly considered within the
STN and GPi where peaks observed in the respective bands typically differ in
frequency by a factor of 3 or more (Brown, 2001). In addition and more importantly, it
should be emphasized that though frequency bands common to EEG taxonomy are
used in the context of basal ganglia LFPs, the LFPs do not necessarily share the
behavioural associations of their EEG counterparts. As such, bands are better
considered in terms of their reactivities to stimuli (e.g. increases or decreases in
power with movement), which clearly distinguishes beta and gamma activity

irrespective of minor variation of frequency band (Brown, 2001, Cassidy 2002).

Brain local field potentials are dynamic entities, displaying spatio-temporal
fluctuations in amplitude of frequency content in response to stimulation. As will be
discussed with respect to movement specifically (section 1.5) these changes may be
reproduced by a specific stimulus or in association with particular behaviour. A
thorough interpretation of the meaning of such changes however requires some
conception of what field potentials in a given region actually represent. What cell
populations are engaged in their generation? To what extent are they the result of
local synchrony? How do they relate to known task-related neurons? In addition, how
are oscillations generated in field potentials? While the origins of oscillation in field
potentials are still somewhat hazy and complicated by the possibility of distinct
methods of generating different frequency bands, in different regions, a degree of

insight exists regarding cortical field potential generation.

1.2.1 Local field potential generation in cortex and basal ganglia

The origins of transcranial brain LFP activity, the EEG, are now well established with
a small contribution from glial cells but by far the majority derived from the activity of
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convoluted pyramidal neuronal layers (Bishop 1949, Creutzfeld and Houchin, 1974).
Despite the complexity of each neuron, elongated morphology, coupled with the
asymmetric representation of synapses on the archetypal cortical pyramidal neuron,

has allowed the characterization of each as a dipole source.

>m +ve ion movement

current flow
Apical Dendrites

Soma
+ A

Fig. 1.2 Schematic representation of a pyramidal neuron as a dipole source, illustrating inward
dendritic and outward apical +ve ion movement on afferent excitation, resulting in the generation of a
local extracellular -ve dendritic current ‘sink’ and +ve apical current ‘source’ (Adapted from Gloor,

1985).

In such a model (fig 1.2) the transient membrane permeability consequent upon
neurotransmitter release at a dendritic excitatory synapse, results in the passage of
positively charged ions down an electrochemical gradient into the cell. This influx
and build up of isoelectric charge, itself results in the displacement of ions along the
dendrite towards the cell body and a regional extracellular deficit of positive charge
at the synapse. As such a ‘sink’ is said to develop into which flow positive ions from
a ‘source’ that may be considered the efflux of positive charge from basal dendrites

or the neuronal soma.

At a larger scale the laminar arrangement of pyramidal neurons in addition to their
parallel orientation with apical dendrites at right angles to the cortical surface means
that generated potentials may summate relative to a surface recording electrode.
Consideration of the functional structure of a sensory cortical column further

elucidates this point. Layer 4 spiny stellate or spiny pyramidal neurons receive the
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majority of excitatory input to the cortical column (e.g. lateral geniculate nucleus or
thalamic relay nuclei afferents to striate cortex, Hubel and Weisel, 1962; McGuire et
al, 1984; Guillery and Sherman 2002). These neurons in turn relay excitation to the
pyramidal neuronal population of layers 2/3 whose projections are excitatory both
laterally to neighbouring columns and vertically to adjoining layers (Feldmeyer and
Sakmann, 2000). As such, many neighbouring output pyramidal neurons of layer 5
may receive afferent excitation via their dendrites in layers 2/3, each allowing the
formation of an above described dipole. In addition thousands of neuronal synapses
may be formed by single cortical afferents (Landry and Deschenes, 1981, Landry et
al, 1982) and numerous anatomically independent inputs may fire simultaneously. All
of these anatomical realities combine to allow the temporal summation of
simultaneous inputs within laminar pyramidal neurons and spatial summation of
large numbers of aligned potentials across them. Despite the greater amplitude of
pre-synaptic and post-synaptic action potentials, it is excitatory and inhibitory post-
synaptic potentials that predominantly contribute to the fields generated by such
summations. This results not only because they involve greater degrees of
membrane surface area but also because of their slower temporal evolutions —
increasing the probability of summation. Rat layer 5 pyramidal neurons for example,
display excitatory postsynaptic potential decay time constants of approximately 40ms
(Feldmeyer and Sakmann, 2000; Feldmeyer et al, 2002), far in excess of the ms time
scales of associated presynaptic or postsynaptic action potential activity.
Furthermore, the greater reliability of input, as opposed to output layer neurons, in
the production of postsynaptic potentials from given action potentials, may suggest
that pyramidal neurons initially recruited by afferent excitation contribute more to

resultant fields than their output counterparts (Feldmeyer and Sakmann, 2000).

This simplified approximation of EEG generation has allowed the explanation of why
large fibre tracts with approximately synchronous activity fail to produce similarly
large field effects in the EEG, and the ubiquitous inverse relationship between
spectral power’ and frequency (Gloor P, 1985). The former may be considered the

failure of ms duration action potentials to summate with comparable temporal

” The term ‘spectral power used here and throughout denotes the proportion of the energy per unit

time of a signal within a given frequency window
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variability in generation and transmission; the latter, similarly the result of ever
smaller oscillatory period durations with higher frequency, decreasing the likelihood
of coincidence in two local sources. Additionally, the predicted inverse square
relationship between generated field strength and distance from a dipole source has
allowed the already mentioned contention that DBE recording of field sources should
result in higher amplitude representations of smaller volumes of tissue. A degree of
difficulty however arises in consideration of field sources beyond the laminar cortex.
As has been described the asymmetric, anisotropic characteristics of cortex may
allow the discernment of fields at distance from their origin, with more symmetric,
isotropic cellular arrangements however, closed-fields may exist (Lorente de No,
1947), resulting in the apparent obliteration of regional potential shifts at a distance.
Such an arrangement is exemplified by the oculomotor nucleus and may result from
multipolar neuronal morphology in thalamus (Lopes da Silva and van Rotterdam,
1987).

Cytoarchitectural investigations of monkey and rat STN suggest that despite minor
inter-species variations in arborization, the nucleus contains tightly packed principal
neurons with elliptic dendritic fields, typically aligned along its primary axis (Rafols
and Fox, 1976; Kita et al, 1982; Change et al, 1983; Hammond and Yelnik, 1983).
Similar studies in pallidum also demonstrate elliptic field morphology, but with pallidal
dendritic fields always parallel to the lateral body of the nucleus (Difiglia et al, 1982;
Yelnik et al, 1984). No specific investigation of field generation from these nuclei, in
vivo, in primates has been performed to date but such morphologies might be
predicted to result in some degree of local field generation with synchronous
activation, perhaps more so in pallidum than STN. Neither however would be
expected to display a clear open field morphology comparable to that generated by
cortex. As such authors such as Wennberg and Lozano (2003) contend that
potentials recorded from DBEs in STN represent volume conduction from cortical
sources. There is direct evidence however of both simultaneous membrane potential
state transitions, and the dependence of field potentials recorded in basal ganglia
nuclei upon synchronous membrane potential fluctuations, from recordings made in
both dorsal and ventral rat striatum that show coincident modulations in both (Stern
et al, 1998; Goto and O’Donnell, 2001). Additionally it is important to note that even
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with entirely closed field architecture, field potentials resulting from synchronous
activation should readily be recorded if a multicontact macroelectrode pierces the
isoelectric field line, i.e. if the electrode enters the nucleus. Such a circumstance may
exist particularly in a small nucleus such as the STN where only one contact may be
expected to be within the nucleus (see Methods section 2.1). Assessments
performed with bipole examination (across contiguous contacts) therefore in a closed
field nucleus may potentially record activity across the ‘nucleus dipole’. Evidence
presented both in Chapter 3 of variations in cortico-subthalamic coherence along
STN DBEs in differing subjects, and in Chapter 4 of the maximization of event-
related changes to the middle DBE bipole, supports the contention that such LFPs

represent the activity of a local subcortical source.

1.2.2 The generation of oscillations in local field potentials

Ritz and Sejnowski (1997) classify oscillations in neuronal population activity into
those that are a consequence of the intrinsic oscillatory characteristics of neurons
within the population, and those that emerge from the interconnection of non-
intrinsically oscillatory populations. To these should probably also be added the third
category of regular rhythmic activity dependent upon the presence of both. However
comprehensive the system of classification, at present there are no all-inclusive
explanations of the gamut of oscillatory population phenomena seen in vivo. This is
not only a result of the variety of mechanisms that may exist, but also a
consequence of the difficulty inherent in producing experimental models that both
maintain the structural complexity of the intact alert brain, and allow controlled
manipulation. A piecemeal understanding of specific modes in varying regions is

however emerging.

The intrinsic oscillatory properties of thalamocortical neurons appear integral to the
occurrence and propagation of sleep spindle activity and involved in the generation
of the superficially similar waking alpha cortical rhythm (Steriade et al, 1990). As
well as action potential related sodium, potassium and high threshold calcium

conductances, these cells posses a low threshold calcium conductance. On
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hyperpolarization of the cell membrane this latter conductance may result in a
rebound spike and bursts of action potentials (Llinas and Jahnsen, 1982).
Additionally these cells further posses a slow transient inactivating A-type potassium
conductance (Pape et al, 1994) and non-inactivating sodium conductance (Llinas
and Sugimori, 1980). These combined make thalamocortical neurons capable of
existing in a hyperpolarization related burst firing or depolarization associated tonic
fiing mode. GABA releasing reticular thalamic neurons appear even more
predisposed to oscillate, having an additional calcium induced rebound excitation
conductance (Llinas and Geijo-Barrientos, 1988). In sleep spindle generation
spontaneous bursts of reticular thalamic neurons at between 7 and 14 Hz induce
hyperpolarization of thalamocortical neurons activating the rebound calcium spike
and bursting (Steriade et al, 1993b). These bursts of thalamocortical activity result
both in excitation of their projection neurons in cortex and further recurrent activation
of the thalamic reticular nucleus neuronal population. Despite similarities of
frequency between sleep spindles and alpha activity, the higher levels of coherence
seen in alpha activity between neighbouring cortical regions (Lopes da Silva and
Storm van Leeuwnen, 1977) in comparison to equivalent corticothalamic coherence
measurements (Lopes da Silva, 1973) have suggested differing mechanisms of
generation. This apparent difference in the significance of intracortical connectivity is
further emphasized when it is noted that transection of intracortical connections in
the barbiturate anaesthesia model of spindling does not significantly effect cortical
coherence (Contreras et al, 1996). In addition to evidence of cortical sources of
alpha (section. 1.3.1.2) and the observed abolition of certain thalamic alpha
oscillation with cortical inactivation (Fanselow et al, 2001), current conceptions
consider cortical alpha a consequence of the interaction of thalamocortical and as
yet poorly understood local cortical generators. This possibly in a manner where
during waking alpha, cortex is the dominant generator, but during sleep spindling the
thalamus is the primary source of rhythmicity (despite cortex being able to initiate,

entrain and synchronize thalamic activity (Contreras and Steriade, 1997)).
Gamma frequency population activity has also undergone extensive investigation in

computer, hippocampus and neocortical models. The observed capacity of a solely
inhibitory reticular thalamic interneuronal population to synchronize in the alpha band
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(Wang and Rinzel, 1993) spurred interest in similar networks elsewhere. Both
computer modelling and hippocampal slice experimentation has shown that with an
appropriate  GABA(A) receptor time constant and sufficient excitation such
interneuronal networks may potentially oscillate in the gamma frequency range
(Whittington et al, 1995, Jefferys et al, 1996). Subsequent investigations further
demonstrate that with the introduction of excitatory neurons to the pool and
interconnection of several of these intraconnected, mixed neuronal pools, the
synchrony induced by local GABAergic populations may induce phase locked
excitatory neuronal firing, which in turn if populous enough may result in a second

inhibitory population spike (Traub et al, 1996).

Hence inhibitory pools and mixed inhibitory and excitatory pools interconnected have
shown the capacity to oscillate with synchrony. The STN-GPe axis of the basal
ganglia however comprises primarily distinct excitatory and inhibitory pools with
reciprocal connectivity particularly from dorsolateral STN (Parent, 1990; Parent and
Hazrati, 1995). Freeman et al. have examined similar neuronal population
organizations in the olfactory system. They suggest that such interconnected
populations may display oscillatory dynamics in which the inhibitory population lags
the excitatory by a quarter of a cycle, reasoning a four step process of excitatory
neuronal activation, inhibitory neuronal activation, excitatory neuronal inhibition and
inhibitory neuronal disfacilitation (Freeman 1975; Eeckman and Freeman, 1990). It is
unclear why each step should necessarily have equal duration in the oscillatory cycle
but nonetheless recordings throughout the olfactory system have isolated
populations that fire in phase and others that fire a quarter of a cycle out of phase
with the associated LFP activity. This model however describes essentially a single
population with interneuronal inhibitory activity, as distinct from the STN-GPe
coupled system where conduction delays between nuclei are an important
distinguishing component. It also describes oscillations predominantly in the gamma
band. Further work based on the findings of the hippocampal doublet interneuron
firing model have gone on to suggest that transitions from gamma to beta oscillation
may occur, in circumstances where strong connections exist between excitatory

neurons which possess after-hyperpolarization currents (Kopell et al, 2000). This
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beta synchrony is observed to occur specifically when there are long delays between

excitatory and inhibitory populations.®

Coupled excitatory-inhibitory networks with GABA(A) transmission and strong
excitatory coupling, may therefore have relevance to STN-GPe coupled basal
ganglia oscillation generation of beta and gamma rhythms. As will be discussed in
section 1.3.2.2 investigations particularly in rat STN and pallidum (GPe), suggest
that significant proportions of their neuronal populations possess oscillatory
tendencies with significant potential effects of each population activity on the other
(Bevan et al, 2002). Furthermore recurrent connectivity between these nuclei in an in
vitro culture model of basal ganglia is sufficient to produce significant, though low
frequency (0.4 — 1.9 Hz) oscillatory population activity (Plenz and Kitai, 1999).
Evidence also implicates cortical influence in these rhythms. In states of slow wave
activity associated with anaesthesia a strong tendency of cortical activity to be
correlated with, and indeed possibly drive that of STN and GPe is observed (Magill
et al, 2000). As such, current evidence in basal ganglia suggests that, similarly to
cortical alpha, oscillations at unit and LFP levels may result from the interaction of

local subcortical STN-GPe generators with external cortical modulation.

1.3 Oscillations and the brain®

1.3.1 Cortical oscillatory activity

1.3.1.1 Electroencephalography and magnetoencephalography

At the level of the EEG, alpha activity was the first (Berger, 1929, 1969) and is the

most pronounced oscillatory mode observed, classically described in the conscious

® The recent demonstration of linkage disequilibrium between the frequency of observed cortical beta
activity and GABA(A) receptor genes also provides interesting circumstantial evidence of a role of
GABA(A) activity in the generation of cortical beta rhythms (Porjesz et al, 2002).

’ This section deals predominantly with the contextually relevant frequency bands, alpha (Ca. 8-
13Hz), beta (Ca. 13-30Hz) and gamma (> 30Hz).
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subject as most evident with their eyes closed and in a mentally inactive state. Early
posterior cortical localizations have given way to increasingly detailed source
modelling with magnetoencephalography (MEG) (Hari and Salmelin, 1997)
suggesting multiple foci dominated by activity in the region of the parieto-occipital
and calcerine sulci (Salmelin and Hari, 1994). Beyond this initially identified
oscillatory activity, subclasses of alpha activity, mu'® and tau rhythms have been
detected in other cortical regions and associated with differing behavioural contexts.
Activity around the central sulci, with origins in the region of the hand representation
(Salmelin and Hari, 1994a; Tiihonen et al, 1989) and supplementary motor areas
(Pfurtscheller et al, 1997) represents the alpha component of the mu rhythm (ca. 7-
13 Hz) (Chatrian et al, 1959), which itself has been joined recently with
electrocorticography (EcoG) and MEG analysis by the temporal lobe tau rhythm (ca.
10 Hz) (Niedermeyer, 1990; Tiihonen, 1991). These three sources of alpha are
distinguished by their broad modality specificity. Evidence of this was also present in
early observations of the human EEG, with the demonstration of posterior alpha
oscillation suppression when subjects opened their eyes (Adrian and Mathews,
1934). Mu activity displays similar modulation associated with motor related task
requirements (Jasper and Penfield, 1949; Chatrian et al, 1959; Gastaut, 1952,
Neuper and Pfurtscheller, 2001) and tau with acoustic stimulation (Tiihonen, 1991).
These waking alpha rhythms also display attenuation during the transition from
wakefulness to sleeping (Dement and Kleitman, 1957), with the onset of spindle
oscillations at a similar frequency. Mounting observations of alpha band oscillatory
activity localized to various task specific regions of cortex and displaying appropriate
task related modulation of activity (e.g. in language, Crone et al, 1994, 1999)
suggest that these oscillations should best be considered a widespread, but context
specific, mode of activity rather than a topographically limited, highly frequency and

behaviour specific modality.

In addition to the activity evident in the alpha band, movement modulated oscillatory
activity in the region of the central sulci, also occurs in the beta band at about 20 Hz

and may be present in the region of the SMA (Pfurtscheller et al, 2003). This

' Mu activity merely reflects movement modulated, peri-central sulcus, oscillatory activity. It has two
dominant peaks. A lower peak in the alpha band and higher in the beta band.
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represents what some consider the beta component of the mu rhythm, forming its
second prominent peak. While both alpha and beta elements display similar stimulus
related modulations, the capacity of each to appear both independently and in
combination (Tiihonen et al, 1989) has suggested that they are independent entities.
This is further supported by EEG and MEG studies that have localized beta activity
to a more anterior precentral source in contrast to the more posterior alpha
(Pfurtscheller, 1996; Salmelin and Hari, 1994b). In addition, while post-movement
increased oscillatory activity displays a somatotopic distribution with body part
moved, alpha rebound maintains a constant distribution irrespective (Salmelin et al,
1995). This has subsequently been supported by similar findings in EcoG recordings
(Crone et al, 1998a). Hence beta and alpha activities in the EEG are distinguished
by their differing degrees of specificity to motor task performance but share a basic

pattern of responsiveness to motor stimuli.

Gamma frequency oscillations were first described as >30 Hz rhythmic activity
superimposed upon occipital alpha (Jasper and Andrews, 1938). Moving beyond the
beta band however, the human EEG and MEG become increasingly limited tools for
the investigation of oscillatory components of cortical electrical activity. This arises
not merely because of the inverse relationship typically observable between
frequency of oscillatory components and their amplitude, resulting in increasingly
poor signal to noise ratios; but also as a result of the spatial averaging properties of
the skull and scalp, effectively low pass filtering components of cortical origin
(Pfurtscheller and Cooper, 1975). As a result, those observations that have been
made in EEG and MEG have largely focused upon the lower boundary of this band,
circa 40 Hz. In common with alpha activity, these observations suggest that gamma
oscillations have a widespread cortical representation and that regional activity may
display modality specificity. Hence, they have been observed to be evident in EEG
and MEG of somatosensory cortex in tactile discrimination tasks (Sauvé et al, 1998),
and in auditory cortex in equivalent auditory temporal discrimination investigations
(Joliot et al, 1994, Tiitinen et al, 1993). Furthermore 40 Hz activity appears evident in
MEG of somatomotor cortex during self-paced movement (Salenius et al, 1996), as
well as across widely distributed cortex (including visual cortex) in visual perception
tasks (Tallon-Baudry et al, 1997; Rodriguez et al, 1999). Detailed EcoG
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investigations in auditory (Crone et al, 2001) and somatomotor cortex (Crone et al,
1998b; Pfurtscheller et al, 2003) however suggest that activity in a higher, ‘upper
gamma band’ (ca. 70-100 Hz), may also be a component of cortical electrical
oscillations. Indeed activity in this higher band in somatomotor cortex appears to
display a better somatotopic relationship to movement than beta activity or even
lower gamma activity (Crone et al, 1998b). Common to all the above observations in
the gamma band however and in contrast to activity in alpha and beta bands, is the
consistent augmentation rather than suppression of activity in response to relevant

stimuli.

1.3.1.2 Intracortical local field potentials

EEG and MEG studies have allowed the non-invasive consideration of brain
population activity in humans with millisecond temporal resolutions. However the
potential conclusions obtainable from such recordings are circumscribed, as alluded
to above, both by their limited spatial, and frequency resolutions. As such, until more
extensive multi-neuron recording techniques become available, cortical LFP
electrode recordings in animals, intra-operatively in humans or post-operatively from
patients are the only means of further investigating brain population activity with high
temporal, frequency and spatial resolution. Observations using such techniques
almost universally, report oscillatory activity as occurring in bursts though with
varying morphology — spindle shaped, sudden onset or sudden offset (e.g. Murphy et
al, 1996a).

Alpha LFP recordings corroborate their EEG analogues with respect to both visual
occipital and motor peri-central activities and further suggest that this may be a
fundamental mode of activity. Not only have they been reported in the auditory and
visual pathways of both cats (Basar, 1980; 1998) and dogs (Lopes da Silva and
Storm van Leeuwen, 1977; Lopes da Silva 1980); but in invertebrate species such as
Aplysia and Helix Pomatia (Bullock and Basar, 1988; Basar 1999). Cortical phase
reversals in vertebrate species at layers |V and V further suggest local sources in the
pyramidal neuron layer (Lopes da Silva and Storm van Leeuwen, 1977; Lopes da

Silva 1980). With respect to mu activity, both cat and rat somatomotor and sensory
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cortex display activity displaying similar properties to their human EEG equivalents
(Semba, 1980; Bouyer, 1983; Nicolelis, 1995). Interestingly, detailed localization in
cat primary somatosensory cortex even shows that the activity is focused in the
forepaw and wrist projection area (Bouyer et al, 1983) consistent with the apparent

human locus.

Beta LFP activity in intracranial recordings of human motor cortex has long been
recognized (Jasper and Penfield, 1949) and over the last two decades in particular
has undergone substantial investigations with respect to its role in motor function
(considered in section 1.5). Microelectrode recordings in monkey sensorimotor
cortex have numerously been demonstrated to display oscillations with frequencies
between 20 and 30 Hz (Murthy and Fetz, 1992; Sanes and Donoghue, 1993; Murthy
and Fetz, 1996a; Murthy and Fetz, 1996b; Donoghue et al, 1998; Fetz et al, 2000).
These characteristically occur in bursts, present for about 4 cycles duration, but may
persist for up to 30 cycles (Murthy and Fetz, 1996a). In addition they appear capable
of synchronization over distances as great as 14mm (Murthy and Fetz, 1992; Sanes
and Donoghue, 1993) and even between cerebral hemispheres (Murthy and Fetz,
1996a). Furthermore, the intracortical as opposed to volume conducted subcortical
origin of this activity has been established by relative phase considerations, showing
reversal at between 0.5 and 1 mm depth (Murthy and Fetz, 1996a).

Oscillations of LFP activity >30 Hz were evident in the recordings of Adrian published
in 1942 from hedgehog olfactory bulb. Subsequent similar studies in duck (Wenzel
and Sieck, 1972), rat (Woolley and Timiras, 1965), rabbit (Moulton, 1963), cat (Gault
and Leaton, 1963), monkey (Domino and Ueki, 1960) and man (Hughes et al, 1969)
have all likewise displayed spontaneous oscillatory activity in the 30 to 80 Hz range.
This activity as observed in the beta band is evident in periodic bursts, which are
distributed and may be coherent throughout not only the olfactory bulb, but the
anterior olfactory nucleus and prepyriform cortex (Boudreau, 1963). In addition, while
similar activity has been observed throughout the olfactory system across species,
variations of frequency between species within the 30 to 80 Hz band appear tuned to
olfactory bulb oscillation frequency (Bressler and Freeman, 1980). In the olfactory

system gamma LFP oscillations therefore display characteristics consistent with a
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functional role, showing evolutionary conservation across species, and consistent,
system distributed activity within species. Observations such as these have
supported and fostered hypothetical roles of gamma oscillations at both LFP and unit
levels in the integration of dispersed sensory processing (Engel and Singer, 2001),
and it is a role in such integration that has largely stimulated the copious research
into gamma oscillations that has occurred over the last decade. Consistent with EEG
and MEG findings LFP gamma oscillations are also observable in the visual,
somatosensory and auditory systems, displaying analogous distributions to that seen
in the olfactory system - apparent in the retina (Heynenet al, 1985), superior
colliculus and lateral geniculate nucleus (Munemori et al, 1984) as well as visual
cortex (Freeman and van Dijik, 1987). In addition though reported to occur
spontaneously in these systems, it is again the case that gamma oscillatory LFP are
a reactive phenomenon, i.e. a single appropriate stimulus may elicit bursts of
oscillations. In this respect a potential but highly important species difference may
exist however, since it has been reported that while monkeys display such reactivity
in visual cortex, the same is not true in humans (Juergens et al, 1999). This
investigation was to a certain extent flawed by the inability to compare LFP
recordings from both, relying on a combination of LFP and EEG in monkey in
comparison to EEG in man. The discrepancy may therefore merely reflect
differences in skull attenuation of high frequency activity between the two species, or
slight variations in source orientation. Nonetheless the offhand equivalence of non-

human primate investigations with human must be guarded against.

In summary, focal LFP recordings of oscillatory cortical activity across mammalian
and non-mammalian species appear broadly consistent with EEG, MEG and EcoG
recordings in man and monkeys displaying activities in the alpha, beta and gamma
bands, and corroborating derived EEG localizations of activity. While differences
may exist in terms of gamma band frequency content all frequencies display similar

stereotypical patterns of reactivity in both intra-cranial and extra-cranial recordings.
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1.3.1.3 Single unit activity

Despite the fact that field potentials may allow the consideration of activity derived
from large neuronal populations, it is at the level of the neuron that insights have
largely been made concerning the nature of information coding. The observations
concerning EEG, MEG and LFP oscillations in cortex detailed up to this point
illustrate this fact. Although modulations of oscillatory LFP activity may be observed
in numerous regions, specifically and appropriately related to task performance, the
responses that have been described are typically stereotyped — that is they lack the
subtle scaling that would be required to distinguish say the tactile sensation of silk
from velvet. Fresh investigations in motor cortex using multiple LFP recordings show
the capacity of such data to show tuning to movement parameters at least equal to
similar single unit recordings (Pesaran et al, 2002, Mehring et al, 2003). This
suggests that this delineation between unit activity and field potentials may to a
certain extent be a technical issue, the result of there typically being too spatially
coarse a level of sampling at the LFP level - resolved perhaps with more numerous,
higher impedance, simultaneous electrode sampling. Nonetheless this distinction is
at present valid and consideration of oscillations at the neuronal level, and their
relationship to LFP activity in specific functional states (sections 1.5.3 & 1.6.1) may

relate LFP activity to information processing.

All neuronal spiking activity may essentially be considered rhythmic, if not regularly
so. Regular, oscillatory neuronal activity, if present however may be considered in
two forms, either ends of a spectrum. The first is the interaction of single units at
common frequency displaying discrete single action potentials, the second the
capacity of certain neuronal populations under given circumstances to exhibit regular
bursts of action potentials. The former is exemplified by observations made in some
of the many papers examining visual cortical gamma activity. Here it has been
demonstrated in both cats and monkeys that in response to an optimally orientated
moving bar stimulus, neurons in areas 17 and 18 display an increased tendency to
fire at a rate of ~40 Hz. In addition this 40 Hz tendency is phase locked to peaks of
the negative hemicycle of associated 40 Hz LFP oscillations (Gray and Singer,

1989). Similar findings have been documented in monkey sensorimotor cortex where
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the activity of a significant proportion of sampled neurons is observed to be phase
locked to concurrent beta LFP oscillations (Murthy and Fetz, 1996b). When
considered across the entire neuronal population of a given region of cortex, this
propensity of a proportion to fire at a given point in a common LFP cycle may help to
explain the often noted association of oscillatory states with synchrony. Returning to
visual cortex it is apparent that this increased synchrony of firing may display the
same types of modulation as have been discussed in LFP oscillations. This is seen
in the suppression of alpha LFP locked firing and augmentation of gamma LFP
locked firing in the transition from a delay period to presentation of a visual signal
(Fries et al, 2001, 2002). A further important factor of this mode of unit activity is also
seen, the separation of firing rate from oscillation. While significantly less alpha
modulation of spike activity may be observed in the non-attentive as opposed to the
attentive state, average firing rates may remain constant. These oscillatory
modulations therefore reflect a change in the temporal distribution of action
potentials at one scale independent of others. The logical extreme of such a change
is the second pattern of neuronal oscillation, burst firing. Again in the visual cortex, in
vivo, Gray and McCormick (1996) have isolated a group of pyramidal neurons that
when depolarized intrinsically fire ~800 Hz bursts of action potentials in the gamma
frequency. Subsequent similar observations have been made in vivo, in cat motor
cortex (Steriade et al, 1998). In addition it may be the case that these modes of firing
are dynamic properties of individual neurons, hence a single unit may move from

regular firing to burst firing and back again.

While dynamic alterations of firing mode may well be a feature of certain cortical
neurons, a propensity to regular rhythmicity also appears to be. In vitro rat slice
preparations from somatosensory cortex exhibit field potential oscillations in either
the 8-12 Hz or 1-5 Hz range. The former, elicited with low Mg?* opening’! of NMDA
channels may be traced to the activity of layer 5 neurons. The latter, kainate
activated however appears to originate in layers 2/3 (Flint and Connors, 1996).
Interpretation of such in vitro investigations is difficult as a result of the absence of

complex local and distant afferent and efferent connectivity necessitated by the

" NMDA channel opening via the removal of Mg2+ blockade.
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preparation. The alpha band activity localization however appears consistent with in
vivo phase reversal estimated sources (section 1.3.1.2), and at the very least such
an observation suggests an intrinsic inclination to oscillatory modes that may be
modulated by more complex connectivity and varying input. The spectrum of
oscillatory behaviour from regular single spike activity to bursts of action potentials
observed in relation to various bands of oscillatory LFP activity may therefore to a
large extent be a consequence of the intrinsic properties of local neuronal

populations as opposed to an exclusively externally driven pattern of activity.

1.3.2 Extracortical / extracerbral oscillatory activity

1.3.2.1  System distributed local field potentials

Demonstration of the systemic, functional significance of oscillatory modes of LFP
activity at the very least requires that they be evident throughout different regions
that may reasonably be considered to have cooperative roles in some common
function. Furthermore it requires that they show some degree of coupling. Such
distributed oscillations throughout a system have already been mentioned regarding
gamma band rhythms in the olfactory and visual systems, apparent from sensory
organ through subsequent projection nuclei to cortex with associated functional
coupling, quantified by coherence measures. They exist elsewhere however. The
hippocampal formation in vivo shows oscillatory LFP activity in the theta, lower
gamma (30 to 100 Hz in this context), and high gamma ranges (ca. 200 Hz) (Buszaki
et al, 1985; Buzsaki et al, 1992; Draguhn et al, 2000). This activity shows the same
burst patterning observed in similar cortical LFP activity elsewhere, with 5 to 15
cycles of 200 Hz oscillations recorded in area CA1 of awake, mobile rats (Buszaki et
al, 1992). In the 30 to 100 Hz band particularly, and with respect to the memory
functions of the hippocampus specifically, systemic distribution has been suggested
by dynamic modulations of coupling between hippocampus and rhinal cortex with
successful declarative memory task performance (Fell et al, 2001, 2003). Although
the criteria of distributed presence and inter-regional coupling are obligatory for

functional relevance, it must be remembered that they do not necessarily imply it.
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One need only consider the significant degree of coupling present between regions
of cortex and thalamic alpha activity (Lopes da Silva et al, 1973). While there may
potentially exist common information processing between some regions showing
coupling the potential role of thalamus in oscillation generation (section 1.2.2), might
also suggest that such a relationship merely reflects the propagation of modulatory

activity from one to the other.

With regards to the motor system and co-ordinated volitional action, in addition to the
marked beta band LFP oscillations that have been documented in sensorimotor
cortex, recordings from cerebellum in awake, immobile monkeys and rats, show
evidence of comparable activity focused in the granular cell layer (Pellerin and
Lamarre, 1997; Courtemanche et al, 2001). No functional coupling of this activity
with its cortical analogue has however yet been published, although direct evidence
of functional connectivity between cerebellar nuclei and primary motor cortex at a
single unit level is demonstrable (Holdefer et al, 2000). In the basal ganglia,
recordings in parkinsonian patients made intraoperatively and postoperatively via
micro- and macroelectrodes have shown beta and gamma band (ca. 70 Hz)
oscillations of LFP activity in STN and GPi (Levy et al, 2000, 2002; Brown et al,
2001; Cassidy et al, 2002). The modulation of activity evident in both bands with
alterations in dopamine status in patients (section 1.6.2), coupled with the lack of
beta LFP oscillations in rat STN recordings (Brown et al, 2002), has resulted in
speculation as to how much this mode of activity in human basal ganglia is actually
representative of a pathological state. Increasing evidence now suggests that to
some extent at least beta oscillations are a normal component of the LFP in human
basal ganglia. Recordings made from the unaffected putamen of epileptic subjects
display beta power oscillations (Sochurkova and Rektor, 2003). Yet more recently
recordings in monkey striatum have somewhat ironically confirmed the numerous
observations in humans, also showing pronounced beta oscillatory activity
(Courtemanche et al, 2003). Chapter 3 of this work considers the degree to which
this activity in STN and GPi is coupled to cortical oscillations and is therefore

consistent with having a distributed network function.
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1.3.2.2 Basal ganglia single unit activity

The cortex is not exclusive in possessing neurons with the intrinsic propensity to fire
in an oscillatory fashion. In vitro investigations suggest that activity in both beta and
gamma bands, evident in the STN and GPi LFPs of dopamine treated Parkinson’s
disease patients (Brown et al, 2001; Cassidy et al, 2002), and in the beta band in
healthy alert rats (Brown et al, 2002) may to some degree result from the properties
of local neuronal populations. Several studies have shown that neurons of both STN
and GPe may display spontaneous rhythmic firing when either anatomically or
chemically isolated from other neuronal inputs (Nakanishi et al, 1985; Bevan and
Wilson, 1999; Beurrier et al, 2000). In GPe in particular, both Cooper and Stanford
(2000), and Nambu and Llinas (1994) have identified subtypes of the population with
either spontaneous oscillatory properties or tendencies to oscillation on stimulation.
When type A neurons'? are isolated in slice preparations, and glutamate is
administered, oscillatory activity between 8 and 80 Hz is observed with frequency
positively correlated with durations of excitatory stimulation (Stanford, 2003).
Oscillations are not only induced in action potential activity, but in subthreshold
membrane potentials as well (Nambu and Llinas, 1994, Stanford, 2003).
Furthermore, the administration of GABA antagonists does not affect the generation
of oscillations. These observations suggest that STN mediated depolarization of GPe
neurons may be sufficient without pallidal interneuronal activity to induce both beta
and gamma rhythmic modes. The activity produced is not synchronous or coherent
between neurons and there is evidence to suggest that local GABA inputs by phase
resetting oscillations might act to facilitate coherent, short phase lag relationships
(Stanford, 2003). Reciprocal inhibition of STN by GPe neurons also may markedly
modulate activity however. GABA(A) mediated inhibition may potentially have effects
ranging from the elongation of interspike intervals to the activation of low threshold
calcium conductances and rebound burst firing (Bevan et al, 2002). As such as has

been mentioned in section 1.2.2, reciprocal connectivity between the two with

"2 Type A neurons of GP are characterized by the presence of anomalous inward rectifier and low
threshold calcium conductances. Such neurons represent about 60% of the rat GP neuronal
population.
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associated activity may be important in the generation of the rhythmic field potentials

recorded from these structures.

An emerging body of work now suggests that firing rates of neurons in STN and
pallidum may also be modulated at significantly slower temporal scales. Slow
oscillations at approximately 1 Hz are evident in the firing rates of both STN and GP
neurons of rats under ketamine or urethane anaesthesia (Magill et al, 2000). This
rate modulation additionally appears correlated but not coherent with concurrent
cortical slow wave activity. Considered in the context of intrinsic pallidal neuronal
oscillations these rhythms under general anaesthesia may well reflect slow cyclical
fluctuations in levels of excitatory glutamatergic input to pallidum with resultant
induction of independent local oscillators. Ultra-slow oscillations with periods of 15 to
30 s in contrast are only evident with local anaesthesia in STN and GPe neurons of
rats and abolished by general anaesthesia (Ruskin et al, 1999; Allers et al, 2002).
They may however be recorded from STN, GPi and GPe in alert monkeys at rest
(Wichmann et al, 2002). The intriguing observation of correlation between this ultra-
slow basal ganglia activity and similar frequency modulations of hippocampal theta
activity may well also implicate this very slow mode in co-ordinated systemic function
between the two regions (Allers et al, 2002).

1.3.3 Neuromuscular oscillatory activity

The physiological basis of human skeletal muscle electromyography (EMG) signals
is well established and will not be considered in detail here, however several points
are worthy of note. First, both in surfface EMG and intramuscular needle EMG
recordings the single muscle fibre action potential may be considered the
fundamental contributor to the EMG signal, with the motor unit action potential a
consequence of the spatial summation of these individual entities (Buchthal et al,
1954a, Buchthal et al, 1954b). Second, despite the observed capacity for multiple
motor endplate innervations of selected human brachioradialis muscle fibres (Lateva
et al, 2002; Lateva et al, 2003), the classical conception of the motor unit comprising

an alpha motoneuron, its axon and the motor fibres it innervates (Sherrington, 1929)
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may be considered representative of the motor unit studies detailed here. Third, the
composition of the motor unit so described means that intramuscularly recorded
motor unit firing reflects the selected activity of the spinal motor neuronal population,

which in turn may be influenced by descending neuronal input (Brown, 2000).

Beyond the brain altogether motor units of humans themselves are capable en
masse of demonstrating multiple oscillatory modes in the delta, beta and gamma
bands of humans. Two types of activity have been described in the delta band. For
some time it has been apparent that modulation of motor unit firing rates at about 2
Hz may be observed during isometric muscle contractions (Farmer et al, 1993;
DelLuca and Erim, 1994). The absence of significant levels of linear correlation
between EMG, 2 Hz delta power, and synchrony between motor unit pairs (Semmler
et al, 1997), coupled with the persistence of oscillatory activity after strokes expected
to abolish cortico-spinal transmission (Farmer et al, 1993), suggests that while this
mode of oscillation may have a central origin, this is not cortico-spinal (Brown, 2000).
More recently it has also been observed that yet slower modulations of EMG activity
at less than 0.3 Hz may occur in neck and proximal upper limb muscles during sleep
and possibly also wakefulness (Westgaard et al, 2002). The similarity of this pattern
of activity to ultra slow basal ganglia fluctuations is noteworthy and investigation into
coupling between basal ganglia nuclei, cortical EEG/LFP and EMG in this band
seems an obvious course of action. As yet however its genesis remains unclear.

Coherence investigations have however given a degree of insight into the drives
underlying the higher frequency oscillations detectable in human EMG.
Synchronized discharge of motor units of the same muscle and task related muilti-
units in muscle pairs occur in the alpha/beta band during submaximal contractions
(Elble and Randall, 1976; Farmer et al, 1993; Kakuda et al, 1999), particularly during
the precision maintenance of isometric contractions (Kilner et al, 1999). The link
between this activity and motor cortical beta LFP oscillations has been demonstrated
by several studies showing significant coherence between the two (Conway et al,
1995; Salenius et al, 1997a, 1997b). A correlate of motor cortical rhythmic LFP
activity also exists in the gamma band (ca. 40 Hz), the Piper rhythm (1912). This
activity particularly evident (though not exclusively) during maximal contraction, not

only shows marked coherence with its motor cortical analogue but with appropriate
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somatotopy and movement-related modulation (Brown et al, 1998). Phase analysis
in both of these bands has shown phase lags between different cortico-muscular
pairs consistent with pyramidal conduction (Salenius et al, 1997a; Brown et al, 1998,
2000; Mima et al, 1998). Absolute phase lags between cortex and EMG appear
unexpectedly short however and require further clarification. Despite this fact the
majority of reports to date in this field support the notion of EMG lagging behind
coherent cortical activity in both bands (Salenius 1997, Brown et al, 1998; Mima et
al, 1998). Further work has integrated both cerebellar thalamus and STN in this
functional connectivity, illustrating significant coherence between both and EMG
activity in beta and gamma bands (Marsden et al, 2000, 2001). In addition predicted
task related modulation is evident (Marsden et al, 2001). It is worth noting that the
work examining STN-EMG coherence, performed in PD patients, did not show
gamma coherence at the higher frequency of activity typically evident in the
autospectrum of dopamine treated subjects in the gamma band (section 1.6.2). Both
gamma frequencies are evident in cortical LFPs and the reason for this discrepancy

has yet to be established.

Considered as a whole the work performed to date appears consistent with the
existence of oscillatory EMG activity in multiple bands, and particularly in beta and
low gamma bands displaying cortically driven functional connectivity, with motor
related cortical and subcortical sites.

1.4 Relating oscillatory activity to stimuli and behaviour

1.4.1 Event-related potentials

Irrespective of the mechanisms underlying the generation of oscillatory activity at
varying scales throughout the nervous system, its relation to specific modulating
stimuli may essentially be either via the generation of new activity, the alteration of
ongoing activity, or a combination of both. Detection of these small amplitude evoked
changes in EEG or LFP, event-related potentials (ERP), typically consists of
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averaging time-locked data derived from the repeated presentation of a stimulus,
whether internally or externally derived. Such averaging increases the magnitude of
phase and time-locked response components linearly while non-phase and non-
time-locked components increase as the square root of trial numbers (Lewine and
Orrison, 1995). While the technique is superficially simple, interpretation may be
complicated by difficulty in attributing the derived phase-locked activity to the
ongoing or de novo sources mentioned above (Karakas et al, 2000; Makeig et al,
2002; Rizzuto et al, 2003). In addition it is inherent in such analysis that non-phase
locked components largely represent extraneous, uninformative noise, which may be
an inappropriate assumption in the context considered. Indeed significant oscillatory
modulation within specific frequency bands may be completely undetected within the
ERP.

1.4.2 Event-related spectral techniques

A series of alternative techniques have been derived and applied over the last two
decades in order to consider the elements in both the time and frequency domains,
obscured within the ERP. These either examine non phase-coherent modulations of
oscillation amplitude or consider phase resetting independent of amplitude
altogether. While numerous variations of the former group of analyses exist (e.g.
event-related spectral perturbation, Makeig et al, 1993; temporal-spectral evolution,
Salmelin et al, 1995; task-related power increase/decrease, Gerloff et al, 1998),
common to all is the derivation of dynamic estimates of power (in varying
bandwidths), aligned to a given stimulus and independent of phase. This is
exemplified in the techniques of Pfurtscheller in which trigger aligned activity in
independent trials is filtered within a narrow band, squared and averaged across
trials (Pfurtscheller and Aranibar, 1977). Consistent with early conceptions of waking
cortical activity, considered to be characterized by desynchronized fast, low
amplitude oscillations, reductions of power were considered desynchronization of
slow underlying synchronous activity, event-related desynchronization (ERD). In an
analogous manner, increases were considered the formation of new synchronous

assemblies and termed event-related synchronization (ERS). Numerous
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observations of synchronous neuronal activity in the waking state (consider for
example the review of Engel et al, 2001, regarding roles in sensory processing) have
made the waking ‘desynchronized’ cortical state, sleeping ‘synchronized’ state
duality untenable. Nevertheless the terms have gained common currency in the
context of event-related spectral analysis and as such are used within this text. The
terms synchronization and desynchronization therefore, in the context of modulations
of field potential activity should be considered synonymous with increases and

reductions in power, respectively.

1.4.2 Oscillatory activity and functional connectivity

Friston et al (1993) in the context of neuroimaging studies, define functional
connectivity as ‘the temporal correlations between spatially remote
neurophysiological events’. Implicit in the use of the term, is the idea that by
establishing significant degrees of covariation of parameters measured in distinct,
anatomically connected and functionally related areas of the nervous system;
regional interdependence or integration may be inferred. This simple but circumspect
definition however highlights the problems of such inference. While significant
degrees of correlation may indeed be evident between spatially segregated
neurophysiological events, this does not necessarily imply that such events are
integral to inter regional coordination. Common covariation may readily be envisaged
where the two neurophysiological events are driven, independently, by a third; or
where both events though independent display common intrinsic oscillatory
characteristics. Many techniques that have been used for establishing functional
connectivity to date at varying scales of brain activity from unit spike firing (Michalski
et al, 1983, Steriade et al, 1996) and EEG frequency coupling (Rodriguez et al,
1999), through to functional MRI and positron emission tomography parameter
covariance (Cordes et al, 2000; Friston et al, 1993), are open to these theoretical
confounding elements. The problems of spurious covariance inherent in these
investigations have however been avoided under circumstances where the system
examined may be manipulated. The demonstration of altered motor cortical

excitability with repetitive transcranial magnetic stimulation specifically of premotor
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cortex is an example of such a system (Minchau et al, 2002), showing in a
convincing manner a degree of causal linkage between the two regions™ (though
there may potentially be other criticisms). A similar technique has been used to
illustrate subtle changes in motor cortical excitability associated with DBS of the STN
(Dauper et al, 2002; Cunic et al, 2002). The work considered here however attempts
to examine the degree to which oscillatory activity evident in basal ganglia nuclei is
of functional significance, not merely that integration exists between anatomically
connected areas. In addition, the difficulty of restricted manipulation of regional
oscillatory LFP activity excludes the use of comparable methods of examination in
the current context. Coherence techniques described in section 2.3.1.2 have
therefore been used to establish functional connectivity as one component of testing
the overall hypothesis. Though demonstration of significant corticosubthalamic
coherence in appropriate bands of LFP activity, with appropriate distribution, does
not categorically prove functional significance, the absence of such coherence may
be considered, consistent with Popper’s falsifiability reasoning, strong evidence for a

lack of functional significance (Popper, 1934).

1.5 Local field potential oscillations and movement

Extensive event-related spectral investigations in EEG, MEG and EcoG have
characterized modulations of non-phase locked oscillations in relation to passive,
self-paced and externally cued movement in humans. These show that self-paced
movements are associated with ERD followed by an ERS predominantly in the beta
band, in somatomotor cortex and over SMA with onset preceding movement by as
much as 2 s - consistent with the temporal characteristics of the “slow negativity
readiness” or Bereitschafts-potential (Pfurtscheller and Aranibar, 1979, Nagamine et
al, 1996; Ohara et al, 2001). Interestingly, EcoG partial coherence analysis further
suggests that ERD in both somatosensory cortex and SMA are associated with pre-
movement increases in coherence between the two at frequencies < 30 Hz (Ohara et

al, 2001). These changes are accompanied by a somatotopically prescribed

13 A similar type of linkage between regional activation and anatomical connectivity may be seen in

the mapping of c-fos induction after regional stimulation (Sagar et al, 1988).
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augmentation of oscillatory activity in the gamma band (Pfurtscheller et al, 1993;
Crone et al, 1998b). While these modulations in their respective bands show
localizations and somatotopy already detailed, they fail to show the marked
lateralization that might be expected of distal limb movements, with unilateral
movements eliciting suppression of alpha and beta activity bilaterally (Chatrian et al,
1959; Nagamine et al, 1996; Crone et al 1998a). Indeed, it should be noted that
movement-related potentials (MRPs) display more circumscribed and lateralized
changes than associated mu ERD (Babiloni et al, 2002). A degree of asymmetry
however does exist in terms of the temporal evolution of the changes, with
suppression occurring earlier in contralateral than ipsilateral cortex (Nagamine et al,
1996; Crone et al, 1998a).

Similar modulations are observed not only with externally cued (Kaiser et al, 2001)
and sustained movement (Cassim et al, 2000), but also with passive movement
(Alegre et al, 2002) (though with passive modulations not preceding movement
onset), and indeed with the cessation of ongoing movement (Alegre et al, 2003). A
degree of the movement ERD observed is therefore probably related to afferent
activity. The mere visualization of movement is indeed capable of inducing
somatomotor ERD (Beisteiner et al, 1995; Leocani et al, 1999). The capacity of LFP
recordings to both achieve high spatial and temporal resolution, and allow
relationships between population activity and single unit activity to be examined has

been exploited to further investigate these phenomena.

1.5.1 LFP oscillations beyond motor cortex and movement

The broadly consistent nature of observations made in EEG and MEG relating
averaged alpha, beta and gamma band oscillations to motor activity is compatible
with comparable observations made in the DBE LFP activity of parietal cortex and
cerebellum. Oscillatory LFP activity in macaque parietal cortex displays significantly
lower power below 20 Hz during periods of motor activity than in control rest
episodes (Mackay and Mendonga, 1995). Above 25 Hz increases in power have not
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only been observed preceding and continuing throughout movement, but also during
periods of cue preparation, and in a directionally tuned manner (Pesaran et al,
2002). This pattern holds true across species. Alpha cortical oscillations in the rat
decrease with chewing and sniffing (Semba et al, 1980). Activity ca. 40 Hz in cat
parietal cortex is observed to increase during immobile target fixation prior to motor
activity (Bouyer et al, 1983). The pattern is also true beyond the cerebral cortex
however. In cerebellum, it has been shown that reductions of the observed
oscillatory LFP bursts in the 13-25 Hz frequency band occur both with movement
and interestingly with movement preparatory cues. Furthermore, these are
associated with increases in firing rates in task modulated Purkinje cells, these self
same cells showing beta rate oscillation during periods of increased LFP oscillation
(Pellerin and Lamarre, 1997; Courtemanche et al, 2002). Alpha, beta and gamma
bands are however not the only oscillatory frequencies that have been implicated in
motor contriol. In hippocampus oscillations in the theta range appear associated with
walking and eating in dogs (Yoshi et al, 1966), and in rats both velocity and
magnitude of movement have been correlated with frequency, and amplitude of theta

oscillations (Vanderwolf, 1969).

Hence, LFP activity in the alpha and beta bands in a series of motor-related areas
outside sensorimotor cortex demonstrates marked attenuation in association with
movement and cues preparatory of movement, while higher frequency gamma

activity shows augmentation and in a task specific manner.

1.5.2 Motor cortical LFP oscillations and movement

This consistent picture relating cortical LFP oscillations to behaviour in averaged
activity is in marked contrast however to the confusion in investigations relating
individual oscillatory LFP bursts and single unit activity to motor action, which has
been particularly studied in the primary somatomotor cortex of monkeys. Much of
this results from the failure or inability of investigators to present data specific to

individual stereotyped movements rather than complex behaviours, in the context of
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similar averaged responses. However further confusion results from the variety of
bands considered across these investigations, examining 20-80 Hz (Donoghue et al,
1998), 20-40 Hz (Murthy and Fetz, 1996a; Murthy and Fetz, 1996b), 25-35 Hz
(Murthy and Fetz, 1992), 15-50 Hz, (Sanes and Donoghue, 1993) and 10-40 Hz
(Fetz et al, 2000) oscillations in small numbers of monkeys. The breadth and
diversity of bands examined coupled with the current vogue for gamma frequency
oscillations in the context of sensory integration, has resulted in much of the
literature considering these studies representative of ‘gamma’ band activity, with
concomitant bias in interpretation and expectation. The absence of averaged event-
related modulations allowing for comparisons with equivalent activity derived by
alternate techniques makes such a classification arbitrary, based only upon personal

band definition.

Despite these caveats, several important observations regarding sensorimotor
cortical LFP activity and its relationship with single unit activity have been made in
these studies. While no consistent relationship is apparent between LFP oscillations
and behaviour (Murthy and Fetz, 1992; Murthy and Fetz, 1996a; Donoghue et al,
1998), activity with a mean frequency of ~ 20-30 Hz occurs preferentially before go
cues and is infrequent during movement performance (Sanes and Donoghue, 1993;
Donoghue et al, 1998). This activity is associated with widespread synchrony
between LFP that reduces with movement onset (Sanes and Donoghue, 1993).
Moreover, careful examination of examples demonstrating the infrequent occurrence
of oscillations during early movement, show activity at significantly higher
frequencies (ca. 70-80 Hz) (Donoghue et al, 1998). In cats, the LFP oscillations in
somatosensory cortex at ~ 14 Hz that occur while at rest, disappear with movement,
replaced by 40 Hz activity when immobile, focusing upon a target (Bouyer et al,
1981; Bouyer et al, 1983). Atypically, the higher frequency oscillations are attenuated
by movement however taken together these elements of findings in monkey and cat
appear broadly compatible with beta and high gamma activity described in EEG,
MEG and EcoG in humans. Several of the studies however report that these
oscillations are more prevalent during motor tasks requiring increased attention (e.g.
monkey retrieving raisins from hidden locations) (Murthy and Fetz, 1992; Murthy and

Fetz, 1996a, Donoghue et al, 1998). The failure to present detailed relationships
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between components of the complex motor tasks involved, oscillation frequency and
oscillation occurrence make interpretation difficult. The potential source of
misinterpretation becomes apparent when studies in precision grip tasks are
considered. Here, increased levels of beta power in motor cortex coherent with
pyramidal tract neuronal activity and relevant EMG are observed during the holding
phase of the precision tasks (Baker et al, 1999; Kilner et al, 1999). As such,
suppression of oscillations in at least the beta band of motor cortical LFPs appears
less related to steady motor state than its alteration, less velocity of movement than
acceleration. Complex tasks may therefore involve numerous increases and
decreases in alpha/beta oscillatory activity. The variable occurrence throughout
tasks and inconsistent relationship of individual oscillations with task that these
motor cortical studies as a whole report, does however show that oscillations are not

directly necessary for task performance.

1.5.3 Single units, LFP oscillations and movement

Insights have also been made into the inter-relationships of single units, LFP
oscillations and movement. These suggest that unit activity and LFP oscillations may
be coupled throughout the motor system. Hence, a significant proportion of unit
activity in somatomotor cortex associated with oscillations displays oscillatory
modulation of its own with synchronization between units occurring over substantial
distances (Murthy and Fetz, 1992; Murthy and Fetz, 1996b). Furthermore,
oscillations in the 20-30 Hz range are observed to entrain corticospinal projections
(Murthy and Fetz, 1992, Baker et al, 1997). This unit activity may also show similar
alterations with movement as have been mentioned with the LFP, for example alpha

band thalamic unit firing in rats is reduced with movement (Nicolelis et al, 1995).

However, only a proportion of neurons coupled to rhythmic LFP activity at any given
moment are task-related. The relationship between this task-specific activity and the
LFP appears more complex. It is observed in the motor cortex that while firing may
be associated with oscillatory LFP periods, task-related modulation of firing rates
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occurs during reductions in 20-30 Hz LFP oscillations (Murthy and Fetz, 1996b;
Donoghue et al, 1998). The same holds true as mentioned above with respect to the
Purkinje cell activity of the cerebellum (Courtemanche et al, 2002). This is in contrast
however to task-related parietal cortex neurons, which show preferential firing and
rate tuning at peaks of 25-90 Hz LFP oscillation, during task-relevant periods
(Pesaran et al, 2002). None of these studies explicitly attempted to isolate subtypes
of neuron involved in these interactions. Preliminary work has however not only
shown that inhibitory and excitatory synaptic activity appears intrinsic to oscillatory
LFP episodes in motor cortex (Matsumura et al, 1996), but also that intrinsic
properties of some neurons may predispose to 25-35 Hz firing (Chen and Fetz,
1991; Chen and Fetz, 1993). Hence, a subpopulation of neurons may well support
the rhythmic activity amongst others, task-related or otherwise.

In summary, although further studies are required, it appears that neurons that may
reasonably be considered associated with the performance of voluntary motor
actions, in motor-related regions of the primate nervous system, may be coupled to
20-30 Hz LFP oscillations in a static rate state’. Task related modulation of unit
activity appears associated with uncoupling from 20-30 Hz oscillations and may be

associated with coupling to a higher frequency population activity.

1.5.4 Basal ganglia LFP oscillations and movement

It appears universally accepted that basal ganglia function is at least to some degree
motor-related. This association of structure and function is hardly recent. Indeed
Thomas Willis' 17" century descriptions, despite largely attributing a sensory
integration role to the structures lectured that, “Will is exercised by the circulation of
spirits from the corpora striata to the medulla oblongata, and thence through the
nerves, to the sensory organs and movements are initiated like rushing out into the
embrace of the desired object’” (Meyer and Hierons, 1964; Dewhurst K, 1980b).

Willis would perhaps be somewhat disappointed that over three hundred years later

' e. with neurons maintaining a roughly constant rate of firing




a lack of clarity still persists as to the precise role played by these structures in motor
function. Nevertheless, the association of the basal ganglia with movement in recent
years has largely resulted from the more obvious motor consequences resulting from
specific lesions (Bhatia and Marsden, 1994), e.g. the hemiballismus of subthalamus
lesioning or dystonia associated with lesions of the putamen; and the symptom
profiles of basal ganglia related pathologies, e.g. Parkinson’s disease, Huntington’s
disease. Recordings of neuronal activity over the last 30 yrs have supported the
relationship, demonstrating in numerous studies that the activity of a significant
proportion of single units in the GPi, GPe, putamen, caudate and STN of primates
demonstrate rate changes in relation both to passive and active limb movements
whether internally or externally paced (DelLong, 1971; DelLong, 1972; Delong et al,
1985; Alexander, 1987; Romo et al, 1992; Schultz and Romo, 1992; Gardiner and
Nelson, 1992; Wichmann et al, 1994). These studies in addition to more recent
intraoperative work in humans particularly implicate dorsal pallidum and dorsolateral
STN (lansek and Porter, 1980; Wichmann et al, 1994; Rodriguez-Oroz et al, 2001;
Abosch et al, 2002). The exact relationship between this neuronal activity and
movement performance remains open to question. While there is evidence of
specificity and tuning with selective responses on the basis of body part and
direction of movement (Georgopoulos et al, 1983), the temporal relationship of much
of the documented activity in pallidum and STN appears to coincide with or succeed
self-paced movement initiation (Brotchie et al, 1991; Wichmann et al, 1994; Jaeger
et al, 1995) but precedes movement after preparatory cues, particularly in striatum
(Schultz and Romo, 1992; Romo et al, 1992; Jaeger et al, 1993).

Increasingly evidence suggests that population oscillatory activity may also have a
role in basal ganglia motor function. Rhythmic firing of a small proportion of striatal
neurons between 10 and 50 Hz has been reported to occur during preparatory
holding periods prior to ballistc movements (Lebedev and Nelson, 1999).
Specifically in the LFPs of primates, putamen oscillations in the beta frequency are
suppressed prior to and during movement performance in humans and monkeys
(Sochurkova and Rektor, 2003; Courtemanche et al, 2003). Similar beta power
suppression has been observed in the LFP activity of both GPi and STN (Priori et al,
2002, Levy et al, 2002). Indeed the very coupling of oscillatory activity between these
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nuclei in this band is observed to decrease, while increasing in the upper gamma
band (Cassidy et al, 2002). These changes appear to occur in association with self-
paced movement and after external imperative cues, furthermore they appear to
precede movement onset significantly in both conditions (Levy et al, 2002; Cassidy
et al, 2002). Circumstantial evidence to date therefore implicates alterations of LFP
oscillations in the nuclei of the basal ganglia, in some manner, to their associated

single unit changes and in addition to performance of motor actions.

1.6 Local field potential oscillations and Parkinson’s disease

Parkinsonism is a syndrome characterized by the cardinal symptoms of bradykinesia
or akinesia, rigidity and tremor. Of the many potential aetiologies of parkinsonism
(Bradley et al, 2000), Parkinson’s disease, idiopathic parkinsonism is primary. At the
most superficial of levels, Parkinson’s disease is a disorder with an oscillatory
component — literally visible in the classically described 4-8 Hz rest tremor of the
disorder. The very search for the central or peripheral origins of such tremor has
spurred much investigation into the periodic pathophysiology of the iliness. The
failure of interventions such as dorsal root ganglion removal (Pollock and Davis,
1930) and muscle stretch reflex anaesthesia (Walsh, 1992) to significantly alter
parkinsonian tremor however, has suggested that oscillatory spinal reflex activity is a
far less significant component of tremor generation than central sources (Bergman
and Deuschl, 2002). Moreover, while there is evidence that may support the
hypothetical role of regions such as thalamus in the central generation of tremor, the
fundamental and established pathological abnormalities of the basal ganglia,
observable in PD have made them an obvious target in the search for oscillatory
generators. The mere fact that repetitive stimulation of basal ganglia (i.e. DBS)
nuclei may alleviate parkinsonian symptoms, and in a non-linear fashion, is an
intriguing manifestation of the involvement of oscillation in the structures. Why
should stimulation be preferentially beneficial above a frequency of ~70 Hz, and why,
typically optimal at ~130 Hz? Over recent years, several lines of evidence have
implicated synchrony and oscillatory activity within the basal ganglia evident at
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neuronal and local field potential levels in not only the generation of tremor, but also

the other cardinal features of rigidity and bradykinesia.

1.6.1 Single unit oscillations and PD pathophysiology

The dominant circuit models of the basal ganglia, considered in section 1.1.1
developed and contextualized to movement disorders have proved valuable because
of their ability to successfully predict the location of some lesions beneficial in the
treatment of parkinsonian pathology. In the context of PD, the model as it still stands
remains primarily a rate model in which striatonigral degeneration results in
differential alterations of activity in ‘direct’ and ‘indirect’ pathways; namely increased
striatal inhibition of GPe and decreased striatal inhibition of GPi — both resulting in
increased GPi unit activity, and subsequently motor unit suppression via thalamus
(DeLong, 1990). However, assumptions about the primacy of direct and indirect
pathway balance and simple deterministic neuronal population interactions are
drawn into question by several observations. While recordings of STN neuronal
activity in vivo, in the rat 6-OH dopamine model, display the increased rates of
activity predicted as well as reduced rates on systemic administration of the non-
specific dopamine agonist apomorphine, administration of specific D2 receptor
agonists fail to significantly alter firing rates (Kreiss et al, 1997). Such an observation
is inconsistent with a model of PD in which increased STN activity results from
increased D2 mediated indirect pathway GPe inhibition. In addition in the 6-OH
dopamine rat model, one group has reported evidence of hyperactivity of
pedunculopontine neurons projecting to STN (Orieux et al, 2000), a pathway not
typically included in most circuit models. This raises the possibility of excessive
pedunculopontine afference‘ as an alternative to the ‘indirect’ pathway, as a partial
mediator of increased STN activity in the PD state. However, this hypothesis should
be treated with caution as it seems contradictory not only by the observed ability of
pedunculopontine lesions to induce akinesia in normal monkeys (Aziz and Stein
1997, Munro-Davies et al, 1999) but also the marked degeneration of the

pedunculopontine nucleus observed in human PD (Hirsch et al, 1987; Jellinger
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1988). Patient and animal model studies of PD have also failed to consistently
observe the decreases of unit activity in GPe (Levy et al, 1997) and motor cortex
(Doudet, 1990; Watts and Mandir, 1992) predicted by the classical model. Moreover,
not only have some investigators not observed decreases in GPi unit rates in a
hyperkinetic disorder such as dystonia relative to PD (Lenz et al, 1998; Pralong et al,
2003), but the reported capacity of (propofol) anaesthesia to induce GPi rate
reductions may draw into question earlier observations (Hutchison et al, 2003).
These studies, in addition to the common beneficial effects of deep brain stimulation
(DBS) and lesioning of GPi and STN upon both hypokinetic and hyperkinetic
disorders, have suggested that abnormal patterns of unit activity not merely rates

may be of significance.

This speculation has been supported by recordings made both intra-operatively in
PD and dystonia patients and in experimental animal models of PD. While GPi firing
rates are observed to be increased as predicted in MPTP primates, the proportion of
neurons displaying burst discharges in both GPi and STN is increased (Filion and
Trémblay, 1991; Bergman et al, 1994). Furthermore, oscillatory neuronal population
activity with a bimodal distribution, peaking within tremor frequency range at ~6 Hz
and in the alpha to beta range ~8 to 20 Hz, emerges in both nuclei (Filion et
Trémblay, 1991; Bergman et al, 1994; Raz et al, 2000). These self same units that
display oscillations in the lesioned state also show significant degrees of correlation,
untypical of the healthy state (Raz et al, 2000; Levy et al, 2002); and dopamine
treatment capable of alleviating the parkinsonian symptoms of the lesioned state
also reverse this increased cross neuronal correlation (Heimer et al, 2002). It may
also be noted that an oscillatory character is introduced to the firing patterns of the
tonically active neurons (TANs) of monkey stratum with MPTP administration (Raz et
al, 1996). The 6-OH dopamine lesioned rat provides further evidence for a role of
oscillation in PD pathology. Here, an increased tendency for STN neurons to display
the low frequency (ca. 1 Hz) burst firing behaviour associated with anaesthesia
(section 1.3.2.2), independent of apparent ipsilateral cortical input has been
documented (Magill et al, 2001). In addition globus pallidus activity is observed to
switch from largely tonic, regular firing to low frequency bursting as well. The primacy

of patterns of neuronal activity over rate is further supported by the observed
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increase in burst activity in MPTP lesioned primate motor cortex, displaying changes
in pattern while rates remain constant (Goldberg et al, 2002); and the described
oscillatory synchronization between GPe and GPi in PD patients (Levy et al, 2002).
The parkinsonian state therefore appears at a neuronal level to be one in which
abnormal degrees of oscillation and synchrony exist within the basal ganglia and its

projections.

1.6.2 Local field potential oscillations and PD pathophysiology

Analogous investigations of basal ganglia LFPs, primarily in parkinsonian patients,
also appear to show disease related alterations. LFPs recorded via the STN and GPi
DBEs of PD patients show marked increases in oscillation power ca. 20 Hz on
withdrawal of anti-parkinsonian medications and may also display increases in the
oscillatory activity ca. 70 Hz on reinstitution (Brown et al, 2001; Levy 2002). Activity
in both bands further demonstrates significant coherence between nuclei, and is not
attributable to a common ‘noise’ source (Brown et al, 2001, Cassidy et al, 2002).
This demonstration of constant phase relationships between oscillators may be
interpreted as evidence of either a common drive to both structures, the driving of
one nucleus by the other, or the existence of independent but constant common
frequency oscillators in each nucleus. The latter of these at least, seems highly
unlikely and is unsupported by single unit observations. Irrespective of the relative
contributions of the other two, both imply that oscillatory activity is a network
phenomenon distributed between nuclei. Following the pattern of similar frequency
activity presented above in cortical and extracortical regions, experiments
undertaken with both self-paced and externally-cued movements have shown
attenuation of beta band oscillations and augmentation of gamma band with
movement (Cassidy et al, 2002; Levy et al, 2002). In addition to associated
alterations of coherence, with decreases in the beta band and increases in the
gamma band (Cassidy et al, 2002; Levy et al, 2002). When considered in the context
of DBE recordings from healthy pallidum in epileptic patients, which also show beta
ERD associated with movement (Sochurkova and Rektor, 2003) and very recent
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evidence of similar modulated activity in normal monkey striatum (Courtemanche et
al, 2003), LFP oscillations at least in the beta band of PD patients appear to be an
exaggeration of an existing basal ganglia phenomenon.

The data presented here associating synchrony, bursting activity and LFP
oscillations with PD at both an LFP and neuronal level is all essentially correlative.
No one experiment to date has provided the clear causative relationship between the
two, analogous to a simple lesion paradigm of the SNc in supporting the role of
nigrostriatal degeneration. Taken as a whole however, current data appear at least
consistent with hypotheses that have proposed that synchrony and oscillations,
perhaps in tandem underlie the pathophysiological origin of many PD symptoms
(Brown and Marsden, 1998; Raz et al, 2001; Levy et al, 2002).

1.7 The functional significance of local field potential oscillations

Despite the copious research that has examined the issue of oscillation and
oscillatory synchrony at various levels of the human nervous system, no evidence to
date proves any role of this mode of activity in normal human function. Indeed only
one experiment to date has directly supported a role of oscillations in any function
within animals. This is the work of the Laurent group who have shown that
honeybees conditioned to respond to an olfactory stimulus show difficulty in
distinguishing this stimulus from a similar one (Stopfer et al, 1997) when local
GABA(A) mediated transmission and consequently gamma LFP oscillations are
disrupted. These observations at a behavioural level have subsequently been
supported by similar work on slugs at a neuronal level showing similar levels of
tentacle orientating neuronal activation, with conditioned and similar non-conditioned
odour presentation in vitro (Teyke and Gelperin, 1999). Both groups however report
no difficulty in the capacity of their respective models to distinguish conditioned
stimuli from markedly dissimilar ones, as such gamma oscillations do not appear
fundamentally necessary for olfaction but as a tuning mechanism in the olfactory

system of these organisms. A similar role of gamma oscillatory LFP activity in human
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olfaction has yet to be similarly proven, nevertheless numerous roles for oscillations
and oscillatory synchrony have been proposed in the human nervous system, some

of which are supported by substantial correlative evidence.

The maijority of such correlations have been observed with respect to gamma
oscillations. This has largely resulted from the interest associated with the
hypothesized role of this mode in feature binding, i.e. the coherent grouping of
features of an image, processed in a spatially segregated manner within the brain
into a single percept. This theory was proposed as a solution to the ‘binding problem’
of sensory integration, which did not suffer the excessive population requirements
inherent in prior, reductionist ‘grandmother cell’ type theories (Von der Malsburg,
1995). Support for a gamma role in binding initially came in recordings both in
anaesthetized cat and awake monkey visual cortex, that showed greater degrees of
gamma activity with the presentation of moving bars than less cohesive moving
stimuli (Eckhorn et al, 1988; Gray et al, 1989). The same change reported in human
EEG (Lutzenberger et al, 1995) may be considered in the light of the caveat added
towards the end of section 1.3.1.2. The coupled oscillations in the gamma band seen
in other systems in man (discussed earlier in olfactory, but also the auditory system)
have however suggested that a more general integrative function of gamma may
exist, and some manner of system specific attention mediator role has been
proposed (Fell et al, 2003).

The confusion that remains in terms of oscillatory roles is exemplified in the often
diametrically opposed theories posited. In broad terms the long appreciated
association of ongoing alpha suppression occipitally with eye opening, waking to
sleep transitions (Dement and Kleitman, 1957) and rolandic mu-alpha
desynchronization with movement resulted in the consideration of alpha as an idling
rhythm, representative of inactive cortex. More recent observations of phase-locked
alpha increases, such as in response to cues with oddball auditory protocols as
opposed to passive listening (Kolev et al, 2001) have however led to suggestions of
an active role in attention processes. Even with the same suggested role different
relationships may be reported. In contrast to observed increases in phase-locked

alpha, reductions of mixed non-phase locked and phase locked alpha have been
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considered indicative of increased attention in visual oddball protocols (Klimesch et
al, 1998). Investigations by Nicolelis and Fanselow (2002) of alpha rhythmic activity
in the primary somatosensory cortex and thalamus of rats, in association with similar
frequency whisker twitching, have suggested that such activity may be a potential
model of human mu activity. Despite reporting that responsiveness of neurons in
both regions to whisker stimulation is least likely during episodes of this alpha
oscillation (Fanselow and Nicolelis, 1999), further more subtle observations of
increased responsiveness prior to alpha associated burst firing have led this group to
suggest that alpha oscillation and whisker twitching are states of peculiar sensory
sensitivity (Fanselow et al, 2001). Finally it has also been proposed in humans, that
rather than existing in idle cortex, alpha oscillations are indicative of a process of
active inhibition. This has been supported by the recently reported increases in
appropriate alpha EEG activity during tasks requiring internally directed attention and
processing loads (Cooper et al, 2003). Theories of alpha function therefore span the
gamut, from the facilitation of sensory processing, through idling, to the active
inhibition of processing. This range of roles, from facilitatory to inhibitory, has
similarly been ascribed to the beta band oscillations of the sensorimotor system
though no consistent correlation of such oscillations and behaviour has yet been
demonstrated (MacKay, 1997).

1.7.1 Aim of this Thesis

The investigations that follow in Chapters 3, 4 and 5 test the idea that oscillations,
particularly in the beta band, observed in STN and GPi reflect system relevant
modes of activity by considering (a) whether there is appropriate functional
connectivity, (b) whether responses to stimuli are behaviourally biased, and (c)
whether consistent relationships exist with behaviour. In addition in Chapters 4 and 5
some degree of insight into the manner of any functional role that might exist is

sought by consideration of the nature of behavioural responses observed.
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CHAPTERII
MATERIALS AND METHODS

In this chapter the details of techniques and principles common to the investigations
described in chapters 3-5 are outlined, additional elements such as experimental

protocols specific to each study are considered in their respective chapters.

2.1 Subjects and surgery

All subjects involved in the experiments were parkinsonian patients who had
undergone surgical implantation of DBEs for therapeutic stimulation. The clinical
details of subjects investigated are presented in chapters 3 and 4. The subject
population of chapter 5 was the same as that of chapter 4. All subjects had at least
one DBE implanted into a STN; the majority of subjects had bilateral implantation
and several subjects had GPi electrodes implanted, from which recordings were also
made. All patients participated with informed consent and the permission of the local

ethics committee.

Subjects were operated on and recorded at four institutions, (1) the Department of
Neurosurgery, Academic Medical Centre, Amsterdam, (2) the Operative Unit of
Functional and Stereotactic Neurosurgery CTO Hospital, Rome, (3) the Departments
of Neurology and Neurosurgery, Charit¢é Campus Virchow, Berlin, and (4) the
Departments of Neurology and Neurosurgery, King's College Hospital, London.
Variation in operative centre between patients was not an issue here, since the
studies considered in this work do not consider the procedures themselves.
Macroelectrodes in GPi and STN were integral components of Medtronic model
3387 and 3389 leads (Medtronic Neurological Division, Minneapolis, USA) with four
platinum-iridium cylindrical surfaces (1.27 mm diameter and 1.5 mm length) and
centre to centre separations of 3 mm and 2 mm respectively. Hence with a target
size of ca. 6 x 4 x 5 mm (anteroposterior, mediolateral, dorsoventral) (Richter et al,

2004), only one bipole of a contiguous bipole pair could be expected to lie within the
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STN. Contact 0 is the most caudal and contact 3 the most rostral. Macroelectrodes
were inserted after STN or GPi had been identified by ventriculography and
preoperative MRI. The intended coordinates at the tip of contact 0 were 19-24 mm
from the midline of the patient, 2 mm in front of the midcomissural point and 6 mm
below the anterior commissure (AC) — posterior commissure (PC) line for GPi and 12
mm from the midline, 0-2 mm behind the midcomissural point and 4-5 mm below the
AC-PC line for STN. Where available (detailed in individual chapters) post-operative
imaging was examined to determine if artefacts were consistent with appropriate
electrode placement. Incorrect electrode placement on post-operative imaging was a
criterion for subject exclusion. No subjects were however excluded on this basis.
Functional localization of electrodes in each case was further sought by
consideration of optimal recordings from individual bipoles of the three bipole pairs
on each electrode (see chapters 3 & 4) and post-operative improvements in the
motor united Parkinson’s disease rating scale (UPDRS) with bipolar stimulation (see

chapter 4).

2.2 Data collection

Recordings were made during the post-operative period prior to implantation of the
stimulator while leads from the DBEs were still external. Since internalization of
leads and stimulator implantation typically occurred on day 3 or 4 post-operatively a
degree of pseudo-subthalamotomy due to persistent local inflammation might have
been present in some cases at time of recording. This did not however have
consequences for post-operative assessments of stimulation efficacy, which were
performed post internalization. Consistent with Medtronic guidelines post-operative
DBE impedances were between 50 and 2000 ohms (Fraix and Pollak, 2001). LFPs
from DBEs were recorded simultaneously with EEG with the following techniques.
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2.2.1 Electroencephalography

EEG was recorded via 9 mm diameter Ag-AgCl electrodes attached with collodion
(SLE diagnostics, Surrey, UK), with placement according to the international 10-20
system (Jasper, 1958) using a bipolar derivation. Where there were practical
considerations with regards patient care, such as the positioning of post-operative
dressings, or with portable equipment, such as limited numbers of recording
channels, recording was limited to a single Cz-Fz bipole, numbers in each study are
indicated in chapters 3 and 4.

2.2.2 Basal ganglia nuclei local field potentials

STN and GPi LFP were recorded from the adjacent 4 contacts of each
macroelectrode via alligator clipped leads attached to the exposed DBE lead
contacts. These leads were in turn connected to the amplifier equipment. This
allowed the bipolar assessment of 3 contiguous regions (0-1, 1-2, 2-3). By
convention specific DBE bipoles in the text are referred to on the basis of this DBE
contact numbering, e.g. R STN 23 refers to the 2-3 bipole of the DBE in the right
STN. While stimulator electrodes allow the recording of LFPs, they do not possess
the high impedance of microelectrodes used in intra-operative subcortical target
localization (Hutchison et al, 1998; Benazzouz et al, 2002). As such, the isolation of
associated single and multiple unit activity was not possible in the current

investigations.

2.2.3 Amplification and filtering

Recorded EEG and LFP activity was filtered at 1-250 Hz in the chapter 3 study and
1-300 Hz in the chapter 4 and 5 studies. All data were amplified (x100-500,000).
Signals were sampled and monitored online at 1 KHz except where indicated in
individual chapter methods, in order to constrain record sizes. Reductions of

sampling frequency where undertaken were never to less than twice the Nyquist
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frequency associated with the filtering parameters. Amplification, filtering and
recording were performed using the Schwartzer 34 amplifier system (Schwartzer
GmbH, Medical Diagnostic Equipment, D-81245 Munich, Germany) and Brainlab
software (OSG bvba, B 2840 Rumst, Belgium) at the Academic Medical Centre,
Amsterdam. Signals were amplified and filtered using a custom made 9V battery
operated portable amplifier and recorded through an A-D card (PCM-DAS16S,
ComputerBoards, Middleboro, MA 02346, U.S.A.) into Spike2 v4.0 software
(Cambridge Electronic Design, Cambridge, UK) on a portable computer using a
custom written program at the Rome, Berlin and London centres. Amsterdam
recorded data underwent conversion from a proprietary format to formats that could
be used in Spike2 and Matlab v6.0 (The Mathworks Inc, Natick, MA, USA) with
Analysisto software (D. Buckwell, MRC, HMBU).

2.3 Data Analysis

Converted data was analyzed offline in Spike2 and sections containing artefact
whether it was due to eye-movements, muscle contractions or lead movements were
removed across all channels. Mains noise was not a significant issue in the current
analysis since frequencies of interest were significantly below 50 Hz artefact. Power,
coherence, phase and cumulant density analysis in chapter 3 used software written
by D. Halliday (Division of Neuroscience and Biomedical Sciences, Glasgow). Digital
band-pass filter design and implementation in chapter 4 was performed with the
visual design interface tool of Spike2. Wavelet power derivations in chapter 5 were
performed in Matlab. The details of subsequent analysis are considered individually
in consequent chapters.

Both EEG, denoted a(f) and LFP, denoted 5(¢), were considered realizations of zero
mean time series (Brillinger, 1978) sampled at frequency, k. For the purpose of
power, coherence and phase estimation in chapter 3 the further assumption of
stationarity was made. That is to say that derived components were considered time
independent during the period considered. This allowed the use of the discrete

Fourier transform (DFT) for the derivation of spectral parameters, in both time and
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frequency domains (Halliday et al, 1995). Despite the well-established non-
stationarity of the human EEG (Blanco et al, 1995), this was justified because the
experimental protocol consisted of simple, stable, physiological states. Event-related
spectral analysis and wavelet transform techniques were specifically used in the
analysis of chapters 4 and 5 respectively to allow power estimation without the
assumption of stationarity. All time series were considered to consist of real values
with samples equally spaced at intervals of ¥ ' and it was further assumed in the
Fourier analysis that samples with wide intervals between them were independent.
The latter was legitimate in the chapter 3 analysis as the protocol applied did not
introduce external stimuli rhythmic or otherwise. In the chapter 4 study the addition of
randomization within the protocol prevented the introduction of excessive regularity

in the data that could potentially have given rise to erroneous rhythmic derivatives.

All analysis undertaken was fundamentally dependent upon spectral estimation. The
primary tools used in these studies for this estimation were Fourier analysis and the
continuous wavelet transform. The method relevant details and principals underlying

these techniques are now considered.

2.3.1 Fourier Spectral analysis

Fourier analysis was performed by means of the method of disjoint sections
(Rosenberg, 1989; Halliday et al, 1995; Halliday and Rosenberg, 1999) in which
each time series of length R, was divided into L non-overlapping sections, each of
length 7, such that R=LT. Hence estimation was limited to frequencies within the
range T 7 to /2, with a resolution of /T within each section. The discrete Fourier

lth

transform of the / ™ segment of each LFP or EEG time series, x(t) at frequency 1 was

then derived, defined as:

T r-1
dl(A,0)= [x(O)e™dt~ Y ex,

Eqn 2.1
(1-HT t=(I-DT
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, where i = V-1 and e"=cos(¢)+isin(f). Spectral estimates were then obtained from the
averaged algebraic combination of all segments. Segment sizes and the associated
frequency resolution as well as the numbers of segments averaged are detailed
where relevant in specific investigations. While larger segment sizes result in better
frequency resolution of estimates, the variance of each estimate does not tend to
zero — as such ‘overfitting’ of the data may result. In addition there is the increased
potential of violating the stationarity assumption. Segment sizes were therefore

chosen to best satisfy these competing demands.

All estimates of the auto-spectrum (power spectrum), cross-spectrum, phase,
coherence and cumulant density were based upon the basic transformation of Eqn
2.1. The significance of any of these derived components could be tested by initially
obtaining the variance of the estimate of the given parameter, w, var(s#). Confidence
limits could then be calculated on the assumption of the normal distribution of these

estimated parameters, hence at a 95% level:
w+1.96,4/(variw Eqn 2.2

2.3.1.1  Cross-spectrum and auto-spectrum

The estimate of the cross-spectrum of EEG, a(r) and LFP b5(f) time series at

frequency 4, denoted £, was defined as:

7 1 - T T
fb(ﬂ’) = d (ﬁ',l)db (/19[)
a 27LT ; a Eqn 2.3
, Where indicates the complex conjugate. The products of DFT and complex

conjugated DFT were therefore averaged across the L sections, smoothing the
variability that would be associated with equivalent analysis of the non-segmented
time series (Halliday and Rosenberg, 1999). The auto-spectra of EEG and LFP,
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denoted, f,, and f,, respectively were similarly derived with substitution of the
appropriate DFT into Egn 2.3.

The variance of the cross-spectrum was approximated by var{f,,(1)} which itself was
approximated by L™(f,,(1))? (Bloomfield, 1976). Stabilization of the variance by base
10 logarithmic transformation resulted in an estimate independent of the value of the
original. Auto-spectral variance was similarly derived by use of the auto-spectral
estimate, and consequentially where represented in Chapter 3 power spectra are

plotted on logqo scales. The resultant cross-spectral variance was therefore:

Var{ log,, ( Aab (ﬂ')) }: (loglo (e))2 L Eqn 2.4

from which 95% confidence limits were defined as:

~

log,o(7,, (1)) 0.851 L* Eqn 25

Auto-spectral confidence limits were derived in an analogous manner.
2.3.1.2 Coherence

The linear relationship between EEG and LFP time series in the frequency domain
was assessed by means of the coherence function, which is a normalized measure
having values from 0 to 1, where 0 represents the independence of the two
frequency components and 1 an entirely linear relationship between them (Brillinger,
1981; Rosenberg et al, 1989; Halliday et al, 1995). Coherence estimates, IRab(/l)|2

were defined as:

A 2
Rab(/lj - 7 Eqn 2.6
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Hence coherence of the two time series at a given frequency was essentially a
correlation coefficient relating the covariance of the two sets of parameters with their

independent autovariances and could be calculated using the outputs from Eqn 2.3.

Confidence limits of coherence based upon variance estimates are inaccurate with
low coherence levels; as such an alternate derivation based upon numbers of
segments was used (Halliday et al, 1995). This defined the upper 95% confidence

limit as:

1-(0.05)y0- Eqn 2.7

Hence confidence limits of coherence estimates were entirely independent of
frequency and are depicted as horizontal lines in all coherence plots15. Values

greater than this level were considered significant.
2.3.1.3 Phase

Although coherence where significant established a consistent linear relationship
over the course of the two time series at a given frequency, it gave no information
about the temporal nature of this relationship, which in turn might give insight into the
dependence of one time series with another, and allow inference of causality. This
question concerning temporal relationships of linear dependence was addressed by
consideration of the phase spectrum, ®,(1), where each estimate at frequency, 1
represented the phase lag of frequency components between time series a(f) and
b(t). Phase estimates were defined as:

(i)ab (’1) = arg{fab (l)} Eqn2.8

'> Alternate techniques of determining coherence significance including probability of detection and
exact confidence limit methods have been applied to STN DBE data and are considered in Wang et
al, 2004
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Phase estimates were therefore dependent upon cross-spectral estimates and could
be calculated with the outputs of Eqn 2.3. The arctangent of the cross-spectral
estimate derived the argument, consideration of the signs of real and imaginary parts
further allowed the assessment of phase over the range —n to + n. The isolation of
relationships where at a given frequency one time series mirrored another at a lag of
greater than 1 cycle was not possible with this technique. Further potential ambiguity
exists where two oscillators at a common frequency in independent time series drive
one another, though such a relationship may be manifest in non-stationary dynamics
anyway. In addition, as is true of all such correlative relationships the common drive
of both by a third factor remains a potential confounding factor. Phase relationships

as such are interpreted in a circumspect fashion.

Where significant coherence existed between two time series over a restricted
frequency range, two patterns of phase spectra allowed interpretation of the
temporal relationship of this coherence. The first was where the phase spectrum was
horizontal within the significant frequency range. The second where a non-horizontal
straight line was present. The former was interpretable as the existence of phase
locking across the frequency range, the phase difference between the two time
series evident in the phase level on the spectral plot. The latter however showed that
a constant temporal delay as opposed to fixed phase was significant across
frequency range. This temporal delay could be estimated since the phase curve of
such a relationship is a straight line passing through the point 0 rads phase lag, 0 Hz
frequency (Halliday and Rosenberg, 1999) where a positive gradient may indicate
that time series a(f) leads b(f), and negative b(r) leads a(f). The temporal lag could
therefore be estimated by fitting a line to the derived phase spectrum. Such linear
regression of the phase spectrum was performed only over regions where significant
coherence had been established (Chapter 3). Estimates were further only derived
where at least 5 contiguous ‘significant’ phase estimates existed and were only

considered significant if the linear regression accounted for =2 71% of the variance.

Confidence limits for the phase spectrum were derived from variance estimation, the

variance of the phase estimate being defined as (Brillinger, 1991, Rosenberg, 1989):
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1 1

varld , (1)} = — -1 Eqn 2.9

, Which assuming normal distribution resulted in 95% confidence limits of:

- 1 1
D, (1)£1.96| —| —— -1 Eqn 2.10

2L |R,(2)

The confidence of phase estimates was therefore inversely proportional to the

strength of coherence at the frequency considered.

2.3.1.4 Cumulant density

While the coherence function was used to assess linear time series relationships in
the frequency domain, time domain relationships were investigated with cumulant
density analysis. In a manner analogous to coherence, strong linear relationships
between two time series are represented by high values of the cumulant function and
more independent relationships by low values. In contrast however the cumulant
density is both a vector, measure with positive values demonstrating positive
correlations and negative showing negative correlations; and a non-normalized
measure with maxima extending towards + and — infinity. Peaks of the cumulant at
time 0, represent correlations of activity between the two aligned time series with
zero lag, peaks at times deviating from time O however may be considered
correlations in the time series shifted along one upon another, i.e. with varying time
lag. As such cumulant density analysis was able to give the same information as
phase analysis in terms of the temporal relationship of linear correlation,
demonstrating appropriately timed peaks with constant phase lagged or time lagged
data. In addition however, the breadth of the peaks gave an indication of the period
over which significant correlation occurred. In Chapter 3, the capacity of the

cumulant to demonstrate simultaneously the dominant oscillatory character and
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phase/temporal relationship between time series was primarily used to readily
observe reversals of coupling between cortex and subcortex about a given EEG

bipole.

Cumulant density estimates q.,(u), were defined by the inverse Fourier transform of
the cross-spectrum (Halliday et al, 1995) as:

a iAju
qab Z fab( ) Egn 2.11
Jl<’/ -

, Where u represented the time lag considered, j =1,2,3...... 12w, and 4; = 2#j/T were
the frequencies considered up to the Nyquist limit in bin widths of w. The cumulant
density therefore considers relationships across the entire frequency spectrum,
where however correlations are dominated by a common oscillatory character
between the two time series, this is manifest in the derived cumulant density.

The determination of cumulant density via the frequency domain allowed the

calculation of associated confidence limits (Halliday et al, 1995). These were again

calculated based on estimates of function variance, which were estimated as:

7/ N o
Var{éab(u)} ~ (%Rff_)(z?”j ZZ aa(/?’j) bb(ﬂj) Eqn 2.12
Jj=1

Confidence at a 95% level about zero correlation were therefore defined as:

0+196K2;[j(2;j; 27 (4 )bb( )}% Eqn 2.13
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These limits appear in all plots of cumulant analysis represented, points beyond
these limits were considered time lags at which significant linear correlation occurred

between time series.

2.3.2 Finite impulse response filtering

In contrast to the study detailed in Chapter 3, the investigations of both Chapter 4
and 5 required the consideration of dynamic spectral estimates particularly in the
alpha and beta bands. In both chapters this was primarily in order to measure
change in event-related oscillatory power, whether phase or non-phase locked. The
non-stationary nature of such analysis was incompatible with power estimation by
means of the techniques detailed above. As a result the further techniques of band
power and continuous wavelet transform (CWT) power estimation were used. The
first of these was based upon the dynamic analytical techniques of Pfurtscheller et al
(Pfurtscheller and Lopes da Silva, 1999). Time series were first band-pass filtered to
select oscillatory activity within the frequency range of interest. This filtered activity
was then squared giving a dynamic power estimate. Squaring activity allowed
assessment of power in averages, independent of phase. This data was then
averaged, aligned to cue presentation in the paradigm considered (methods,
Chapter 4).

Linear-phase, non-recursive (FIR) filters with M+1 coefficients were designed
consistent with the generalized frequency response H(w), defined as:

H(o) = A(w)e’ " Eqn 2.14

, Where A(w) represents the filter coefficients at frequencies w, and j = N-1, o = MI2,
S =0 or z/2. As such the frequency response was essentially the DFT (Eqn 2.1) of
the filter kernel. Since the intention was the selection of oscillatory activity in a
restricted frequency band, the idealized amplitude characteristics of the filter at
frequencies between 0 and = (Nyqist) could be defined as:
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0 welo,n,]
A,(w)= 1 a)e[a)pl’a)pz Eqn 2.15
0 a)e[a)sz,ﬂ]

, where ws; and wy, are the lower and upper stop frequencies respectively, while w,
and w,, are the upper and lower pass frequencies. This idealized filter gives the
desired frequency response, D(w). Actual filter coefficients were optimized by
minimization of the error function, E(w) between actual frequency responses and the

desired frequency response:
E(@) =W (0)|H(w) - D(o)] Eqn 2.16

, where W(w) was a weighting function. The optimization method used was the
McClellan-Parks-Rabiner technique, an efficient means of implementing the Remez
algorithm (McClellan et al, 1973). Equiripple filters that were thus defined produce
the best possible performance with the minimum number of filter coefficients, as

such efficient and optimized filtering of time series was performed.

Selection of the pass band frequencies was individual to each subject though all time
series from a given subject underwent the same filtering. The choice of band was on
the basis of peaks in the power spectrum, and are detailed with the relevant analysis
in Chapter 4. Stop frequencies were adjusted to produce the smallest possible
transition gap without the introduction of excessive pass-band ripple.

2.3.3 Wavelet spectral analysis

Band-pass filtering estimation was able to measure power dynamically in relation to
a given cue but required a priori selection of bands of interest. While heuristic
selection of such bands was undertaken in Chapter 4, the potential existed for the
shifting of oscillatory frequency from within the examined band to a neighbouring

unexamined band. As such, further data investigations in Chapter 5 were performed
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in a manner that did not require assumptions of band significance to be made. The
CWT coefficients, C,,, of LFP time series data, b(r) were derived via a constant

interpolation estimation of the non-discrete transform:

e 1 t—y
C., :_;[b(f)\/; ‘//{ . }d’ Eqn 2.17

, where x was the scaling factor of the mother wavelet, v, y the wavelet time
translation and =~ the complex conjugate. Hence the CWT coefficients
represented the summated product of scaled and shifted versions of the mother
wavelet basis function with the time series, and could be considered a regression of
the signal with the wavelet function, where large positive values represented strong
correlation between the two at a given scale. Coefficients could therefore be squared
to give a measure of power at a given wavelet scale. The relationship between
wavelet scale and equivalent Fourier period (or pseudo-frequency), F; in a time

series sampled at frequency %, was derived using:

F, =
x—xk Eqn 2.18

, Where F, was the mother wavelet centre frequency. This allowed the representation
of power at varying frequencies (Torrence and Compo, 1998). Non-linear scaling
was initially performed to allow assessment of activity in a frequency range from 6 to
50 Hz. Frequencies of interest were defined as a result of this initial investigation and
subsequent analysis was limited to linear frequency scaling over the range, 8 to 30

Hz at 0.5 Hz resolution.

No clear means of optimal wavelet function choice exists to date. The Meyer wavelet
was however used as the basis function because it broadly matches the oscillatory
characteristics of recorded basal ganglia LFP activity, is orthogonal allowing efficient
localization of scale and temporal properties, and has been demonstrated capable of

isolating frequency components of EEG event related potentials (Samar et al, 1999).
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CHAPTER lI
LOCAL FIELD POTENTIAL OSCILLATIONS AND
FUNCTIONAL CONNECTIVITY

As has been discussed in Chapter |, both the GPi and subthalamic nuclei of the
human, parkinsonian basal ganglia, display oscillations of the LFP broadly in both
the beta and high gamma bands (sections 1.3.2.1 & 1.6.2). While beta oscillatory
activity is most evident in parkinsonian patients withdrawn from levodopa and
dopaminergic agonists, higher gamma activity is apparent in subjects on anti-
parkinsonian medication (Brown et al, 2001). It has been proposed that these
oscillations may in some manner reflect or facilitate the transmission of information
not only within the basal ganglia but between basal ganglia and cortex (Brown and
Marsden, 1998). For such activity to have any functional systemic significance
however requires the coupling of functionally related areas in these bands. Such
coupling may distinguish between independent oscillatory activity in separate brain
regions and an integrated property of a dispersed network. The former might merely
reflect an epiphenomenon of local activity, while the latter is clearly required if the
oscillations are integral in some manner to function throughout the system. The
question of whether or not oscillatory activity in either band within the basal ganglia
shows coupling with similar activity in other anatomically connected and functionally
related regions is therefore pertinent. Previous investigations have demonstrated
significant constant phase relationships within basal ganglia, between oscillations in
STN and GPi (Brown et al, 2001), and to regions outside the basal ganglia, between
oscillations in STN and both Cz-FCz and C3/4-FC3/4 (Marsden et al, 2001).

The work detailed in this chapter extends such observations to test the hypothesis
not only that significant coupling, as demonstrated by coherence, exists between
oscillations in STN, GPi and cortex, but also that the distribution and strength of such
coupling between cortex and sub-cortex is consistent with a role in basal ganglia

motor-related function.
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3.1 Methods

3.1.1 Subjects

The clinical details of the 8 subjects that participated in the study are presented in
Table 3.1. Single stage implantation of bilateral STN DBEs was performed in 5 cases
and of ipsilateral STN and GPi DBEs in 2 cases. In the latter, surgery was performed
in the context of a comparative clinical study of the efficacy of stimulation at different
sites at the Operative Unit of Functional and Stereotactic Neurosurgery CTO "A.
Alesini" Hospital, Rome. Post-operative imaging using computerized tomography
(CT) or MRI (n=2) was consistent with macroelectrode placement in the intended
targets in cases 5-8. The macroelectrode position determined by post-operative CT
was superimposed on pre-operative MRI using image fusion systems in 2 cases. No
post-operative imaging was performed in cases 1-4, who were operated on at the
Department of Neurosurgery, Academic Medical Centre, Amsterdam. Cases 1-4
were recorded on their usual antiparkinsonian medication. Cases 5-8 were recorded
after overnight withdrawal of antiparkinsonian medication and again after

administration of levodopa 200mg.

3.1.2 Protocol

Subjects were supine and recorded at rest and/or while they tonically extended the
wrist contralateral to the DBE from which activity was recorded. Simultaneous EEG
was recorded consistent with the method of section 2.2.1. The hypothesis required
the demonstration of coherence (with or without spectral power) and phase between
cortex and basal ganglia in given frequency bands. Tonic contraction data durations
were relatively short compared to rest (less than a quarter of total trial duration).
Since fast Fourier analysis was the basic technique for estimation of spectral power,
coherence and phase, optimization of estimates was achieved by combination of rest

and tonic activity.

73



Case’ 17 2 F £ 5 6 7 8
Age () & 62M 53M 51M 67F 67M 69F 49F 37M
Disease
duration (yr) 16 9 11 28 13 15 17 10
. L Response Response L L L
Predominant | Bradykinesia, Tremor, . . - Bradykinesia | Bradykinesia | Bradykinesia
symptom rigidity dyskinesias Response fluctuations g‘;‘;‘ﬁﬁgggz g;g:ﬁg;’;ss Dyskinesias Dyskinesias Dyskinesias
Logsﬁiins Bilateral STN Bilateral STN Bilateral STN Bilateral STN RSTN Bilateral STN | LGPi & LSTN | RGPi & RSTN
Motor
UPDRS 37/50 21/31 14/48 27/53 10/69 10/69 12/80 7/65
on/off
Levodrﬁpa 600 Levodopa 500 mg Levodopa Levodona
Medication Pergoli d% 4mg Levodopa 400mg Selegiline 5 mg Levodopa 300mg | Levodopa 1050mg Levodopa 1 50mg
(daily dose) - Benzhexol 2 mg Roperinole 20 mg Roperinole 5 mg 250mg Pramipexole 1500mg -
Amant?:éne 300 Entacapone 1000 mg 3mg Ropinirole 4mg
Coherence®
2-10 Hz +4 + - + + + + +
10-20 Hz + + + + - + + +
20-30 Hz + + + + + + + +
70-85 Hz - + - - + + + +

Table 3.1: Clinical details and summary of coherence between STN DBEs and EEG.

'Cases 2 and 4 were left-handed.

ZSimultaneous EEG recordings from several scalp sites possible.

3Coherence between at least 1 STN DBEs contact and at least 1 bipolar EEG lead greater than 95% CL in > 2 contiguous bins.

“+ represents the presence, and — represents the absence of coherence in the given frequency band
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This was justified since acceptance of the hypothesis depended upon the
demonstration of relative, significant levels of coherent activity in given bands not
absolute levels and similarly the examination of the relationship of phases between
bands more than absolute phase determination. Furthermore, patterns of cortico-
subcortical coherence similar to the distribution of cortical motor-related oscillatory
activity (section 1.5), in either or both of the combined states would be consistent

with acceptance of the hypothesis.

3.1.3 Analysis

When determining the cortical topography of coherence between EEG and STN
DBEs, data was down-sampled to 200 Hz and segment lengths of 256 points used,
giving a frequency resolution of 0.78 Hz (except in Fig. 1 in which segment length
was 128 points and resolution 1.56 Hz). A mean of 280 segments (range 122-410)
was averaged. Phase was only analyzed over those frequencies showing significant
coherence between STN/GPi and cortex. A segment length of 512 points (resolution
1.95 Hz with a sampling rate of 1 kHz) gave the best compromise between
frequency resolution and variance in the phase estimate. For phase estimates a
mean of 976 segments (range 451-2044) was averaged. The constant time lag
between 2 signals was calculated from the slope of the phase estimate after a line
had been fitted by linear regression. The time lag was only calculated from the
gradient if the number of contiguous data points included in the segment > 5 and a
linear relationship accounted for () > 71% of the variance (p < 0.05). Phase
between STN DBE LFP and CzFz EEG did not meet criteria in 6 patients in whom

only CzFz was available and these are therefore not included here.

To compare coherences by ANOVA, the variance of the modulus of the coherency
(given by the square root of the coherence) was normalized using a Fisher
transform. The variance of spectral power estimates was stabilized by logarithmic
transformation. No corrections for non-sphericity were required in the ANOVAs (i.e.

variance of the differences between conditions were roughly equal).
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3.2 Results

Patients were divided into two groups. In the first (cases 1-4) EEG was sampled with
multiple electrodes, but recordings were only made during treatment with routine
antiparkinsonian medication. In the second group only CzFz was available (cases 5-
8), and recordings were performed after overnight withdrawal of medication and
again after levodopa in each case. The first group permitted an analysis of the
topography of those cortical areas coupled to STN DBE activity, while the second
group allowed temporal differences between cortex and STN DBEs and, in cases 7

and 8, GPi DBEs to be compared at different frequencies in the same subjects.

3.2.1 Cortico-subthalamic connectivity

Coherence between EEG and STN DBE LFP activity was apparent in three major
frequency bands; 2-10 Hz, 10-30 Hz and 70-85 Hz. The presence or absence of
coherence in these frequency bands is summarized for each patient in Table 3.1,
and Fig. 3.1 shows a representative example of the cortical topography of STN DBE-
EEG coherence in case 1.

Coherence at 2-10 Hz was fairly evenly distributed over the midline and lateral
cortical areas compared to that in the 10-30 Hz band. Coherence at these low
frequencies between activity in the human globus pallidus and tremor has been
reported previously (Hartado et al, 1999), while the presence of tremor-related
neuronal discharge in the human STN is well recognised (Hutchinson et al, 1998;
Bejjani et al, 2000). The coherence at frequencies above 10 Hz was greater over
midline cortical areas than ipsilaterally and much greater than contralaterally in all
four patients (Fig. 3.1). Topographic differences between transformed coherences in
the 2-10 Hz and 10-30 Hz bands across all four patients were confirmed by a two-
way ANOVA with area (midline, ipsilateral and contralateral to the ME) and
frequency (2-10 Hz and 10-30 Hz) as factors. There was no main effect for

frequency, but there was a significant main effect for area (F = 8.757, p =
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Fig. 3.1 Coherence spectra between R STN 23 and EEG in case 1 on their usual antiparkinsonian medication. Note coherence
is strongest over the midline (287 blocks have been averaged). The horizontal lines in the coherence spectra are the 95% CL.
The apparent topographic difference in 2-10 and 20-30 Hz coherence was confirmed by two-way ANOVA, (maximum mean
coherences in 2-10 and 10-30 Hz bands respectively: 0.053, 0.045, 0.013, 0.020; 0.056, 0.066, 0.067, 0.04 for the four subjects).
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0.017) and an interaction between area and frequency (F = 7.944, p = 0.021). Post-
hoc paired f-tests confirmed that the transformed coherence in the 10-30 Hz band
was greater in the midline than contralaterally (p = 0.030) or ipsilaterally (p = 0.026)
and that transformed coherence ipsilateral to the DBE in the 2-10 Hz band was
greater than contralaterally (p = 0.039). There were no significant differences
between transformed coherences over the different cortical areas in the 2-10 Hz

band otherwise.

The activity at 10-30 Hz could be sub-divided into two further bands (15-22 Hz and
23-30 Hz). That at lower frequency was proportionately greater in the posterior
midline bipolar lead than in the anterior midline (Compare Fig. 3.1B, 3.2A, 3.3B and
3.4A with Fig. 3.1E, 3.2D, 3.3E and 3.4D, respectively), although differences were
not confirmed by an ANOVA with area (anterior midline and posterior midline) and
frequency (15-22 Hz and 23-30 Hz) as factors, perhaps because of the small
number of subjects. Coherence at 10-30 Hz was evident in all 4 cases. Coherence
between 70 and 85 Hz was only present in one case with multiple EEG recording
sites (case 2). In this patient it was only seen following treatment with levodopa and
was only recorded between STN DBE LFP activity and CzFz. This was perhaps
because these 4 patients were studied on their usual medication rather than at the
time of peak anti-parkinsonian effects of levodopa 200mg given after overnight drug

withdrawal (as in cases 5-8).

In summary, EEG-STN DBE coherence was greatest over midline cortical areas in
the 10-30 Hz band. However, coherence analysis may suffer two drawbacks when
determining the topography of cortical areas coupled to STN activity. These are the
problems of volume conduction and, most importantly, non-linear data contamination
(see for example, Florian et al, 1998). The biggest source of non-linearly coupled
activity over the frequencies of interest is EMG artefact (Daly and Pedley, 1990). As
coherence is a normalized measure, greater contamination of EEG signals by EMG
over lateral compared to the midline channels might lead to spuriously low estimates

of coupling with STN over lateral cortical areas.

78



RSTNO1=- CzFz RSTNO1 - PzCz

A 0.1 D 0.1
3 3
c c
o o
] []
-S -8 \A
O o -
20 40 60 80 100 20 40 60 80 100
B Frequency (Hz) Frequency (Hz)
37 E 3
S / B //‘
\q.)l o -|‘,’ / T T T 1 \Q; 0 7’:'"’ T ',, T T T 1
§ 2{ 40 60 80 100 @ | 2d S a0 60 80 100
ey
o 3 Frequency (Hz) a N Frequency (Hz)
C g~ F oo
§ 24 /\ /\/\/\ 52"
= oo N =
g é 0 IM‘ l’ \'I g 8 0
o3 A \ o038 | \J V
447NV 11
T T T T T T T L L T L L] T L]
-120 -80 -40 0 40 80 120 -120 -80 -40 0 40 80 120
Time (ms) Time (ms)

Fig. 3.2 Coherence and phase spectra and cumulant density estimates between the
R STN DBE 01 and midline EEG activity in case 4 on their usual antiparkinsonian
medication. A-C results for STN DBE 01 LFP v CzFz. D-F results for STN DBE 01
LFP v PzCz. Note that coherence at 20-30 Hz is seen with both scalp electrodes, but
that over 10-20 Hz is only seen with the posterior midline channel. The coherence
from A has been superimposed in grey in D for comparison of frequencies. EEG led
STN DBE LFP by 20-30 ms. The cumulant density estimates suggest polarity
reversal about Cz for the activity with a period of about 40 ms, implying that the
cortical activity coupled with the STN DBE LFPs at 25 Hz arises in the area of Cz. In
this and ensuing figures the horizontal lines in the coherence spectra and the thin
dashed lines in the phase spectra are the 95% CL. (1499 blocks have been

averaged).
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The absolute magnitude of EEG power linearly correlated with the STN DBE signal
can be estimated by multiplying the autospectra by the coherence spectra (see for
example Mima et al, 2000). The log-transformed EEG power at each bipolar
electrode linearly correlated with the STN DBE signal was therefore calculated. Fig.
3.3 shows the distribution in case 1, and it is noteworthy that the distribution was little
different to that seen in Fig 3.1. In particular, coupling at 10-30 Hz remained
strongest over the midline. The importance of the midline electrodes was further
supported by the identification of one instance of clear polarity reversal at Cz in
cumulant density estimates (Fig. 3.2). Polarity reversal involved activity with a period

of 40 ms, consistent with a frequency of 25 Hz.

It was noteworthy that the EEG-STN DBE coherence at 10-30 Hz and that at 2-10
Hz was greatest in different STN DBE leads in 3 out of the 4 patients, as illustrated in
Fig. 3.5. In addition, within the 10-30 Hz frequency band, coherence between CzFz
and STN and between PzCz and STN was greatest at different STN DBE leads in 2
patients, as shown in Fig. 3.4. The pattern of the log-transformed LFP power at each
bipolar STN electrode linearly correlated with EEG (not shown) was little different to
that seen in Figs. 3.4 and 3.5, so that variations in coherence were unlikely to be due
to different degrees of non-linear contamination. It should also be noted that maximal
10-30 Hz coherence could occur in differing directions along DBE in different
subjects, increasing from rostral to caudal in Figs 3.4 A, B, C and caudal to rostral in
Figs 3.5 C, B, A. Such an observation is consistent with differing depths of the
macroelectrode relative to the potential source and entirely incompatible with volume
conduction from a cortical source. Together these observations suggest that different
oscillatory activities could have slightly different origins within STN and the
surrounding fields. Nevertheless, no convincing examples of polarity reversal at
different STN DBE contacts for any of the different oscillatory activities were
observed, perhaps because of the small size of STN relative to the distance between
electrode contacts (Hutchinson et al, 1998; Ashby et al, 1999).
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Fig. 3.3 The log-transformed EEG power at each bipolar electrode linearly correlated with the signal from R STN DBE 23 in case
1 on their usual antiparkinsonian medication. Coupling is strongest over the midline. The same data have been analysed as in

Fig 3.1.
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Fig. 3.4 Coherence spectra between right STN DBE and CzFCz (A-C) and PzCz (D-

F) in case 4 on their usual antiparkinsonian medication. Note that peak coherence

between STN DBE and PzCz had a slightly lower frequency (spectrum from A has

been superimposed in grey in D for comparison of frequencies) and a different

distribution around STN. (287 blocks have been averaged).
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Fig. 3.5 Coherence spectra between
R STN DBE contacts and CzFz in
case 1 on their usual antparkinsonian
medication. Note that tremor related
coherence at frequencies below 10
Hz was greatest at bipoles 01 and
12, while that at 10 to 30 Hz was
greatest at bipoles 12 and 23 (300

blocks have been averaged).

3.2.2 Phase relationships of connectivity and dopamine dependence

Phase relationships were determined in the 4 patients in group 2. A representative

example of the autospectra, coherence and phase spectra from data recorded on

and off levodopa in a patient with only a single STN DBE (case 5) is illustrated in Fig.
3.6. Strong coherence between STN DBE and CzFz is evident at 70-85 Hz, but only

after treatment with levodopa.
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Fig. 3.6 Power, coherence and phase spectra for CzFz and left STN DBE 23 in case
5. A-C and D-F are the results after withdrawal and reinstitution of treatment with
levodopa, respectively. The bold and thin lines in the power spectra are the STN
DBE LFP and CzFz EEG, respectively. Note the shift in coherence to higher
frequencies and the reversal of the phase slope after treatment with levodopa. (918

blocks have been averaged off and on treatment).

Coherence at 70-85 Hz was limited to the treated ‘on’ state in all 4 patients and was
only evident at a maximum of two bipolar pairs of contiguous contacts. The time
differences between STN and EEG activity calculated from phase spectra are
summarized for all subjects in Fig. 3.7. Both on and off dopaminergic therapy,
activity at CzFz lead that recorded by the STN DBE by 26.1 + (SEM) 54 ms at
frequencies under 30 Hz. In contrast, activity at the STN DBE led that at CzFz by
17.3 + 4.3 ms over the 70-85 Hz band. Two patients in this group also had a
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unilateral GPi DBE implanted simultaneously with the STN DBE. The phase
relationship between EEG and GPi DBE LFP was similar to that found with the STN
DBE. Activity at CzFz led the GPi DBE LFP by 21 ms (case 7) and 15 ms (case 8)
at frequencies under 40 Hz. However, in the one patient in whom phase could be
determined over the 70-85 Hz band, activity at the GPi DBE led CzFz EEG by 4 ms.
Fig. 3.8 compares the phase and coherence spectra on and off treatment between
CzFz EEG and STN DBE LP and CzFz EEG and GPi DBE LP in case 8. The spectra
are derived from simultaneous recordings from the two sites and their general

pattern is similar.

In summary, autospectra, coherence and phase spectra were similar in cases 5-8,
with relatively little difference between STN and GPi. The biggest differences were
seen within the same subject, according to treatment state. Coherence between STN
and EEG and GPi and EEG at high frequency (70-85 Hz) was only seen after
treatment with levodopa. In contrast, coherence below 30 Hz was seen in both
states.
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Fig. 3.8 Coherence and phase spectra between CzFz and R STN DBE (A-D) or R
GPi DBE (E-H) in case 8. A, B, Eand F and C, D, G and H are the results after
withdrawal and reinstitution of treatment with levodopa, respectively. Note the
change in coherence to higher frequencies and the reversal of the phase slope after
treatment with levodopa. The pattern is similar for STN and GPi. (451 blocks have

been averaged off and on treatment).
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3.3 Discussion

The investigations described in this chapter sought to test the hypothesis that
oscillatory activity may have a systemic role in the motor-related function of the basal
ganglia. The acceptance or at least the failure to reject such a hypothesis requires
firstly that there be significant coherent oscillatory connectivity between cortex and
basal ganglia nuclei, and secondly that the character, i.e. the distribution, frequency
and strength of such connectivity be consistent with the distribution of motor-related

oscillatory activity in cortex.

3.3.1 Cortico-subthalamic connectivity

The data presented here, consistent with previous findings, demonstrate significant
cortico-subthalamic and cortico-pallidal connectivity (Marsden et al, 2001). This
connectivity is dominated by activity in two frequency bands, alpha-beta activity in
the 10-30 Hz range and high gamma oscillations from 70-85 Hz, both as discussed
in sections 1.3.1.2, 1.5.1 and 1.5.2 are prominent components of motor-related
cortical LFP activity and high gamma in particular has been observed to display a
highly somatotopically specific representation in association with motor action (Crone
et al, 1998b). In addition, lower frequency 2-10 Hz connectivity that has been
associated with tremor (Volkmann et al, 1996; Hurtado et al, 1999) is observed in the
patient population detailed. As such not only do nuclei of the basal ganglia in PD
patients display oscillations of their LFP at similar frequencies to those observed in
motor-related cortical regions (section 1.5.1, 1.5.2) but they do so in an inter-related

fashion.

It is further observed that distinct frequencies display differing inter-regional
relationships, with cortical alpha/beta activity appearing to lead its subcortical
analogue, while the reverse appears true of the high gamma activity. However, the
temporal differences with which cortical activity leads or lags that in STN appears
similar, around 20 ms, regardless of the overall direction of information flow and

frequency band. Where STN drives cortex the likely path based on anatomical
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considerations (Parent and Hazrati, 1995) is via GPi/SNr and thalamus, and a delay
of 20 ms or so seems reasonable. Where cortex drives STN, this could be achieved
either directly through the large cortico-subthalmic projection or indirectly via the
putamen/GPe (Parent and Hazrati, 1995). A delay of around 20 ms would seem to
favour the latter and it is of note that similar delays were seen between cortex and
GPi, where pathways are, of necessity, indirect. In contrast, stimuli applied within the
motor cortex of the monkey facilitate STN neurones with a mean latency of 5.8 ms
(Nambu et al, 2000) and frontal cortical potentials may be elicited with a latency of 5-
8 ms after probable antidromic activation of the direct cortico-subthalamic pathways
in humans (Ashby et al, 2001).

A further dimension to this regional connectivity in the frequency domain is the
dopamine dependence of the relationships. Broadly consistent with prior
observations that have noted prominent beta spectral power in patients off
dopaminergic medication, reduced with medication, and opposite patterns in the
gamma band (Brown et al, 2001), the current results display similar relationships
with variations in dopamine state. It is of note that the recurrent reciprocal

association of alpha/beta oscillations and gamma activity is yet again evident here.

3.3.2 The central role of midline cortical motor areas

Despite the enforced post-operative limitations, analysis was possible of scalp EEG
from up to nine sites. Coherence appears greatest over midline cortical areas and
one instance of polarity reversal around Cz was observed. These results suggest
that functional connections are particularly strong between STN and the midline
cortical areas, particularly supplementary motor area (SMA) underlying Cz. The
consistent nature of coherence results after compensation for potential EMG
contamination further excludes such a confounding factor as a potential explanation
of the results. These findings would be consistent with other data indicating a central
role for SMA in motor loops involving the basal ganglia and cortex. Activity in SMA is
a major contributor to the Bereitschaftspotential that precedes self-generated
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movements (Kornhuber and Deecke, 1965; Shibasaki et al, 1980; Deecke, 1987),
and this potential is reduced in Parkinson’s disease (Deecke et al, 1977; Shibasaki
et al, 1978; Dick et al, 1987, 1989; Jahanshahi et al, 1995; Cunnington et al, 1995).
Imaging studies confirm impaired activation of SMA during some movements in
untreated Parkinson’s disease (Playford et al, 1992; Rascol et al, 1992, 1994,
Jahanshahi et al, 1995; Limousin et al, 1997), reversible with the dopaminergic
agonist, apomorphine (Jenkins et al, 1992; Rascol et al, 1992). These results
suggest a net transmission of ‘information’ from midline cortical motor areas to STN
at frequencies under 30 Hz and transmission from STN back to these midline areas
in the 70-85 Hz band.

In contrast, though significant coherence is present there appears relatively little
coherence at frequencies above 10 Hz over lateral electrodes covering the
sensorimotor and premotor cortices, suggesting that oscillatory coupling between
STN and these cortical areas is not as important as that with midline areas such as
SMA.

3.3.3 Independent oscillating loops?

It has been proposed that multiple, functionally heterogeneous oscillatory activities
may be engaged in linking human basal ganglia and cerebral cortex (Brown and
Marsden, 1998). This is in line with current views of multiple anatomically segregated
circuits linking basal ganglia and cortex (Alexander et al, 1990), although this is not
to say that specific oscillatory activities can be associated with specific anatomical
pathways. The notion that the human basal ganglia may consist of multiple
independent oscillating circuits was first suggested by Hurtado et al (1999) based on
the dynamics of tremor-related oscillations in the globus pallidus. Some aspects of
the findings presented here support this model. It is observed that activities
connecting cortex and basal ganglia at different frequencies exist with different
drives. Furthermore there is the suggestion from the current results that differing
distributions exist in these separate oscillatory modes not only at the cortical stage

but also at the subthalamic level. Two significant caveats must be considered

89



however. Firstly, the inability in the current investigation to know categorically pre
mortem where electrodes are precisely located makes over interpretation of nuclei
LFP localizations a possibility. Secondly, of necessity the subject population in the
study is parkinsonian as such the pathological nature of specific modes of activity
must be questioned. Irrespective of whether subcortico-cortical synchronization is
primarily physiological or a pathological consequence of Parkinson’s disease, it is
likely to be important in functional terms. Synchronization increases post-synaptic
efficacy at subsequent projection targets, while non-linearities in the frequency-
current relationship of basal ganglia neurones may increase the saliency of inputs in

particular frequency bands (Bevan and Wilson, 1999).

3.4 Outstanding issues

Despite the observations detailed here, and insights derived, there are of course
many questions that remain unanswered, of interest not merely because they may
allow a better theoretical understanding of corticosubthalamic connectivity but of

potential significance in the understanding of PD pathophysiology.

1) What is the distribution of cortico-subcortical connectivity at high spatial
resolution both in motor cortex and in the region of basal ganglia nuclei?

Although the current study detailed functional connectivity across the cortex, the
spatial resolution presented was limited both as a consequence of the constraints
imposed by the patient population involved and as a result of the limitations of EEG
as a technique. Furthermore, while the DBE represents a serendipitous point of
access to examine the STN LFP in the alert human, it is not ideal for the examination
of LFPs at high spatial resolution, as a consequence of its dimensions, and limited
number of contacts. However, a higher resolution representation of human
corticosubthalamic functional connectivity in the frequency domain across cortex
may potentially allow the detailed representation of regional integration of oscillatory
activity. In frequency bands modulated by dopamine in the parkinsonian state

particularly (e.g. beta activity), such a representation might allow cortical areas of
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significance either in the alleviation of PD symptoms or the exacerbation of them to
be better identified. As an extension of the present work for example it may answer
the question, - Is SMA in particular the significant link as suggested, or possible pre-
SMA/cingulate cortex, and if so which sub-regions? In addition, despite the
significant degree of direct anatomical connectivity apparent between cortex and
STN (section 1.1.2), motor cortical regions appeared less significant in terms of
functional connectivity in the frequency domain than midline sources, - Is this
difference solely the result of relatively low degrees of integration of oscillatory LFP
in the two regions or perhaps due to very focal representation as distinct to diffuse
representation. Examination of coupling at the motor homunculus resolution may
answer such a question. Investigating these questions in human subjects is not
without difficulty. Assuming the use of a DBE as the source of STN LFP activity,
obtaining more detailed cortical representations is theoretically possible using
greater EEG regional sampling (i.e. having more scalp electrodes) or by using the
higher resolution technique of MEG. It has been estimated that 200 electrodes are
required to capture all the spatial information of the human EEG to allow for a
reasonable solution of the inverse problem (Gevins, 1984), attempting such
investigation would obviously not be practical in post-operative patients. The
coordination of surgical centres with MEG facilities and practicality of MEG in post-
operative patients appears similarly problematic. A compromise may be conceived
however with the use of relatively high levels of electrode scalp coverage in
conventional EEG, in addition to post sampling analysis. Independent component
analysis (ICA) has been successfully used in the examination of cortical distributions
of oscillatory components (Makeig et al, 2002), and even dynamically so — Such a
technique may well prove useful. This method would not however aid in the more
detailed localization of STN sources. No ready solution of this problem is available in
mobile, alert humans. The 6-OH dopamine rat model or more ideally, the MPTP
primate might however allow further investigation. The simultaneous stereotactic
implantation of several parallel multicontact electrodes may potentially allow the
sampling of tissues rostral, caudal, ventral, dorsal, medial and lateral to the STN with
far higher spatial resolution than available via DBE, using a bipole source analysis
similar to that used in this work. In addition, with an appropriately high electrode

impedance and use of variable sampling frequency, the possibility may exist for
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detection of both multi-units (or even single units) and LFP. If STN DBS remains an
important therapeutic option in the treatment of PD patients this manner of
experimentation seems of great importance as it will simultaneously allow several
questions to be answered, - Beta oscillatory activity of the STN LFP appears a
potential pathological marker, but what is the exact regional representation of this
activity? Does it localize to dorsolateral STN (as might be predicted)? Is the
localization of oscillatory activity focal enough to be of use in the accurate
implantation of macroelectodes? This might allow LFP to be used intraoperatively to
guide placement rather than more difficult single unit sampling technique. With
further modification of the experiment the question of whether beta LFP oscillations

co-localize with the optimal target for deep brain stimulation might be resolved.

2) Are there dynamic changes in the spatio-temporal pattern of coherence
between basal ganglia and cortex associated with movement, and if so what

are they?

The dynamic nature of the STN LFP is considered in chapters 4 and 5, however
neither concerns the dynamic nature of corticosubthalamic functional connectivity. If
oscillatory activity in restricted bands (particularly beta and gamma), has functional
significance one may well expect to see fluctuations of the strength of functional
connectivity in task relevant regions with differing behaviour. The observation of
appropriate regional changes in oscillatory functional connectivity throughout the
course of a task, may not only support the notion of LFP oscillations as functionally
significant entities, but may also allow variations in the integrated function of STN
with differing regions of cortex throughout tasks to be assessed. Furthermore, with
respect to Parkinson’s disease, variations of any dynamic regional pattern of
functional connectivity throughout the course of tasks may well be of significance to
the pathophysiology of the disease and may well correlate with the spectrum of task
disability observed in PD. Any work in this area would preferably have high levels of
spatial resolution as discussed above. The dynamic nature of the analysis required
may however mean that Fourier techniques of spectral estimation may be less than

ideal (particularly if the tasks considered evolve over second or millisecond time
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scales). Wavelet analysis (as used in chapter 5 and discussed in section 2.3.3) may
allow decomposition of spectral components efficiently in non-stationary data; it is
now also possible to calculate wavelet coherence (reviewed in the context of
neurological signals — Lachaux et al, 2002). An experimental protocol may therefore
readily be envisaged, involving a similar patient population to that considered here in
which rather than actively seeking long blocks of stationary data, motor tasks as
used in chapter 4, 5 could be used and functional connectivity in the frequency (and
time) domains examined not only in the course of motor responses but also in their

appropriate selection.

3.5 Summary

Findings in this study do not support the rejection of the investigated hypothesis:

« Functional connectivity as evidenced by significant coherence exists between
cortex and both STN and GPi in both beta and gamma bands

o The degree of this connectivity appears dopamine dependent

o The cortical distribution of this linkage in the beta band is consistent with the

motor cortical representation of similar activity, particularly to SMA.
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CHAPTER IV

LOCAL FIELD POTENTIALS AND RELEVANT
BEHAVIOURAL STIMULI

Rhythmic LFP activity in nuclei of the parkinsonian basal ganglia is a non-stationary
phenomenon, evident in the alterations of oscillatory power phase and non-phase
locked to events such as voluntary movement and imperative cues for such
movement (section 1.5.4). Furthermore, this non-stationarity is not merely a
manifestation of parkinsonian pathology since it has been demonstrated in healthy
human putamen (Sochurkova and Rektor, 2003). If the modes of oscillatory activity
evident in the beta and gamma bands of STN and GPi LFP activity have functional
relevance one may expect that fluctuations of such activity may modulate this
function. Indeed if such changes have behavioural relevance one might expect a
bias towards the occurrence of power modulation in the context of behaviourally (and

functionally) relevant stimuli as opposed to non-relevant stimuli.

Changes in similar activity in the motor cortex, cerebellum and thalamus of humans
and other primates have dissociated these event-related changes from movement
itself, i.e. they have shown an absence of causal linkage (in either direction) between
the performance of a motor act and fluctuations in rhythmic LFP activity. Examples of
such dissociation in man come from the capacity for somatomotor cortical mu EEG
oscillation suppression with the conscious imagination of movement alone
(Beisteiner et al, 1995; Leocani et al, 1999), and in non-human primates in the
suppression of beta oscillatory cerebellar LFP oscillations with cues warning of
movement, despite significant delays prior to any movement initiation (Pellerin and
Lamarre, 1997; Courtemanche et al, 2002).

The work detailed in this chapter sought both to examine whether alterations in beta
power LFP oscillations within STN are related specifically to movement or more
generally to movement preparation and whether any such modulation of activity

displays a bias towards cues for motor behaviour.
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41 Methods

411 Subjects

The clinical details of the 9 patients involved in this study are summarized in table
4.1. MRI confirmed that at least one macroelectrode contact was within the STN,
except in those 3 patients from Amsterdam who were not imaged post-operatively. A
representative example of post-operative imaging of electrode position is illustrated
in Fig 4.1. Only patients that derived > 20% reduction in OFF treatment motor

UPDRS scores in the contralateral upper limb with bipolar stimulation using adjacent
contacts were studied.

Fig. 4.1. Localization of macro-electrodes at the level of contact pair 12 in the post-
operative T2 weighted MRI of case 8. Both are symmetrically placed within STN.

Arrows point to the macroelectrode artefacts.
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4.1.2 Protocol

Subjects were supine or seated and recorded while performing a visual choice
reaction task. This consisted of watching a fixation cross at the centre of a portable
PC screen while holding a push button in each hand. A warning signal, a pair of
arrows, appeared either side of this central cross for 500ms (Fig 2), indicating the

laterality of a subsequent imperative signal.

Age Disease Diagnosis and Suraical Motor Medication Power’
Case | (yr) & | duration predominant c egtre UPDRS (daily dose) spectral
Sex (yr) symptoms On/off y peaks (Hz)
1. | s7m g | D bradykinesia, | iordam | 2264 | 1200mgL-Dopa 6(1)61-11-%0
’ rigidity 1.25mg Pergolide B(2) 21-30
900mg L-Dopa a 6-12
L . 10mg Pergolide B(1) 14-30
2. 58M 10 PD, bradykinesia Berlin 36/63 10mg v(1) 33-45
Domperidone y(2) 75-85
300mg Amantadine
1.8mg Lisuride a 6-12
3. 65F 25 PD, bradykinesia | Amsterdam 24/36 200mg L-Dopa B 15-25
5mg Selegeline
1mg Lorazepam
a 6-12
PD, . 500mg L-Dopa
4 62M 25 hyperkinesias Berlin 14/52 62.5mg Clozapine ggg ;ggi
a 6-12
5. 67F 13 PD, bradykinesia Berlin 20/42 400mg L-Dopa B 13-21
y 32-47
675mg L-Dopa a 6-13
6. | 62F 9 PD, dyskinesias Berlin 16/48 1400mg B(1) 14-20
Entacapone B(2) 21-30
4mg Cabergoline
L a 6-12
7. | esm 17 PEr-a‘;ﬁ'i‘r"’;?f London | 3257 | 750mg L-Dopa B(1) 13-20
B(2) 21-30
950mg L-Dopa a 5-10
8. 50F 6 PD, tremor Berlin 26/42 2.8mg Pramipexole B(1) 11-20
50mg Clozapine B(2) 21-30
PD, bradykinesia, 600mg L-Dopa a6-12
9. 54M 15 tremor Amsterdam 34/56 8mg Pergolide B 14-30

Table 4.1: Summary of patient details. All had bilateral STN implantation.

' Numbers in brackets denote (1) lower and (2) higher frequency peaks in the beta band. For the
analysis activity in B or B(1) was used. Spectral peaks assessed OFF I|-dopa. All cases were right
handed.
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Left button Fig. 4.2. Schema of the
press

Right button
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Random +
>+> right or left and cue-go congruity was

kept either 100% or 50% in each
Time block.

subject response. Warning cues and

imperative ‘go’ signals could point

+

The warning arrows and fixation cross subtended a visual angle of 2 degrees. After
2s from the disappearance of the warning cue a 500 ms duration imperative ‘go’
signal (a circle) appeared either to the right or left of the fixation cross, with similar
eccentricity. Subjects were instructed to press the button ipsilateral to the imperative
signal as quickly as possible. Inter-trial durations were pseudorandomized between 6
and 7s limiting prediction of the timing of warning cues. Each block consisted of 100
such runs, with a few minutes rest between blocks, except for case 3 who was
unable to complete a full block. Blocks were performed in which the warning cue was
either 100% or 50% informative of the subsequent imperative location. The cue in
50% blocks was therefore of no value in predicting the side of the eventual motor
response, although, because of the fixed cue-go interval, it still provided information
on the temporal expectancy of the imperative stimulus. The order of presentation of
100% and 50% blocks was randomized after a short practice run of 10 trials.
Subjects were informed about the probability of cue-go signal congruency prior to
each block. In pilot recordings on four healthy subjects, the appearance of the
warning cue and go signals did not elicit a saccadic eye-movement, as detected by
extra-oculography (using methods described in Brown and Day, 1997).

97



In all patients the blocks of trials were performed after the patient had been off
medication overnight (OFF). Blocks were also performed about one hour after the
patient had taken levodopa 200 mg, given in combination with a decarboxylase
inhibitor (ON). In six patients OFF and ON recordings were performed on the same

day.

4.1.3 Analysis

Recorded activity was digitally pass band filtered in Spike2 (section 2.3.2). The
resultant activity was then squared giving a dynamic measure of frequency band
power. Activity in the spectral peak in the lower beta band (at around 15-20 Hz) was
selected for filtering™®, as this was the peak that invariably had maximum amplitude
above 12 Hz and was present in all subjects. The choice of this band was further
justified because this activity displays significant coherence with widespread cortical
areas and GPi (chapter 3, Brown et al, 2001) and LFP activity in this range has been
demonstrated representative of synchronous single unit activity in STN (Levy et al.,
2002). Table 4.1 gives the exact bands present in each patient, as determined by

peaks in fast Fourier transform derived spectra of LFP activity.

Squared filtered activity was averaged across trials of the same warning cue
laterality, aligned to the warning cue onset. Data segments were averaged from a
period 3 s prior to warning cue onset to 2 s post. Trials in which the patient failed to
respond to the go signal, responded with a lag of greater than 1.5 s, or responded
incorrectly or prematurely were excluded and underwent no further analysis.
Similarly trials corrupted by movement artefact or mains spikes were withdrawn. The
timing of any deviation in averaged beta band power was determined by change-
point analysis, using commercial software (Change-Point Analyser 2.0 shareware

program, Taylor Enterprises Inc., lllinois, USA, http://www.variation.com) and

techniques described previously (Cassidy et al., 2002). Significance of changes was

'S This was done on a case by case basis the exact bands chosen are detailed in Table 4.1, power
spectral peaks, beta(1) bands
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determined by control charting. Control charts consisted of plots of averaged beta
band power smoothed with a moving 250ms width window centered at the given
sample point. Control limits were determined to give the maximum range over which
values were expected to vary (with 95% probability), assuming no change had
occurred. The control period was from 3 s to 0 s prior to warning cue presentation.
Change-point analysis iteratively uses a combination of time varying cumulative sum
charts (cusums) and bootstrapping to detect changes and is more sensitive to
change than control charting (Taylor, 2000). For this analysis cusums were
determined by plotting the sequentially summed deviation of each spectrum from the
average determined for the whole record segment (total of 5s). 10,000 bootstraps
were performed in each test and only changes with probabilities of >95% were
considered. Band power was averaged with a 50ms window prior to analysis™’.
Upward gradients in cusums denote an increase in power (synchronization) whereas
downward gradients denote a decrease in power (desynchronization). In the cusums
illustrated in Figs 4 and 5 power changes are given relative to the pre-cue mean

rather than the power averaged for the whole record.

First it was confirmed that deviations in mean power detected by change point
analysis were more likely to occur following the warning cue than in the pre-cue
control period. Thereafter the character of cue-related responses was determined.
However, as evident from Fig 4.3, change point analysis was a very sensitive
detector of change, and to limit the detection of spurious (i.e. non-cue related)
changes more stringent criteria, based on control charts alone were used. Short
latency synchronizations (SLS, i.e. power increases, see results) were defined from
control charts as periods of deviation from the control period mean during which
activity equaled or exceeded the upper 95% confidence limit for 50ms, with
maximum deviation during the period 0 to 200ms post cue. Long latency
desynchronizations (LLD, i.e. power decreases, see results) were defined as
deviations during which activity equaled or was lower than the lower 95% confidence

limit for 50ms, with maximum deviation within the first 1000ms post cue.

" n.b. Smoothing was not performed twice on the data, control charting and change point analysis
were performed independently upon averaged beta band power data.
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The frequencies of SLS and LLD were compared under different conditions by
contingency (chi-square) tables. The amplitude of SLS and LLD were quantified by
calculating the mean activity over the duration of the SLS or LLD response as a
percentage of mean activity in the period one second prior to warning cue
presentation. Where SLS or LLD components were present in a given block of trials
paired comparisons were made with equivalent responses or activity during the
same period with cues of opposing laterality or contrasting cue-go congruence in the
same STN e.g. responses to left cue compared with right cue, responses to 100%
cue-go congruence compared with 50% cue-go congruence. Note all comparisons
(e.g. between informative and uninformative cues, between on and off drugs and
between ipsilateral and contralateral cues) were fixed to the same contact pair of a
given macroelectrode within a subject so that variance in positioning between
macroelectrodes should have had limited effects on the results. However, the latter
was the reason why comparisons between macroelectrodes ipsilateral and

contralateral to the active hand were avoided.

Comparisons were performed using two-tailed t-tests. Thus the core comparisons
were [1] ON vs OFF combining 100% and 50% cue-go congruence and ipsilateral
and contralateral conditions in all patients, [2] 100% vs 50% cue-go congruence
combining ON and OFF drug conditions and ipsilateral and contralateral pointing
warning cues in all patients and [3] ipsilateral vs contralateral pointing warning cue
combining ON and OFF and 100% and 50% cue-go congruence conditions in all
patients. Frequent absent values (where no SLS or LLD responses occurred within
paired data) precluded the use of a general linear model. Chi-square and t-tests
were corrected for multiple comparisons by the Bonferroni technique. Behavioral
results were analyzed by a repeated measures general linear model (GLM). No

compensation for non-sphericity was necessary.
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Fig. 4.3. Increases and decreases in average activity in successive 200 ms epochs
determined by change point analysis of LFP power in the low beta band summated
across all subjects in ON/OFF conditions and with 100%/50% predictive cues.
Changes are presented for the period 3 seconds prior to warning cue presentation
(arrow) until 2 seconds post. Epochs containing significantly high numbers of
changes (greater than 99% confidence limits from mean) are coloured black, 99%
confidence limits are indicated by perforated lines. An increased probability of higher
beta power is observed within 200 ms of presenting highly predictive warning cues in
contrast to poorly predictive cues. An increased probability of decreased power
occurs in subsequent epochs irrespective of cue-go congruency, although this lasts

longer following predictive cues.
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4.2 Results

4.2.1 Behavioral measurements

All 9 cases performed both 100% and 50% visual cue-go compatibility trials. All but 2
of the subjects (cases 1 and 6) showed increased reaction times in 50% trials to both
right and left cues. Across the group reaction times were significantly increased in
50% trials relative to 100% (GLM with main effects drug state [on/off medication],
hand [left/right] and compatibility [100%/50%]: F[1,9] = 11.973, p <0.01) consistent
with findings in previous studies (Stelmach et al, 1986; Jahanshahi et al, 1992;
Brown et al, 1993; Gueye et al, 1998). The reaction time data are summarized in
table 4.2. No significant effect of medication status or hand of response was
apparent. In addition reaction times did not significantly differ between validly and
non-validly cued 50% responses in the ON state (valid: 572 +/- 39, non-valid 560 +/-
46 p>0.05). Fewer than 5% of trials involved premature responses, response failures
(no response to the go signal or one with a lag of greater than 1.5 s) or incorrect
responses, in keeping with other observations (Jahanshahi et al, 1992). As the
incidence of errors was low and error trials were excluded from calculations, the
reaction time (and LFP) findings were not confounded by differential error patterns in

the different conditions.

100% ON 50% ON 100% OFF 50% OFF

Left response 537 +/-69ms | 598 +/-56 ms | 491 +/-48 ms | 581 +/-51 ms
Right response | 507 +/-66ms | 578 +/-61 ms | 482 +/- 57 ms | 560 +/- 53 ms

Table 4.2: Mean reaction time (+/- SEM) across the 9 patients.
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4.1.2 Qualitative characteristics of STN warning cue related responses in the
beta band

In blocks with 100% cue-go congruence the probability of increased beta band
activity (synchronization) was elevated in the period 0 ms to 200 ms post cue across
the 9 subjects, while the likelihood of decreases in beta activity (desynchronization)
was greater in the period 200ms to 600ms post cue (Fig 4.3). In contrast, with 50%
cue-go congruence there was no increased probability of increases in beta power at
short latency although there was still an increased probability of power reduction at
longer latency, albeit over a shorter period (Fig 4.3). Medication status appeared to

have no effect over these features.

A distinction between short and long latency responses was supported not only by
differences in sign (synchronization vs desynchronization) but also by differences in
duration. SLS components were much briefer (Table 4.3). In individual records SLS
and LLD components could occur in combination (Fig 4.4A) or alone (fig 4.4B and
C). Responses were focal phenomena, maximal at the bipolar contact likely to be in
STN, based on post-operative imaging and the clinical efficacy of deep brain
stimulation. Fig 4.5A shows the SLS recorded at the different contact pairs in case 8.
The response was greatest at contact 12, which post-operative MRI suggested
covered the STN (Fig 4.1). Fig 4.5B is the LLD recorded at the different contact pairs
in case 3. The LLD tended to be deeper and more prolonged at contact 12.
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Fig. 4.4. Examples of the characteristic response components to warning cue
presentation in the beta band activity of the LFP. Each trace is the average squared
filtered activity from 3 s prior to 2 s post warning cue presentation. A) SLS (arrowed)
in case 8, left STN, contralateral and ipsilateral cues, 100% trials, OFF levodopa. B)
LLD (arrowed) in case 7, right STN, contralateral cues, both 100% and 50% trials,
ON levodopa. C) SLS (arrowed) in case 9, right STN, ipsilateral cues, 100 % trials,
ON levodopa. In each part the squared filtered data are shown on top, vertical lines
indicate warning cue onset. Below these are the derived control charts smoothed
using a 250ms moving window centred at the given sample point and at the bottom
are the normalised cusums in percentage difference from the mean showing the
cumulative deviations of activity from the baseline mean taken from -3 to O s.
Horizontal lines represent 95% confidence limits on the control charts. Change point
analysis was used to determine timings of change and control charts their
significance. Upward gradients in cusums denote an increase in power
(synchronization) whereas downward gradients denote a decrease in power
(desynchronization) relative to baseline. The grey lines in A and B are the ipsilateral
and 50% responses, respectively. A shows that there is little difference in the SLS
response to warning cues that point contralateral (right) or ipsilateral (left) to the
recorded STN. Note how the cusum in A shows that the SLS (upward gradient) is
followed by a more prolonged reduction in power (downward gradient) not readily
apparent in the control chart. In the 100% cue-go compatibility condition illustrated in
B the desynchronization is greater than in A (steeper downward gradient of the black
line in the cusum) and can be seen in the respective control chart. There is no
significant power change within 1s of the cue in the 50% condition (note more-or-less

flat grey line in cusum in B).
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4.2.3 Quantitative characteristics of STN
beta band

Fig. 4.5. Example of the focal nature of
responses. Each trace is the average
squared filtered activity. A) SLS in case
8 (left STN, 100% trials, ipsilateral cue,
OFF levodopa). B) LLD in case 3 (right
STN, 100% trials, ipsilateral cue, OFF
levodopa). Recordings derived from
the adjacent 3 bipoles of the respective
electrode have  been  overlayed
(01,12,23). Note that the SLS and LLD
are biggest at contact pair 12 (which in

case 8 is the level imaged in fig 1).

warning cue related responses in the

SLS responses were more common in 100% cue blocks"® (n=21) than 50% (n=12),

but neither this difference nor that in frequency between OFF and ON states

(OFF=17, ON=16) or between ipsilateral and contralateral pointing warning cues

(ipsi=14, contra=19) were significant after correction for multiple comparisons.

Across subjects the magnitude of SLS responses was greater in 100% blocks than

50% blocks (137.8 + 6.15 % background vs

116.5 + 6.8 % background, p=0.027). No

magnitude differences were noted with respect to comparisons of ipsilateral vs

contralateral warning cues or OFF vs ON medication.

'® Each condition 100%, 50%, ON, OFF, ipsi, and contra, numbered a total of 72 blocks, all bracketed

n numbers may therefore be considered of a total of 72 blocks.
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LLD were observed in all cases except case 8, and were present both ON and OFF
in all the remaining cases except case 4. Responses were more common in 100%
cue blocks (n=37) than 50% (n=21, p=0.033), but no difference in response
frequency was found between ON and OFF (OFF= 33, ON=25) or between
ipsilateral and contralateral pointing warning cues (ipsi=24, contra=34). Across
patients LLD response magnitude was also greater in 100% cue blocks than 50%
(70.9 + 3.3 % background vs 82.3 + 3.8 % background, p=0.02), as illustrated in Fig
4.4b. No magnitude differences were noted with respect to a comparison of
ipsilateral vs contralateral warning cues or OFF vs ON medication.

The results are summarized in Table 4.3. Cues predictive of a subsequent
behaviourally relevant stimulus resulted in not only bigger SLS and LLD responses
but more frequent LLD responses than with cues that did not predict the laterality of
the imperative stimulus.

M?:tré ,?g; ot d%_gzg n Magnitude | Frequency Effce;é of Effect of

(+ SEM) (+ SEM) of response | of response direction | '€vedopa
SLS (n=33) | 101+12ms | 246 +35ms | 100%>50% | 100%=50% | None None
LLD (n=58) | 340+19ms | 884 +62ms | 100%>50% | 100%>50% None None

Table 4.3: Summary of the character of responses to warning cues in the 9

patients
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4.3 Discussion

On the basis of the results presented here several properties of STN LFP oscillations
are apparent. Firstly, they are not specifically linked to movement performance, with
beta oscillation modulation occurring after cues potentially informative of subsequent
requests for movement, seconds before any movement performance. Secondly,
though warning cue responses appear most frequently to be manifest as
suppressions of beta band oscillations at latencies of several hundred milliseconds,
a much shorter latency and duration increase of oscillation may also occur. These
two components appear capable of occurring together or independently. Thirdly,
irrespective of the type of response, the magnitude of responses to warning cues
appears dependent to some degree upon their saliency - more informative cues

resulting in greater average oscillation suppression.

None of these factors was affected by dopamine status in the present investigation,
though it should be noted that dopamine also effected no change in reaction times.
The experimental protocol used does not however exclude the effect of
dopaminergic activity upon cue related changes in the STN region under any
circumstances. A long cue-go interval was used, whereas the prolongation of cued
reaction times tends to be only seen with shorter cue-go intervals in parkinsonian
patients (Jahanshahi et al, 1992; Yamaguchi and Kobayashi, 1998). Several other
factors may also have obscured a dopaminergic effect. These include microlesional
effects of electrode implantation (including the effects of local oedema), the use of a
standard 200 mg dose of levodopa, variable responses to medication (see Table 1)
and confounding fatigue related effects, given that six patients were recorded off
then on medication on the same day. Issues of dopamine responsiveness to one
side, what is the significance of the beta modulations described, and how might they

be generated?
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4.3.1 The significance of changes in beta power activity following cues

The same probability that influenced power changes in the beta band, influenced
reaction time. The changes in the beta band may therefore implicate the region of
the STN in the exploitation of the information provided by predictive cues in humans.
This is supported by the observed impairment of response time in a variant of the
present paradigm performed in rats with STN lesions (Baunez et al, 2001). It is of
further interest to note that the induced deficit appears specific to cues allowing
selection since no impairment is observed in simple reaction tasks where no

selective element is involved (Phillips and Brown, 2000; Baunez et al, 2001).

Although LLD have been observed during simple cued reaction time tasks (Cassidy
et al, 2002), the observed dependence of the SLS and LLD cue related changes on
cue-go compatibility in the present paradigm implies that changes were not merely
nonspecific alerting responses to visual input, but required pattern recognition linked
to relevance. The use of predictive information as evidenced by cue saliency
dependent changes in beta power could have lead to behavioural advantage in two
ways. First, LFP power changes in STN may have been related to overt or covert
shifts in visuospatial attention, that may have improved the detection of the
subsequent imperative stimuli and lead to the shortening of reaction time with
reliable cues (Posner et al, 1980). Such shifts in visuospatial attention would have
been more likely following laterality cues that were relevant to the task, as in the
100% cue-go compatibility trials. Overt visuospatial shifts involving saccadic eye
movements may reasonably be excluded as explanations of cue responses both due
to the small visual angle subtended by the fixation point and imperative cue, and
secondly because of the lack of eye movements in pilot investigations. Nevertheless,
the absence of differences in reaction time between validly and non-validly cued
50% responses means that covert shifts in visuospatial attention remain a possibility
in the present paradigm, particularly as impairment in covert visuospatial attention
has been reported in PD patients, implicating both the basal ganglia and the
dopaminergic system in this function (Yamaguchi and Kobayashi, 1998).
Alternatively, or in addition, cue-related power changes with salient cues may have
been related to some degree of preparation for movement, prior to the imperative

stimulus (Stelmach et al, 1986; Jahanshahi et al, 1992). Studies in rats suggest that
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the process whereby the early preparation of movement is dependent on the
behavioural relevance of cues is relatively unaffected by dopaminergic stimulation
(Brown and Robbins, 1991), as here. Note that in this study patients were given
explicit information about the nature of cue-go compatibility. Other studies suggest
that the dopaminergic system is intimately involved where reward driven learning is
required (Waelti et al, 2001).

Several factors point to the fact that the SLS and LLD components may have
different functions related to the behavioural exploitation of relevant cues. They
differed in latency, spectral effect and could appear in isolation in different
recordings. Further investigation is necessary to determine the function of the SLS

and LLD components.

4.3.2 Mechanisms of changes in beta power activity

The premise that LFP changes reflected synchronous activity in neurons within the
basal ganglia is supported by the similarity between the cue related responses
identified here and those demonstrated in a study of single unit discharge in
substantia nigra pars reticulata. In a preselection period equivalent to the cue-go
interval, Basso and Wurtz (2002) demonstrated a pause in single unit activity in
rhesus monkeys that was greatest when the warning cue was most informative
about the imperative target stimulus, though this was not investigated further in the
context of synchronous activity. Furthermore, over the same period pauses were
bilaterally symmetrical, similar to the lack of lateralization of the LLD cue related
feature in the patients, though subsequent selection and movement related
responses were lateralizing. Their single cue preselection stimulus, equivalent to the
warning cue, may also have elicited a brief increase in firing rate just prior to the

pause, paralleling the SLS (see their figure 4, for example).

How are single unit changes such as those reported by Basso and Wurtz (2002)
translated into the synchronous activity that determines LFP changes? Mammalian
STN possesses intranuclear axon collaterals that may be extensive (Kita et al, 1983,
Iwahori et al, 1978). Computer modelling of STN dynamics assuming similar high
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levels of intranuclear connectivity predict that the STN may display bistable
behaviour with recruitment of large populations of STN neurons (Gillies and
Willshaw, 1998). How may this behaviour be locked to the warning cue in this
paradigm? Stimulation of both somatomotor and prefrontal cortex produce a
characteristic response pattern in STN units, consisting of excitatory peaks,
separated by a period of inhibition, followed by prolonged inhibition (Maurice et al,
1998; Nambu et al, 2000; Nambu et al, 2002). The late inhibition lasts several
hundred milliseconds, in line with the LLD. The possibility therefore exists that the
prolonged desynchronizations of the oscillatory activity in the beta band are the
result of input from the cerebral cortex, in keeping with the phase analyses in
Chapter 3 that demonstrate that STN activity in this band is locked to, but generally
follows, cortical activity. Similarly, it is noteworthy that the cortical lateralized
readiness potential, which first becomes significant around 200 ms post warning
cues (Wascher et al, 1997), precedes the LLD in STN.

On the other hand a synchronized response comparable to the early excitatory
activity following corticosubthamalamic inputs seems an inadequate explanation for
the SLS. Thus the SLS precedes the appearance of the cortical attention shift-
related negativity and the cortical lateralized readiness potential, which do not
become significant until 200 ms or more post warning cues, with extra delays likely in
parkinsonian patients (Wascher et al, 1997; Yamaguchi and Kobayashi, 1998). The
temporal characteristics of the SLS component argue that it may be a feature of the

subcortical processing of cue related activity.

4.4 Outstanding issues

The electrical responses to behavioural cues recorded via STN DBEs and
represented here are exclusively observed at the level of the LFP. The physiology at
a cellular level of these responses is however fundamental to a comprehensive
understanding of their significance. Several questions are apparent:
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1) How are basal ganglia LFP oscillations generated at a neuronal level?

2) What is the neuronal origin of SLS and LLD components, and how are they

related?

3) How is the response bias in the magnitude of average power modulations

represented at a neuronal level?

The answers to these questions are of importance because they at once clarify the
anatomical origin of LFP activity recorded via the STN DBE and may allow they'’re
creation to be modelled in a manner analogous to that of the human EEG. Beyond
this they may also give insight into the potentially complex relationships that may
exist between single unit activity, LFP and behaviour. In section 1.5.3 work was cited
that suggested the capacity of motor neuronal subpopulations to display oscillatory
firing characteristics in tandem with LFP beta oscillations, and to entrain spinal
neurons that they project to. Work has already been reported in monkey striatum
suggesting a similar capacity of the neuronal population there (Courtemanche et al,
2003), is this also true of activity in the STN? Furthermore, is it the case that LFP
oscillations, however generated, are associated with the entrainment of local
neuronal subpopulations? Simultaneous recording of field potential activity and
single unit activity in healthy and PD model STN of rat or monkey would clarify this
matter by allowing the presentation of LFP phase locked unit firing histograms. Such
histograms may demonstrate a) if there is an increased tendency of some neurons in
STN to fire at a particular phase of LFP oscillation and b) whether a proportion of the
neuronal population fire a short duration after peaks (or troughs) in the LFP
oscillatory cycle. The observation of synchronous firing, or membrane potential
transitions, with peaks or troughs in the LFP would be consistent with a role of single
units in LFP generation. In contrast, the occurrence of such activity with a consistent
short lag may be indicative of entrainment from an afferent source. The presence of
both might suggest that a local oscillatory ‘generator’ was entraining other local
neurons. The ability of local neuronal populations in the nuclei of the basal ganglia to
become entrained to LFP oscillatory activity, particularly in the beta band may be of

great importance, in light of the noticeable tendency of task-relevant modulations in
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activity to occur in the absence of such oscillatory periods (section 1.5.3). PD, which
appears to be a state in which beta LFP oscillations in STN and GPi (and possibly
elsewhere in the basal ganglia) are particularly prevalent (section 1.6.2), may well
represent the locking of task related neurons into inappropriate oscillatory behaviour.
The neuronal basis of the LLD and SLS responses and their magnitude then also
appear important since these behavioural modulations of beta LFP activity may well
represent changes necessary for appropriate neuronal responses in STN.

4) Where dopamine is associated with improvements in reaction times are there

concomitant changes in the cue related oscillatory responses?

Although the SLS and LLD responses described displayed evidence of relevant cue
bias to their responses, dopamine medication state was not a significant modifier.
This may well have been because dopamine medication did not result in any
improvement in task performance. It would however be of interest to observe
whether an alteration in the character, frequency, relative frequency or magnitude of
these response components occurs under circumstances where patient medication
with dopamine is associated with a strong behavioural advantage in the protocols
used here. In combination with greater insight into the means of generation of these
responses such information would again give insight into the mechanisms underlying
parkinsonian pathophysiology and allow the consideration of potential mechanisms

of intervening in the treatment of the disorder.
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4.5 Summary

e Modulations of beta oscillations in the parkinsonian STN are not linked

exclusively to the performance of movement.

» Cue-related beta power modulation is influenced by the significance of the

cue.

o Cue-related beta responses may display maximal response magnitude to
central bipoles of STN DBE

« The behavioural bias in beta power responses to the choice reaction task, in
the context of lesion animal experimental work, suggests that the STN may to

some extent be involved in the exploitation of predictive cues.
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CHAPTER V

CORRELATION BETWEEN LOCAL FIELD POTENTIAL
OSCILLATIONS AND BEHAVIOURAL RESPONSE

The suppression of activity in both alpha and beta bands of primate sensorimotor
cortex, parietal cortex, thalamus and cerebellum in association with movement has
been detailed in section 1.5. That suppression precedes movement, involves motor
task related structures and may be induced by cues informative of subsequent
movement suggests that it may reflect neuronal population changes associated with
movement preparation or execution. Speculation as to the exact role played by
oscillatory activity in such preparation or execution however is broadly divided into
two seemingly incompatible camps. Those suggesting a facilitatory role, either in the
perception of relevant afferent stimuli (Nicolelis and Fanselow, 2002; Semba et al,
1980; Ahisaar, 1998), the optimization of efferent output (Baker et al, 1999) or as a
general attentional correlate (Murthy and Fetz, 1996); and those implying a passive
inhibitory role, and promoting an ‘idling’ population inactivity (Pfurtscheller, 1992).
Indeed, the variable relationship observed between oscillatory activities, motor
behaviour and task related single unit activity (section 1.5.2) has resulted in
speculation concerning not only its role, but whether it has functional significance at

all in the motor system (Fetz et al, 2000).

In Chapter 3, it has been demonstrated that similar oscillations in STN activity
display functional connectivity with their cortical analogues. Furthermore, in addition
to the established suppression of this activity with self paced and externally triggered
movement illustrated in section 1.5.4, Chapter 4 has shown that such suppression
may occur merely with cues informative of subsequent movement. As such this
pattern of modulation cannot be viewed as exclusively related to a given movement.
Indeed prior attempts in cortex to establish behavioural associations of beta band
oscillation with movement have failed to show any consistent relationship (section
1.5.2). The characteristic pattern of suppression of oscillation throughout task

relevant cortical and subcortical regions suggests however that oscillation
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suppression may have far greater significance than oscillation occurrence, reflecting
neuronal population changes necessary for appropriate task related information

processing and transmission

Here the hypothesis that oscillatory activity between 8 and 30 Hz reflects a state in
STN that limits information transmission has been tested by considering three
fundamental predictions expected in a motor reaction task. Firstly, that high power
during the usual period of oscillation suppression should be associated with slower
reactions. Secondly, that a consistent relationship should exist between the onset of
oscillation suppression and reaction times (RT); and thirdly, that with increased
processing requirements, durations of suppression should be increased. A
relationship between oscillatory activity in this band and behaviour is observed in
single-trial data of STN LFPs in parkinsonian subjects that is neither consistent with

simple facilitation nor idling, but with the active inhibition of information transmission.

51 Methods

5.1.1 Subjects

This study was performed using data derived from the same patient population used

in Chapter 4. As such clinical details, peri-operative imaging and STN targeting are

detailed there.

5.1.2 Protocol

Data used involved the same experimental paradigm as described in section 4.1.2.

Behavioural advantage was derived from the informative warning cue in 21/36 block
pairs (mean RT, 100%: - 485 +/- 37 ms; 50%: - 623 +/- 40 ms).
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5.1.3 Analysis

5.1.3.1 Time-frequency power distributions

Continuous wavelet transformation was the primary tool used to derive time-
frequency distributions of the LFPs. The localization of power modulations in the
region of the STN has been previously demonstrated in Chapter 4, and here those
contacts showing the greatest power modulation in this former study were
considered ‘optimal bipoles’ and used for analysis. Recorded LFP activity from the
optimal bipole of each STN was segmented into single trials, time locked to the
presentation of go cues and time of button press. Trials ran from 6 sec prior to 4 sec
post go cue presentation or button press such that there was no overlapping of trial
data. For the purpose of this analysis, no separation of ipsilateral and contralateral
responses to the given STN was made and only trials in which subjects successfully
responded to the imperative cue were considered. Trial data were downsampled to

180 Hz and wavelet coefficients were then derived as described in section 2.3.3.

5.1.3.2 Single trial oscillation suppression onset latency

Single trial oscillation suppression onset latency was defined as a reduction of
oscillation power of at least 30% of mean control period activity for a period of at
least 250 ms, the control period being defined as activity during the 3 seconds prior
to warning-cue presentation. Trials were categorized as pre-cue suppression, post-
cue suppression or no suppression, based on the timing of the last episode of
suppression prior to the button press and relative to the go-cue. Hence, no
suppression trials included trials with little or no oscillation power throughout and

those in which suppression may have occurred after the reaction time.
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5.1.3.3 Correlation of oscillation suppression onset and power with reaction time

Correlation coefficients were calculated between single trial oscillation suppression
onset times and reaction times in each block of trials, for both STN in all subjects.
Resultant r values were tested for significance with an n-2, t-test, where n was the

number of trials at a significance level of 0.05 and n 2 10,

Eqn 5.1

Similarly, correlation coefficients were calculated between averaged wavelet power
in moving windows of 200ms at each sample point and reaction time at each sample
point and scaling to derive frequency correlation maps. All correlations underwent
Fisher's z-transformation to approximate Normal distribution and were two-tailed z-
tested for significance against the correlation distribution derived for their given
scaling at a 0.005 significance level. Significant event related frequency correlation
was considered that occurring within the band examined within 1.5 second of go cue
presentation. All correlations detected that resulted from post-movement oscillatory
activity on examination of single trial data were excluded. For the purpose of group
analysis, frequency-time correlation distributions were averaged across all nine
subjects prior to significance testing. Significant differences between means were
tested via a general linear model (GLM) for multivariate analysis or paired two-tailed
t-test for paired comparisons. All means are presented +/- standard error of the

mean (sem).

5.2 Results

LFPs were recorded post-operatively from both macroelectrodes in the interval
between their implantation and subsequent connection to the subcutaneous
stimulator, with patients both on and off their usual dopaminergic medication.

Dynamic estimates of single trial power were derived from the squared wavelet
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decomposition coefficients in the 8-30 Hz range. Spectral content at the frequency of
peak power modulation in each trial was then aligned to imperative stimulus
presentation and rastered according to trial order. Oscillatory activity was
characterized by episodic bursts that were suppressed after presentation of the go
cue (Fig. 5.1A); it is this suppression of oscillatory bursts in individual trials that
appears responsible for modulations of power post stimulus and prior to movement,
previously reported in power using averaging techniques. Trials were then sorted on
the basis of reaction time to button press response. These sorted trials consistently
revealed that though the occurrence of oscillation bursts was variable in the post
imperative stimulus period, the latency to onset of power suppression after the cue
increased as reaction time increased, so that power suppression gave the

appearance of a sloping edge preceding reaction time (Fig. 5.1 B).
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Fig. 51 Examples of the relationship between STN LFP power and reaction time across single trials,
taken from two parkinsonian patients. (A) Single trials of power at frequency of maximal modulation in
the order performed, power ranges from zero - green, to high - red. (B) The same data sorted by
reaction time (fastest - top, slowest - bottom) with sorted reaction times superimposed in black. Left
column - case 1, 100% OFF RSTN (18 Hz,), Right column - case 3, 50% ON RSTN (9 Hz). (C)
Associated Fisher’s transformed linear correlation of 200ms windowed power and reaction time
(horizontal dashed line indicates the significance level p < 0.005. Left column peak r = 0.59, right
column peak r = 0.65. Activity is characterized by episodic power fluctuations that are suppressed
after go cue presentation (dashed vertical line). Suppression of higher power fluctuations is observed

to occur earlier in faster trials.
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5.2.1 Correlations between oscillation power and reaction time

Initially, whether oscillatory activity during the usual suppression period after go-cue
presentation was associated with slower reaction times was examined. Correlations
between reaction time and power in the frequency range 8-30 Hz were calculated in
moving windows of 200ms across trials and tested for significance in each STN
separately for experimental blocks with 100% and 50% predictive warning cues (Fig.
5.2), repeated ON and OFF dopaminergic medication (58 +/- 4 trials per condition,
range 21-136). Significant positive correlations were observed after go cue
presentation in 30 of 72 blocks, -in at least one condition per subject except case 9
(8 of 18 - 100% OFF, 7 of 18 -100% ON, 5 of 18 - 50% OFF, 10 of 18 50% ON).
Contrary to expectations if oscillatory activity was associated with the facilitation of
the motor response, only four of the remaining blocks demonstrated negative
correlations and the remainder no significant correlation. Average peak positive
correlation frequency was 14.5 +/- 1.2 Hz and individual correlation frequencies were
consistent with the dominant frequency of power suppression. Mean onset of
significant positive correlations was 380 +/- 30 ms post presentation with mean peak
correlation 521 +/- 28 ms. The majority of significant correlation onsets preceded
mean reaction times (26 of 30) and a significant difference was observed between
the two (paired t-test, p < 0.0001; df = 29). Corroboration of the significance of single
patient findings was sought by examination of averaged frequency-time correlation
distributions across the whole subject population. Group results were averaged
across both right and left STN. All imperative cue aligned conditions displayed
significant positive correlations (Fig. 5.3). Similarly, significant correlations were also
present when left and right STN were examined independently. Contrary to
expectations if oscillatory activity in the STN was associated with improved stimulus
detection, no significant negative correlations were noted at the time of cue

presentation.
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Fig. 5.2. Corrélation analysis of LFP activity recorded from the right STN of case 1
(100% predictive warning cue, OFF medication, n=66). (a) Average power change
after go cue presentation (dashed vertical line), demonstrates a cue related
reduction of activity in the beta band, (b) Correlation of wavelet derived power and
reaction time shows positive (red) correlation in the same frequency band during the
modulation period (peak = 18 Hz), which is significant (c) after thresholding at p <

0.005.
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Fig. 5.3. Population averages of oscillation power correlations with reaction time ( all
9 cases), in 100% and 50% conditions, with and without I-dopa medication. Positive
correlations (red) are observed in all conditions after go cue presentation (dashed
line). Late negative correlations resulted from an earlier recovery of oscillatory
activity in faster trials. Average correlations threshold at p < 0.005 are shown

beneath each figure.
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5.2.2 Oscillation suppression and reaction time

Next, whether a consistent relationship existed between the onset of go-cue related'®
oscillation suppression and reaction time was examined. Individual trials in each
block were categorized as having either pre-go cue oscillation suppression, (mean
26 +/- 2 trials per block), post go-cue oscillation suppression, (mean 14 +/- 1 trials
per block) or no oscillation suppression, (mean 17 +/- 1 trials per block) (i.e. no
change in oscillation power though there may have been very low power) throughout
trial. Correlation was investigated between pre-cue and post-cue suppression onset
times and reaction times. In ftrials in which post go-cue suppression occurred,
significant positive correlation was present in 30 of 72 blocks (demonstrated in Fig.
5.4 A, B) — again in at least one condition per subject except case 9 (9 of 18 - 100%
OFF, 7 of 18 -100% ON, 7 of 18 - 50% OFF, 7 of 18 50% ON, p < 0.05). Mean post-
cue suppression correlation strength was 0.68 +/- 0.03, and there was no significant
difference between correlation strength in 100% v 50% blocks (p = 0.89; df = 23) or
in ON v OFF (p = 0.19; df = 27). Of the remaining blocks, only one showed
significant negative correlation, the remainder no correlation. In contrast, in trials
where suppression preceded the go-cue, significant correlation was only present in 1

of 72 blocks and this was negative.

5.2.3 Oscillation suppression durations and processing demand

In Chapter 4 it was demonstrated in this subject population that greater average
power suppression occurs after predictive warning cues (100%) than non-predictive
(50%) and that 100% predictive cues are associated with faster reaction times,
suggesting that suppression may be related to the derived behavioural benefit and
therefore may be associated with information processing. If oscillation suppression is
associated with a state in which information processing occurs one might also expect
to see in individual trials, longer pre-reaction suppression after go cues where
subjects were not able to pre-select the side of response (50%) compared to those in
which they were (100%).

' It should not be inferred from the use of the term ‘go-cue related’ that responses occurred with a
fixed latency after go-cue presentation
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Average durations of oscillation suppression in post go-cue suppression trials, prior
to button press response were compared in 100% (mean 15 +/- 2 trials per block)
and 50% blocks (mean 17+/- 2 trials per block) where subjects were faster with the
100% predictive warning cue, and therefore presumed to have gained advantage.
Mean suppression durations were significantly longer where subjects were forced to
select motor response post go cue (50% predictive trials), as opposed to allowing
prior selection to occur (100% predictive trials) (Fig. 5.5). In contrast, across blocks
where no behavioural advantage was derived from the warning cue, there was no
significant difference between suppression durations (Fig. 5.5A). Similarly, in this
cohort no improvement in RT was found following I-dopa treatment (Chapter 4), and
no difference between suppression durations in the ON and OFF drug status.

5.3 Discussion

The stereotypical suppression of power < 30 Hz with a variety of behaviourally
relevant stimuli, e.g. go cues, warning cues, self-paced movement and even nogo
cues suggests a crude relationship with information transmission, as opposed to the
subtle population coding (vector or otherwise) of movement parameters, where
augmentation of synchrony and hence local LFP power might have been expected
(Fries et al, 2001). Previous cortical investigations have failed to detect any
consistent relationship between oscillatory activity in similar bands and motor
behaviour. Here one may note a lack of advantage in the speed of motor responses
to afferent stimuli with oscillatory activity, independent of dopaminergic state in the
STN. Indeed the very opposite is seen with slower responses in the presence of
continued oscillation. These observations seem inconsistent with the hypothesis that
such oscillatory activity is either necessary or directly facilitatory for action in the
motor system. On the other hand, it is observed that a consistent cue-related
attenuation of oscillations occurs in this band prior to motor reactions. This appears
more consistent with the oscillatory state in this band being actively inhibitory to

motor preparation or execution than representative of an inactive idle state.

125



Trial blocks

300 800

‘5? 50 700
600

2 200 500

ol 15 400

2 f 300

=N 100

5 200

C

S 100

100% 50% 100% 50%

Warning cue - go cue congruity

Fig. 5.5. Post go-cue, pre-reaction oscillation suppression durations vary with processing
requirements, (a) Differences between post go-cue, pre-reaction oscillation suppression
durations (green) in 50% and 100% conditions showed greater suppression durations in all
but 2 blocks where behavioural advantage was derived. Blue block is mean difference in
oscillation suppression duration between 50% and 100% blocks when behavioural
advantage was derived. In contrast, where no advantage was derived there was no
significant difference. Red block is mean difference in oscillation suppression duration
between 50% and 100% blocks under these circumstances (mean suppression duration,
100%, 287 +/- 19 ms; 50% 255 +/- 17 ms; paired t-test, p = 0.27; df = 12). (b) Red; mean
pre-reaction suppression durations were significantly longer with post-cue selection required
(50% trials) as opposed to pre-cue (100% trials) (paired t-test, p < 0.00005; df = 20). Blue:
mean cue related behavioural advantage in reaction time between 100% and 50% blocks

(paired t-test, p < 0.0003; df = 20).
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The observed increase of suppression duration with increased processing demand,
i.e. the need to appropriately select the motor response, further links periods of
suppressed oscillation to information processing. Together these observations may
explain the ‘complex dynamics during movement preparation and execution’
previously commented upon (Pesaran et al, 2002) and described (section 1.5.2) in

sub-gamma band cortical LFP oscillations.

5.3.1 LFP oscillations and information transmission

As discussed in section 1.2.1 the bursts of oscillatory 8-30 Hz activity reported here
are likely to be a consequence of local synchronous neuronal population activity and
suppression of oscillations therefore reductions in network synchrony®® or network
size. The consequences of weakly correlated or synchronous afferent activity on
cortical neurons has been investigated over recent years in both theoretical models
and single unit studies (Vreeswijk and Somplinsky, 1996; Stevens and Zador, 1998;
Svirskis and Rinzel, 2000; Salinas and Sejnowski, 2000; Mazurak and Shadlen,
2002). These suggest that, under certain conditions, both synchrony and balanced
excitatory and inhibitory neuronal input may significantly limit the capacity of neurons
to transmit either rate or temporal codes. Support for this hypothesis in the motor
system has come from recordings in motor and parietal cortex demonstrating that
neurons with similar directional tuning and higher levels of synchrony have higher
noise correlations (Lee et al, 1998) and more directly in the observed ‘clamping’ of
motor cortical single unit firing rates during periods of 20-40 Hz oscillatory synchrony
(Murthy and Fetz, 1996).

20 Reductions in synchrony associated with oscillatory power decreases in a given frequency band
might be expected to occur in the same frequency band. The possibility therefore exists that
synchrony could increase in an alternate frequency with no net change. In the current work non-linear
scaling of wavelet power analysis did not show any evidence of such a shift between 6 and 50 Hz. It
would however be consistent with other observations to see high gamma increases (Ca. 70Hz).
Nonetheless, it is oscillatory synchrony particularly in the alpha/beta band that in motor cortical
regions and spinal cord appears associated with reduced task related modulation (section 1.5.3)
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These cortical observations may have significance for basal ganglia activity. As in
cortex, STN neurons display a great discrepancy between interspike interval
variability, neuronal ‘noisiness’, when recorded in vivo as opposed to in vitro (Bevan
and Wilson, 1999; Kreiss et al, 1997). It is significant levels of population synchrony
and neuronal balance?' that have been proposed to explain this discrepancy
(Vreeswijk and Somplinsky, 1996; Stevens and Zador, 1998; Svirskis and Rinzel,
2000; Salinas and Sejnowski, 2000). Thus the distributed synchrony associated with
8-30 Hz oscillatory activities in STN, may bias against processing through rate or
temporal codes and thereby against novel information transmission. This appears
consistent with the observed increase in oscillatory activity within the band
considered here during sustained precision grip tasks (Baker et al, 1999), where the
blockade of aberrant motor output may be actively required to accurately maintain
the posture. Reductions of 8-30 Hz synchrony may consequently be necessary to
facilitate the dynamic performance of task specific neuronal populations. As
oscillations decrease in motor cortical LFP, firing rate modulation is observed
(Donoghue et al, 1998). These task-modulated neurons may represent neurons
uncoupled from the population of neurons synchronized in the 8-30 Hz band and
therefore able to rate code effectively. At the population level, uncoupling may
translate into the reductions in power in cortical and subcortical oscillatory LFPs at 8-
30 Hz (Brown et al, 2001; Cassidy et al, 2002) and increases at >30 Hz (Cassidy et
al, 2002; Pesaran et al, 2002) observed not just prior to movement, but also following
environmental changes that promote anticipatory pre-programming of movement. As
such the alpha and beta LFP activity is not an ‘idling activity’ holding the local
neuronal population inactive (Pfurtscheller et al, 1996), but one that promotes the
existing state, which need not be rest. Conversely, a drop in beta activity permits the

new information processing necessary for renewed voluntary movement.

21 Neuronal balance is a term that has been introduced by authors to describe the relative strength of
inhibitory and excitatory input to a neuron (see Salinas and Sejnowski, 2001, pg 543; Salinas and
Sejnowski, 2000, Litvak and Sompolinsky, 2003). Under circumstances where neuronal excitatory and
inhibitory inputs are evenly matched computer modelling and some single unit observations suggest
that rate or temporal code transmission may be significantly impaired.
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5.4 Outstanding issues

The findings presented here in addition to those in chapter 4, suggest that the loss or
reduction of oscillatory field potential activity in the 8-30 Hz band is a consistent
feature of responses both to movement preparatory cues and to imperative cues
themselves. Oscillation reduction has been dissociated from movement itself by the
observed capacity for reduction when not immediately followed by a motor response
(i.e. post warning cue, chapter 4). Similar suppressions of beta LFP activity with
preparatory cues alone have been reported in monkey parietal, cortex and
cerebellum (see section 1.5.1). Neither the study in this chapter nor that of chapter 4
explicitly tested whether cue presentation unrelated to movement in a naive subject
was capable of eliciting a suppression response. As such it is not possible to state
that field potential oscillation modulations in STN are ‘general’ phenomena as
opposed to movement-related ‘phenomena’, merely that they are not exclusively
movement performance phenomena. Irrespective of this fact the findings of this
chapter further emphasize the need to understand the neuronal basis for oscillations

in the alpha/beta band and their modulation.

1) Do cue modulated neurons display rate changes during alpha/beta oscillatory

bursts?

The temporal relationship between bursts of LFP oscillations and any cue related
single unit rate modulations in STN may be of great interest as this observation may
either support or refute the notion that the state associated with 8-30 Hz LFP
oscillations is incompatible with appropriate rate coding. While single unit recordings
may potentially be made intraoperatively in humans, these would inevitably be from
subjects with either parkinsonism or dystonia. Ideally this question could be
answered via extracellular microelectrode recordings of single unit or muitiunit
activity in the STN of monkeys trained to produce a simple motor action in response
to a cue, and to wait for the imperative cue after a preparatory cue. Despite the
relatively recent observation of oscillatory LFP beta power oscillations in normal
monkey striatum (Courtemanche et al, 2003), beta oscillatory activity has not yet

been investigated in normal monkey STN, observations made both in the healthy
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state and the MPTP lesioned state would therefore further clarify the extent to which

beta LFP oscillations were a normal component of the primate STN.

It is also of note that across the literature (excluding the SLS response of chapter 4)
stimulus LFP responses in the alpha/beta band are almost exclusively characterized
by reductions of power. If it is the case that alpha/beta oscillations to some degree
actively block transmission/processing, and do so under normal physiological
circumstances, one might predict that highly directing but misleading cues may result

in increases to suppress motor action. Is this the case?

5.6 Summary

o Alpha/beta oscillations in the LFP activity of the Parkinsonian basal ganglia
are negatively correlated with speed of reaction after external cues

independent of dopaminergic state.

o Contrary to difficulties found in correlating alpha/beta cortical oscillations in
monkeys to motor behaviour, a very consistent relationship is apparent
between the suppression of these oscillations and subsequent movement with

later suppression associated with slower movement onset.
o The link observed between durations of oscillation suppression prior to motor

responses and the degree of processing required, suggests that processing

may occur preferentially during periods absent of oscillation occurrence.
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CHAPTER VI
THE ROLE OF LOCAL FIELD POTENTIAL OSCILLATIONS
IN THE SUBTHALAMIC NUCLEUS

Churchland and Sejnowski (1992), concerning the causal role of single neurons in a
given function, suggest two minimum criteria for the demonstration of causality.
Firstly, ‘that the cell in question projects to the part of the brain that produces the
relevant behaviour’, and secondly ‘that under the appropriate physiological
conditions the output from the specialized cell does in fact drive the motor response’.
Using broadly similar criteria this work has sought to test the idea that oscillatory
activity, particularly in the beta band, evident in the LFP activity recorded from the

STN has systemic functional relevance. The findings may be summarized as follows:

Chapter 3: Findings on corticosubthalamic connectivity in the frequency domain

Functional connectivity as evidenced by significant coherence exists between cortex
and both STN and GPi in both beta and gamma bands

The degree of this connectivity appears dopamine dependent

The cortical distribution of this linkage in the beta band is consistent with the motor

cortical representation of similar activity, particularly to SMA.

Chapter 4: Findings on beta STN LFP oscillation modulation by behavioural cues

Modulations of beta oscillations in the parkinsonian STN are not linked exclusively to

the performance of movement.

Cue-related beta power modulation is influenced by the significance of the cue.

' Cue-related beta responses may display maximal response magnitude to central
bipoles of STN DBE
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Chapter 5: Findings on correlations between beta STN LFP oscillation modulations

and behavioural cues

‘Alpha/beta oscillations in the LFP activity of the Parkinsonian basal ganglia are
negatively correlated with speed of reaction after external cues independent of

dopaminergic state.

A very consistent relationship is apparent between the suppression of these oscillations
and subsequent movement with later suppression associated with slower movement

onset.

‘The link observed between durations of oscillation suppression prior to motor
responses and the degree of processing required, suggests that processing may occur
preferentially during periods absent of oscillation occurrence.

Though insights are being made, the precise function or functions of the STN still
require clarification. Nevertheless, the findings presented here in the context of
investigations of similar phenomena examined in the basal ganglia and elsewhere
allow questions relevant to determining the significance of LFP oscillations to be

considered.

6.1 Are oscillatory basal ganglia LFP phenomena ‘real’?

At least one group of investigators has raised valid concerns regarding inferences
made from recordings made via DBEs in patient populations. Wennberg et al (2002)
argue that such recordings may result merely in the demonstration of volume
conducted cortical activity. They have gone on to present evidence of just such an
occurrence (Wennberg et al, 2003) showing that interictal discharges, k-complexes
and sleep spindles may all be recorded with polarity reversal from the contacts of
thalamic DBEs implanted in epileptic patients. The authors assert that ‘bipolar
recordings showing localization by phase reversal’ should be required to assert the
subcortical nature of a source. Their own study while using bipolar EEG sources
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used monopolar DBE sources, as such their findings are perhaps less than startling.
Nevertheless, is it true to assert that LFP activity of nuclei in the basal ganglia exhibit
oscillatory activity? Even if one excludes supporting single unit observations, the
weight of evidence undoubtedly supports this conclusion. In the beta band
oscillations have been observed in the LFP of healthy striatum in epileptic subjects,
recorded via DBEs (Sochurkova et al, 2003), substantiated by subsequent muilti-
electrode monkey recordings (Courtemanche et al, 2003). In the GPi and STN beta
band oscillations have been observed and reported post-operatively from DBE
recordings in PD patients by at least 3 separate groups (Brown et al, 2001; Cassidy
et al, 2002; Levy et al, 2002; Priori et al, 2002). Furthermore these have been
observed both on and off I-dopa medication as well as in the 6-OH dopamine
lesioned rat (Sharott et al, unpublished observation). Rhythmic activity in the gamma
band has also been reported via DBEs post-operatively in the STN and GPi of PD
patients on |-dopa medication (Brown et al, 2001; Cassidy et al, 2002), as well as in
the healthy rat STN (Brown et al, 2002). In the work reported here activity in both
bands is represented. All recordings involve bipolar activity, and not only is it the
case that maximization of cue related changes may be observed to a single DBE
bipole in Chapter 4, but differences between the distributions of coherence evident
along bipoles in separate cases in Chapter 3 are indicative of differing relationships

to a local subcortical source and incompatible with cortical generation.

Questions still remain concerning the degree to which activity in given bands in
individual nuclei actually represent normal activity. The observations in striatum
clearly suggest that beta band oscillations in this nucleus are a normal component of
primate striatal LFP activity. This is less clear in STN and GPi, although beta band
LFP oscillations are evident in PD patients in the medicated state not only do they
show less power (Brown et al, 2001), but as illustrated in Chapter 3, they show less
cortical connectivity. This may be interpreted as evidence of the completely
pathological nature of beta band oscillations in these nuclei, but if one considers the
striatal observations and indeed the widespread cortical observations in undoubtedly
healthy tissue, a more consistent interpretation at present would be that this mode of
activity is abnormally exaggerated in the parkinsonian state. Differences discerned
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between beta activity in PD patients and dystonics further supports such a

conclusion (Silberstein et al, 2003).

6.2 Is there consistent functional connectivity in the beta band?

As discussed in section 1.1.2, direct primate cortico-subthalamic connections are
characterized by major projections from motor cortex, terminating with somatotopic
representation in dorsolateral STN (Monakow et al, 1978; Carpenter et al, 1981b)
and premotor cortex terminating more medially and ventrally STN (Jurgens, 1984;
Kunzle, 1978; Huerta et al, 1986). Although some investigators suggest far more
extensive cortical projections may exist (Rouzaire-Dubois and Scarnati, 1985), it is
these two that are the most prominent afferents and indeed from regions that have
evidence of movement modulated beta LFP oscillation (section 1.5). In addition
indirect projections may reach STN from widespread regions of cortex (section 1.1.2)
via cortico-striatal connectivity. Failure to observe significant coherence between
cortex and STN in the beta band would be completely incompatible with a system
wide functional role and would require rejection of any such hypothesized role. In
Chapter 3 it is demonstrated that there not only exists significant coherence in the
beta band (to some extent both ON and OFF), and medicated in the high gamma
band in PD subjects, but the distribution is consistent both with known cortical
representations of beta band activity, but also with the above mentioned

corticosubthalamic projection origins.

6.3 Do beta band oscillations display functionally appropriate modulation?

Despite the lack of motor consequences observed on microstimulation of STN
neurons (Parent and Hazrati, 1995), a somatotopic neuronal responsiveness to
sensory stimulation and movement are known to occur in dorsolateral STN
(Georgopoulos et al, 1983; DelLong et al, 1985; Wichmann et al, 1989; Wichmann
and DelLong, 1993). In addition both functional disconnection of prefrontal cortex
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from STN and bilateral STN lesions may result in impaired selection in choice
reaction tasks, slowed reaction times and preserveration (Baunez et al, 2001;
Christakou et al, 2001; Chudasama et al, 2003). While it might readily be expected to
see movement related changes in a task relevant neurophysiological property, one
might also therefore expect to see such changes associated with components of a
choice reaction task. The movement-related modulations of beta power have been
discussed. In Chapter 4 however it was also demonstrated that beta oscillations
show modulation with preparatory cues, long before movement or go-cues and do so

with bias towards those that are actually relevant.

6.4 What kind of role of beta oscillations in STN is consistent with

observations to date?

The findings of the present study do not allow the rejection of the hypothesis that
LFP oscillations have systemic behavioural relevance in the beta band. Lacking
however is any demonstration of causality that must be considered a fundamental of
proving a role. The results do however allow the critical consideration of various
hypothesized roles for motor system beta oscillation function. Go-cues, relevant
warning cues, and movement all produce essentially stereotyped responses?,
marked suppression of oscillatory burst episodes, as observed in Chapters 4 and 5.
Indeed if go-cue related power modulation is compared with no-go change (Kiihn et
al, 2003) the same magnitude and temporal onset of modulation may be observed,
distinguished only by their durations. It must be remembered that the activity
sampled in these experiments was via single macroelectrode. Attempting to gain
detailed information about coding using such a technique may be considered
equivalent to trying to derive many different components of an image from a single
visual cortical neuron. Until LFP analysis with decent spatial resolution has been
performed with multiple electrodes it may not be possible to state categorically that
patterns of suppression are truly stereotyped. Even if spatiotemporal variation is

present, as may be predicted from striatal observation (Courtemanche et al, 2003), it

22 Excepting the short duration short latency SLS
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remains the case that suppression of oscillations in a given region for a given
duration is the fundamental pattern of modulation. The importance of duration of
suppression noted in the no-go protocol is also evident in the examination of Chapter
5, showing correlation with the degree of processing required. One may also
consider the fact that beta oscillations appear in a capricious fashion, unpredictably
related to motor behaviour in a trial-by-trial manner appearing unnecessary for task
performance. These facts do not seem consistent with beta oscillations in STN
promoting or enhancing movement in any direct or indirect fashion. Their absence
during movement and presence during static states, rest or constant force
application in cortex, further suggests that they are unrelated to change but more to
stasis — though the occurrence during sustained force has yet to also be
demonstrated in any basal ganglia nucleus. Suppression of oscillations in the beta
band is remarkably consistent from trial to trial as may be observed in Fig 5.1, and
as was also observed the onset of this suppression is tightly linked to behaviour. The
conjunction of all these factors suggests that task related processing in STN occurs
during periods of suppressed oscillation and by inference that the beta band LFP
oscillation state may be antagonistic to such processing. The apparent pathological
exaggeration of beta band oscillations in the STN and GPi of PD patients viewed in
such a light may well therefore have pathological significance in any information
transmission related to the function of these nuclei. It is worthy of note however that
even in PD patients OFF, cue and short ballistic movement related suppressions
appear well preserved — if they move, they suppress. This may reflect how integral

such changes are to allowing function.

6.5 Towards further insights

Based on current evidence further investigation of the role of oscillatory LFP
phenomena in both the normal function of the motor system and the motor
pathologies of the basal ganglia seems valid. Indeed evidence suggesting abnormal
degrees or patterns of oscillatory synchronization in disorders as diverse as PD,
dystonia (Farmer et al, 1998; Silberstein et al, 2003), schizophrenia (Merrin et al,
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1989; Haig et al, 2000; Spencer et al, 2003), epilepsy (Prince and Connors, 1984;
Jeffreys JG, 1994; McCormick and Contreras, 2001) and Alzheimer's (Wada et al,
1998; Stam et al, 2002), may suggest the existence of a class of neurological
disorders which share a common pathological disruption of normal oscillatory

function.

Specifically in Parkinson’s disease there appear to be three key areas requiring
detailed investigation. Firstly, further evidence, direct or indirect, of a causal role of
the processes underlying beta LFP oscillations in basal ganglia nuclei in disease
pathology. It is clear in evidence presented here and elsewhere that altered degrees
of power and coherence exist in both beta and high gamma bands, but there has
been little demonstration so far of a close relationship between specific episodes of
activity and symptoms. Levy and colleagues (2000) have presented some evidence
of an association between beta band oscillatory activity in STN and tremor but if this
mode is in some manner causative of symptoms, and given its observed pattern of
spontaneous activity, episodes of bradykinesia and dyskinesia should display
characteristic patterns themselves. The second major question concerns the manner
in which the activity observed in LFP oscillations is reflective of a pathological state.
If oscillatory synchrony in the beta band is detrimental, why so? The first step may
be to establish how oscillatory LFP episodes are related to single unit activity, in a
manner analogous to the work of Murthy and Fetz in motor cortex. If beta LFP cycle-
triggered averages of single unit activity in STN or GPi are constructed one may
predict that a significant proportion would display an increased tendency to fire at
one phase of the LFP cycle. This in turn may suggest that at this point of the cycle
the neuronal population is somewhat more depolarized (or perhaps hyperpolarized
with low threshold calcium activation) than at others. If this pattern does exist, does
the LFP precede or follow the unit activity peak? — allowing some inference of a
causal relationship to be established. Given the current hypothesis one may predict
that the LFP will lead, indicative of post-synaptic potentials increasing the likelihood
of neurons to fire. If this is the case, why do these alterations of the timing or pattern
of neuronal firing result in symptoms? The last major issue concerns questions of
how the oscillatory system may be manipulated. How does dopamine alter patterns

in striatum? Are there means by which local membrane potential stabilization might
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be performed? How does repetitive stimulation alter this system? Is there a role for
more sophisticated stimulation algorithms in PD, where stimulation is specifically
locked to a given phase of preceding bursts, possibly disrupting the generation of
afferent post-synaptic potentials? Is there a non-synaptic role for field effects in

treatment?

A more thorough understanding of the ‘normal’ neurophysiology and
neuropharmacology of oscillation generation in the nuclei of the basal ganglia seems
paramount to allowing logical manipulation of the system. Such insight may help to
explain current anomalies such as why gamma oscillations in STN and GPi are so
random a finding in the patient population. At present one cannot successfully
predict if a given patient will or will not have evidence of oscillatory activity in the high
gamma band. This may result from precise locations of the macroelectrode or levels
of dopaminergic ‘stimulation’, it may however be related to the fundamental
mechanisms of oscillation generation. Hippocampal work now suggests that gamma
and beta powers may be highly linked (Whittington et al,, 1997; Haenschel et al,
2000). If a similar situation exists within normal basal ganglia the gamma anomaly

may reflect a pathological disruption of normal physiology.

The field of oscillatory phenomena of the basal ganglia is only in its infancy, but the
rate of progress to date, potential for cross-fertilization with analogous phenomena
throughout the brain, and possible implications for the treatment of PD and dystonic

patients suggests that it should be viewed with cautious optimism.

138



INDEX OF TABLES

Table 3.1 Clinical details and summary of coherence between STN DBEs 74
and EEG

Table 4.1 Summary of patient details. All had bilateral STN implantation 96

Table 4.2 Mean reaction time (+/- sem) across patient population 102

Table 4.3 Summary of the character of responses to warning cues 107

in the 9 patients

139



INDEX OF FIGURES

Fig 3.1 Coherence spectra between STN and EEG in case 1 ON 77

Fig 3.2 Coherence, phase spectra and cumulant density estimates between 79
STN and midline EEG in case 4 ON

Fig 3.3 Log-transformed EEG power correlated with STN activity ON 81

Fig 3.4 Coherence spectra between STN and CzFCz and PzCz in case 4 ON 82

Fig 3.5 Phase relationships of connectivity and dopamine dependence 83
Fig 3.6 Power, coherence and phase spectra between STN and CzFz 84
In case 5

Fig 3.7 Time differences between STN LFPs and CzFz in beta and gamma 85

bands
Fig 3.8 Coherence and phase spectra between CzFz and STN and GPi 86
In case 8
Fig 4.1 Localization of macroelectrodes in case 8 95
Fig 4.2 Schema of experimental paradigm 97
Fig 4.3 Increases and decreases in warning cue related activity 101
Fig4.4 Examples of characteristic LLD and SLS responses 104
Fig 4.5 Example of focal nature of SLS and LLD responses 106

140



Fig 5.1

Fig 5.2

Fig 5.3

Fig 5.4

Fig 5.5

Examples of relationship between STN LFP power and reaction time 115

Correlation analysis of STN LFP activity and reaction time 121
in case 1

Population averages of oscillation power and reaction times 122
Correlation analysis between onset of oscillation suppression 124

time and reaction time

Relationship between oscillation suppression duration 126

and processing requirements

141



BIBLIOGRAPHY

Abosch A, Hutchinson WD, Saint-Cyr JA, Dostrovsky JO, Lozano AM (2002)
Movement-related neurons of the subthalamic nucleus in patients with Parkinson’s
disease. J Neurosurg 97: 1167-1172.

Adrian ED, Mathews BHC (1934) The Berger rhythm: potential changes from the

occipital lobes in man. Brain 57: 355-85.

Adrian ED (1942) Olfactory reactions in the brain of the hedgehog. J Physiol 100:
459-473.

Afsharpour S (1985) Topographical projections of the cerebral cortex to the
subthalamic nucleus. J Comp Neurol 236: 14-28.

Albin RL, Young AB, Penney JB (1989) The functional anatomy of basal ganglia
disorders. Trends Neurosci 12: 366-375.

Ahisaar E (1998) Temporal-code to rate-code conversion by neuronal phase-locked
loops. Neural Comput 10: 597-650.

Alegre M, Labarga A, Gurtubay IG, Iriarte J, Malanda A, Artieda J (2002) Beta
electroencephaolograph changes during passive movements: sensory afferences

contribute to beta event-related desynchronization in humans. Neurosci Lett 331: 29-
32.

Alegre M, Labarga A, Gurtubay IG, Iriarte J, Malanda A, Artieda J (2003) Movement-
related changes in cortical oscillatory activity in ballistic, sustained and negative

movements. Exp Brain Res 148: 17-25.

Alexander GE (1987) Selective neuronal discharge in monkey putamen reflects
intended direction of planned limb movements. Exp Brain Res 67: 623-634.

142



Alexander GE, Crutcher MD (1990) Functional architecture of basal ganglia circuits:

neural substrates of parallel processing. Trends Neurosci 13: 266-271.

Allers KA, Ruskin DN, Bergstrom DA, Freeman LE, Ghazi LJ, Tierney PL, Walters
JR (2002) Multisecond periodicities in basal ganglia firing correlate with theta bursts

in transcortical and hippocampal EEG. J Neurophysiol 87: 1118-1122.

Alonso A, Llinas RR (1989) Subthreshold Na+-dependent theta-like rhythmicity in
stellate cells of entorhinal cortex layer Il. Nature 342: 175-177.

Alvarez Gonzalez L, Macias R, Guridi J, Lopez G, Maragoto C, Teijeiro J, Torres A,
Pavon N, Rodriguez-Oroz MC, Ochoa L, Hetherington H, Juncos J, DeLong MR,
Obeso JA (2001) Lesion of the subthalamic nucleus in Parkinson’s disease: long
term follow-up. Ann Neurol 46: 492-493.

Ashby P, Kim YJ, Kumar R, Lang AE, Lozano AM (1999) Neurophysiological effects
of stimulation through electrodes in the human subthalamic nucleus. Brain 122:
1919-1931.

Ashby P, Paradiso G, Saint-Cyr JA, Chen R, Lang AE, Lozano AM. (2001) Potentials
recorded at the scalp by stimulation near the human subthalamic nucleus. Clin
Neurophysiol 112: 431-437.

Aziz TZ, Peggs D, Sambrooke MA, Crossman AR (1991) Lesion of the subthalamic
nucleus for the alleviation of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-

induced parkinsonism in the primate. Mov Disord 6: 288-293.

Aziz TZ, Stein JF (1997) Brainstem mechanisms of akinesia in the primate. J Neurol

Neurosurg Psychiatry 63: 131.

Babiloni C, Babiloi F, Carducci F, Cincotti F, del Percio C, Hallett M, Moretti DV,
Romani GL, Rossini P (2002) High resolution EEG of sensorimotor brain functions:

143



mapping ERPs or mu ERD? In: Advances in Clinical Neurophysiology (Supplements
to Clinical Neurophysiology Vol. 54), pp 365-371, Amsterdam: Elsevier.

Baker SN, Olivier E, Lemon RN (1997) Coherent oscillations in monkey cortex and
hand muscle EMG show task-dependent modulation. J Physiol 501: 225-241.

Baker SN, Kilner JM, Pinches, EM, Lemon RN (1999) The role of synchrony and
oscillations in the motor output. Exp Brain Res 128: 109-117.

Basar E (1980) EEG - brain dynamics. Relation between EEG and brain evoked

potentials, pp 411, Amsterdam: Elsevier.

Basar E (1998) Brain function and oscillations. | Brain oscillations: principles and

approaches, Berlin: Springer.

Basar E (1999) Brain function and oscillations. Il Integrative brain function.

Neurophysiology and cognitive processes, Berlin: Springer.

Basso MA, Wurtz R (2002) Neuronal activity in substantia nigra pars reticulata during
target selection. J Neurosci 22: 1883-1894

Battaglini PP, Squatrito S, Galletti C, Maioli MG, Sanseverino Riva E (1982) Bilateral
projections from the visual cortex to the striatum in the cat. Exp Brain Res 47: 28-32.

Baunez C, Humby T, Eagle DM, Ryan LJ, Dunnett SB, Robbins TW (2001) Effects of
STN lesions on simple vs choice reaction time tasks in the rat: preserved motor

readiness, but impaired response selection. Eur J Neurosci 23: 1609-1616.
Beistener R, Hdllinger P, Lindlinger G, Lang W, Berthoz A (1995) Mental

representations of movements. Brain potentials associated with imagination of hand

movements. Electroenceph Clin Neurophysiol 96: 83-193.

144



Bejjani BP, Dormont D, Pidoux B, Yelnik J, Damier P, Arnulf |, Bonnet AM, Marsaulit,
Agid Y, Phiippon, Cornu P (2000) Bilateral subthalmic stimulation for Parkinson;s
disease by using three-dimensional stereotactic magnetic resonance imaging and

electrophysiological guidance. J Neurosurg 92: 615-625.

Benabid AL, Pollak P, Gross, C, Hoffmann, Benazzouz A, Gao DM, Laurent A, Gentil
M, Perret J (1994) Acute and long-term effects of subthalamic nucleus stimulation in

Parkinson’s disease. Stereotact Funct Neurosurg 62: 76-84.

Benazzouz A, Breit S, Koudsie A, Pollak P, Krack P, Benabid AL (2002)
Intraoperative mocrorecordings of the subthalamic nucleus in Parkinson's disease.
Mov Disord 17 suppl 2: S145-149.

Bennett BD, Bolam JP (1994) Synaptic input and output of parvalbumin-

immunoreactive neurones in the neostriatum of the rat. Neuroscience 62; 707-719.

Berger H (1929) Uber das Elektroenkephalogram des Menschen. Arch Psych
Nervenkr 87: 527-570.

Berger H (1969) On the electroencephalogram of man (translated by P. Gloor).
Electroencephalogr Clin Neurophysiol (suppl) 28: 37-74.

Bergman H, Wichmann T, DeLong MR (1990) Reversal of experimental
parkinsonism by lesions of the subthalamic nucleus. Science 249: 1436-1438.

Bergman H, Wichmann T, Karmon G, DeLong M (1994) The primate subthalamic
nucleus |l. Neuronal activity in the MPTP model of parkinsonism. J Neurophysiol 72:

597-529.

Bergman H, Deuschl G (2002) Pathophysiology of Parkinson’s disease: From clinical

neurology to basic neuroscience and back. Mov Disord 17 (S3): $S28-S40.

145



Beurrier C, Bioulac B, Hammond C (2000) Slowly inactivating sodium current
(I(NaP)) underlies single-spike activity in rat subthalamic neurons. J Neurophysiol
83: 1951-1957.

Bevan MD, Smith AD, Bolam JP (1996) The substantia nigra as a site of synaptic
integration of functionally diverse information arising from the ventral pallidum and

the globus pallidus in the rat. Neuroscience 75: 5-12.

Bevan MD, Wilson CJ (1999) Mechanisms underlying spontaneous oscillations and

rhythmic firing in rat subthalamic neurons. J Neurosci 19: 7617-7628.

Bevan MD, Wilson CJ, Bolam JP, Magill PJ (2000) Equilibrium potential of GABA(A)
current and implications for rebound burst firing in rat subthalamic neurons in vitro. J
Neurophysiol 83: 3169-3172.

Bevan MD, Magill PJ, Terman , Bolam JP, Wilson CJ (2002) Move to the rhythm:
oscillations in the subthalamic nucleus-external globus pallidus network. Trends

Neurosci 25: 525-531.

Bhatia KP, Marsden CD (1994) The behavioural and motor consequences of focal

lesions of the basal ganglia in man. Brain 117: 859-876.

Bishop GH (1949) Potential phenomena in thalamus and cortex. Electroencephalogr
Clin Neurophysiol 1: 421-436.

Blanco S, Garcia H, Quian Quiroga R, Romanelli L, Rossa OA (1995) Stationarity of
the EEG series. IEEE Engineering in Medicine and Biology Jul/Aug: 395-399.

Bloomfield P (1976) Fourier analysis of time series: An introduction. New York:
Wiley.

Boudreau J, Freeman WJ (1963) Spectral analysis of electrical activity in the
prepyriform cortex of the cat. Exp Neurol 8: 423-439.

146



Bouyer JJ, Montaron M-F, Rougeul A (1981) Fast fronto-parietal rhythms during
combined focused attentive behaviour and immobility in cat: cortical and thalamic

localization. Electroenceph Clin Neurophysiol 51: 244-252.

Bouyer JJ, Tilquin, Rougeul A (1983) Thalamic rhythms in cat during quiet

wakefulness and immobility. Electroenceph Clin Neurophysiol 55: 180-187.

Bradley WG, Daroff R, Fenichel GM, Marsden CD (2000) Pocket companion to
neurology in clinical practice 3™ edition. Woburn: Butterworth-Heinemann.

Bressler SL, Freeman WJ (1980) Frequency analysis of olfactory system EEG in cat,
rabbit and rat. Electroenceph Clin Neurophysiol 50: 19-24.

Brillinger DR (1978) Comparative aspects of the study of ordinary time series and of
point processes. In: Developments in Statistics, Vol |, pp33-133, New York:

Academic Press.

Brog JS, Salyapongse A, Deutch AY, Zahm DS (1993) The patterns of afferent
innervation of the core and shell in the “accumbens” part of the rat ventral striatum:
immunohistochemical detection of retrogradely transported fluoro-gold. J Comp
Neurol 338: 255-278.

Brotchie P, lansek R, Horne MK (1991) Motor function of the monkey globus
pallidus. 1. Neuronal discharge and parameters of movement. Brain 114: 1667-1683.

Brown VJ, Robbins TW (1991) Simple and choice reaction time performance
following unilateral striatal dopamine depletion in the rat. Impaired motor readiness

but preserved response preparation. Brain 114: 513-525.
Brown RG, Jahanshahi M, Marsden CD (1993) Response choice in Parkinson’s

disease. The effects of uncertainty and stimulus-response compatibility. Brain 116:
869-885.

147



Brown P (2000) Cortical drives to human muscle: the Piper and related rhythms.
Prog Neurobiol 60: 97-108.

Brown P, Day BL (1997) Eye acceleration during large horizontal saccades in man.

Experimental Brain Research 113: 163-157.

Brown P, Marsden CD (1998) What do the basal ganglia do? Lancet 351. 1801-
1804.

Brown P, Salenius S, Rothwell JC, Hari R (1998) Cortical correlate of the Piper
rhythm in humans. J Neurophysiol 80: 2911-2917.

Brown P, Oliviero A, Mazzone P, Mazzone P, Insola A, Tonali P, Di Lazzaro V
(2001) Dopamine dependency of oscillations between subthalamic nucleus and
pallidum in Parkinson’s disease. J Neurosci 21: 1033-1038.

Brown P, Kupsch A, Magill PJ, Sharott A, Harnack D, Meissner W (2002) Oscillatory
local field potentials recorded from the subthalamic nucleus of the alert rat. Exp
Neurol 177: 581-585.

Buchthal F, Guld C, Rosenfalck P (1954a) Action potential parameters in normal
human muscle and their dependence on physical variables. Acta Physiol Scand 32:
200-218.

Buchthal F, Pinell P, Rosenfalck P (1954b) Action potential parameters in normal
human muscle and their physiological determinants. Acta Physiol Scand 32: 219-

229.

Bullock TH, Basar E (1988) Comparison of ongoing compound field potentials in the
brain of invertebrates and vertebrates. Brain Res Rev 13: 57-75.

148



Buzsaki G, Rappelsberer P, Kellenyi L (1985) Depth profiles of hippocampal
rhythmic slow activity (‘theta rhythm’) depend on behaviour. Electroencephalogr Clin
Neurophysiol 61: 77-88.

Buszaki G, Horvath Z, Unoste R, Hetke J, Wise K (1992) High-frequency network
oscillations in the hippocampus. Science 256: 1025-1027.

Canteras NS, Shammah-Lagnado SJ, Silva BA, Ricardo JA (1990) Afferent
connections of the subthalmic nucleus: a combined retrograde and anterograde

horseradish peroxidase study in the rat. Brain Res 5113: 43-59.

Carpenter MB, Baton RR 3", Carleton SC, Keller JT (1981a) Interconnections and
organization of pallidal and subthalamic nucleus neurones in the monkey. J Comp
Neurol 197: 579-603.

Carpenter MB, Carleton SC, Keller JT, Conte P (1981b) Connections of the

subthalamic nucleus in the monkey. Brain Res 224: 1-29.

Cassidy M, Mazzone P, Oliviero A, Insola A, Tonali P, Di Lazzaro V, Brown P (2002)
Movement-related changes in synchronization in the human basal ganglia. Brain
125: 1235-1246.

Cassim F, Szurhaj W, Sediri H, Devos D, Bourriez J, Poirot |, Derambure P,
Defebvre L, Guieu J (2000) Brief and sustained movements: differences in event-
related (de)synchronization (ERD/ERS) patterns. Clin Neurophysiol 111: 2032-2039.

Chang HT, Kita H, Kitai ST (1983) The fine structure of the rat subthalamic nucleus:
An electron microscopic study. J Comp Neurol 221: 113-123.

Chatrian GE, Petersen MC, Lazarete JA (1959) The blocking of the rolandic wicket

rhythm and some central changes related to movement. Electroencephalogr Clin
Neurophysiol 11: 497-510.

149



Chaudasama Y, Baunez C, Robbins TW (2003) Functional disconnection of the
medial prefrontal cortex and subthalamic nucleus in attentional performance:

evidence for corticosubthalamic interaction. J Neurosci 23: 5477-5485

Chen DF, Fetz EE (1991) Intracellular correlates of oscillatory activity of cortical

neurons in awake behaving monkeys. Soc Neurosci Abst 17: 310.

Chen DF, Fetz EE (1993) Effect of synchronous neural activity on synaptic

transmission in primate cortex. Soc Neurosci Abst 19: 781.

Christakou A, Robbins TW, Everitt (2001) Functional disconnection of a prefrontal
cortico-dorsal striatal system disrupts choice reaction time performance: implications

for attentional function. Behav Neurosci 115: 812-825.

Churchland PS, Sejnowski TJ (1992) Representing the world. In: The computational
brain, Ch 4, pp 181, London: MIT press.

Contreras D, Destexhe A, Sejnowski TJ, Steriade M (1996) Control of spatiotemporal
coherence of a thalamic oscillation by corticothalamic feedback. Science 274: 771-
774.

Contreras D, Steriade M (1997) Synchronization of low-frequency rhythms in

corticothalamic networks. Neuroscience 76:; 11-24.

Conway BA, Halliday DM, Farmer SF, Shahani U, Maas P, Weir Al, Rosenberg JR
(1995) Synchronization between motor cortex and spinal motorneuronal pool during

the performance of a maintained motor task in man, J Physiol 489: 917-924.
Cooper AJ, Stanford IM (2000) Electrophysiological and morphological

characteristics of three subtypes of rat globus pallidus neurone. J Physiol 527: 291-
304.

150



Cooper NR, Croft RJ, Dominey SJ, Burgess AP, Gruzelier JH (2003) Paradox lost?
Exploring the role of alpha oscillations during externally vs. internally directed
attention and the implications for idling and inhibition hypotheses. Int J Psychphysiol
47: 65-74.

Cooper R, Winter AL, Crow HJ, Walter WG (1965) Comparison of subcortical,
cortical and scalp activity using chronically indwelling electrodes in man.
Electroenceph Clin Neurophysiol 18: 217-228.

Cordes D, Haughton VM, Arfanakis K, Wendt GJ, Turski PA, Moritz CH, Quigley MA,
Meyerand E (2000) Mapping functionally related regions of brain with functional
connectivity MR imaging. Am J Neuroradiol 21: 1636-1644.

Courtemanche R, Pellerin JP, Lamarre Y (2002) Local field potential oscillations in
primate cerebellar cortex: modulation during active and passive expectancy. J
Neurophysiol 88: 771-782.

Courtemanche R, Fujii N, Graybiel AM (2003) Synchronous, focally modulated beta-
band oscillations characterize local field potential activity in the striatum of awake
behaving monkeys. J Neurosci 23: 11741-11752.

Creutzfeldt O, Houchin J (1974) Neuronal basis of EEG-waves. In: Handbook of

electroencephalography and clinical neurophysiology. Amsterdam: Elsevier.

Crone NE, Hart Jr J, Boatman D, Lesser RP, Gordon B (1994) Regional cortical
activation during language and related tasks identified by direct cortical electrical
recording. Brain Lang 47: 466-468.

Crone NE, Miglioretti DL, Gordon B, Sieracki JM, Wilson MT, Uematsu S, Lesser RP
(1998a) Functional mapping of human sensorimotor cortex with electrocorticographic
spectral analysis |. Alpha and beta event-related desynchronization. Brain 121:
2271-2299.

151



Crone NE, Miglioretti DL, Gordon B, Lesser RP (1998b) Functional mapping of
human sensorimotor cortex with electrocorticographic spectral analysis Il. Event-

related synchronization in the gamma band. Brain 121: 2301-2315.

Crone NE, Hart J, Hao L, Miglioretti DL, Lesser R, Gordon B (1999) Functional
mapping of word production in human sign language using electrocorticographic

spectral analysis. Neurology 52 (Suppl 2): A233.

Crone NE, Boatman D, Gordon B, Hao L (2001) Induced electrocorticographic
gamma activity during auditory perception. Clin Neurophysiol 112: 565-582.

Cunic D, Roshan L, Khan FL, Lozano AM, Lang AE, Chen R (2002) Effects of
subthalamic nucleus stimulation on motor cortex excitability in Parkinson’s disease.
Neurology 58: 1665-1672.

Cunnington R, lansek R, Bradshaw JL, Philips JG (1995) Movement-related
potentials in Parkinson’s disease. Presence and predictability of temporal and spatial
cues. Brain 118: 935-950.

Curio G (2000) Ain't no rhythm fast enough: EEG bands beyond beta. J Clin
Neurophysiol 17: 339-340.

Daly D, Pedley T (1990) Current practice of clinical electroencephalography. New

York: Raven Press.

Dauper J, Peschel T, Schrader C, Kohimetz C, Joppich G, Nager W, Dengler R,
Rolinik JD (2002) Effects of subthalamic nucleus (STN) stimulation on motor cortex
excitability. Neurology 59: 700-706.

Deecke L, Englitz HG, Kornhuber HH, Schmitt G. Cerebral potentials preceding

voluntary movement in patients with bilateral or unilateral Parkinson akinesia. Prog
Clin Neurophysiol 1: 151-163.

152



Deecke L, Lang W, Heller HJ. Hufnagl M, Kornhuber HH. Bereitschaftspotential in
patients with unilateral lesions of the supplementary motor area. J Neurol Neurosurg
Psychiatry 50: 1430-1434.

DelLong MR (1971) Activity of Pallidal neurons during movement. J Neurophysiol 34:
414-427.

DelLong MR (1972) Activity of basal ganglia neurons during movement. Brain Res
40: 127-135.

DeLong M (1990) Primate models of movement disorders of basal ganglia origin.
Trends Neurosci 13: 281-285.

DeLong MR, Crutcher MD, Georgopoulos AP (1985) Primate globus pallidus and
subthalamic nucleus: functional organization. J Neurophysiol 53: 530-543.

DelLuca CJ, Erim Z (1994) Common drive of motor units in regulation of muscle
force. Trends Neurosci 17: 299-304.

Dement W, Kleitman N (1957) Cyclic variations in EEG during sleep and their
relation to eye movements, body motility, and dreaming. Electroencephalogr Clin
Neurophysiol 9: 673-690.

Dewhurst K (1980a) The Cerebrum. In: Thomas Willis's Oxford lectures, pp 141
Oxford: Sandford.

Dewhurst K (1980b) The Cerebrum. In: Thomas Willis’'s Oxford lectures, pp 139
Oxford: Sandford.

Dick JP, Rothwell JC, Day BL, Cantello R, Buruma O, Gioux, Benecke R, Berardelli

A, Thompson PD, Marsden CD (1989) The Bereitschaftspotential is abnormal in
Parkinson’s disease. Brain 112: 233-244.

153



Difiglia M, Pasik P, Pasik T (1982) A Golgi and ultrastructural study of the monkey
globus pallidus. J Comp Neurol 212:; 53-75.

Domino E, Ueki S (1960) An analysis of the electrical burst phenomenon in some
rhinencephalic structures of the dog and monkey. Electroenceph Clin Neurophysiol
12: 635-548.

Donoghue JP, Sanes JN, Hatsopoulos NG, Gydngi G (1998) Neural discharge and
local field potential oscillations in primate motor cortex during voluntary movements.
J Neurophysiol 79: 169-173.

Doudet DJ, Gross C, Arluison M, Bioulac B (1990) Modifications of precentral cortex
discharge and EMG activity in monkeys with MPTP-induced lesions of DA nigral
neurons. Exp Brain Res 80: 177-188.

Draguhn A, Traub RD, Bibbig A, Schmitz D (2000) Ripple (~200 Hz) oscillations in
temporal structures. J Clin Neurophysiol 17: 361-375.

Eckhorn R, Bauer R, Jordan W, Brosch M, Kruse W, Munk M, Reitboeck HJ (1988)
Coherent oscillations: a mechanism of feature linking in visual cortex? Multiple

electrode and correlation analyses in the cat. Biol Cybern 60:121-130

Eeckman FH, Freeman WJ (1990) Correlations between unit firing and EEG in the
rat olfactory system. Brain Res 528: 238-244.

Elble RJ, Randall JE (1976) Motor-unit activity responsible for 8- to 12-Hz

component of human physiological finger tremor. J Neurophysiol 39: 370-383.

Engel AK, Fries P, Singer W (2001) Dynamic predictions: oscillations and synchrony
in top-down processing. Nat Rev Neurosci 2: 704-716.

Engel AK, Singer W (2001) Temporal binding and the neural correlates of sensory

awareness. Trends Cogn Sci 5: 16-25.

154



Fallon JH, Ziegler BTS (1979) The crossed cortico-caudate projections in the rhesus
monkey. Neurosci Lett 156: 29-32.

Fanselow EE, Nicolelis MAL (1999) Behavioural modulation of tactile responses in

the rat somatosensory system. J Neurosci 19: 7603-7616.

Fanselow EE, Sameshima K, Baccala LA, Nicolelis MA (2001) Thalamic bursting in
rats during different awake behavioural states, Proc Natl Acad Sci USA 98: 15330-
153335

Farmer SF, Bremner FD, Halliday DM, Rosenberg JR, Stephens JA (1993a) The
frequency content of common presynaptic inputs to motorneurones studied during

voluntary isometric contractions in man. J Physiol 470: 127-155.

Farmer SF, Swash M, Ingrams DA, Stephens JA (1993b) Changes in motor-unit

synchronization following central nervous lesions in man. J Physiol 463: 83-105.

Farmer SF, Sheean GL, Mayston MJ, Rothwell JC, Marsden CD, Conway BA,
Halliday DM, Rosenberg JR, Stephens JA (1998) Abnormal motor unit
synchronization of antagonist muscles underlies pathological co-contraction in upper
limb dystonia. Brain 121: 801-814.

Feldmeyer D, Sakmann B (2000) Synaptic efficacy and reliability of excitatory
connections between the principal neurones of the input (layer 4) and output layer
(layer 5) of the neocortex. J Physiol 625: 31-39.

Feldmyer D, Lubke J, Angus Silver R, Sakmann B (2002) Synaptic connections
between layer 4 spiny neurone-layer 2/3 pyramidal cell pairs in juvenile rat barrel
cortex: physiology and anatomy of interlaminar signalling within a cortical column. J
Physiol 538: 803-822.

155



Fell J, Klaver P, Lehnertz K, Grunwald T, Carlo S, Elger CE, Fernandez G (2001)
Human memory formation is accompanied by rhinal-hippocampal coupling and
decoupling. Nat Neurosci 4: 1259-1264.

Fell J, Klaver P, Elfadil H, Schaller C, Elger CE, Fernandez G (2003) Rhinal-
hippocampal theta coherence during declarative memory formation: interaction with

gamma synchronization? Eur J Neurosci 17: 1082-1088.

Fetz EE, Chen D, Murthy VN, Matsumura M (2000) Synaptic interactions mediating
synchrony and oscillations in primate sensorimotor cortex. J Physiol 94: 323-331.

Filion M, Trémblay L (1991) Abnormal spontaneous activity of globus pallidus
neurons in monkeys with MPTP-induced parkinsonism. Brain Res 547: 142-151.

Fisahn A, Pike FG, Buhl EH Paulsen O (1998) Cholinergic induction of network
oscillations at 40 Hz in the hippocampus in vitro. Nature 394: 186-189.

Flaherty AW, Graybiel AM (1991) Corticostriatal transformations in the primate
somatosensory system. Projections from physiologically mapped body-part

representations. J Neurophysiol 66: 1249-1263.

Flint AC, Connors BW (1996) Two types of network oscillations in neocortex
mediated by distinct glutamate receptor subtypes and neural populations. J
Neurophysiol 75: 951-956.

Flint AC, Dammerman RS, Arnold R (1999) Endogenous activation of metabotropic
glutamate receptors in neocortical development causes neuronal calcium

oscillations. Proc Natl Acad Sci U S A 96: 12144-12149.

Florian G, Andrew C, Pfurtscheller G (1998) Do changes in coherence always reflect

changes in functional coupling? Electroencephalogr Clin Neurophysiol 106: 87-91.

156



Fraix V, Pollak, P (2001) Postoperative management: Stimulation of the internal
globus pallidus and the subthalamic nucleus for Parkinson’'s disease. Minneapolis:

Medtronic Neurological.

Freeman WJ (1975) Mass action in the nervous system. New York: Academic Press.

Freeman WJ, van Dijik BW (1987) Spatial patterns of visual cortical fast EEG during

conditioned reflex in a rhesus monkey. Brain Res 422: 267-276.

Fries P, Neuenschwander S, Engel AK, Goebel R, Singer W (2001) Rapid feature
selective neuronal synchronization though correlated latency shifting. Nat Neurosci
4: 194-200.

Fries P, Reynolds JH, Rorie AE, Desimone R (2001) Modulation of oscillatory

neuronal synchronization by selective visual attention. Science 291: 1560-1563.

Fries P, Schroder J-H, Roelfsema PR, Singer W, Engel AK (2002) Oscillatory
neuronal synchronization in primary visual cortex as a correlate of stimulus selection.
J Neurosci 22: 3739-3754.

Friston KJ, Frith CD, Liddle PF, Frackowiak RS (1993) Functional connectivity: the
principal-component analysis of large (PET) data sets. J Cereb Blood Flow Metab

Gardiner TW, Nelson RJ (1992) Striatal neuronal activity during the initiation and
execution of hand movements made in response to visual and vibratory cues. Exp

Brain Res 92: 15-26.

Gastaut H (1952) Electrocorticographic study of the reactivity of rolandic rhythm. Rev
Neurol (Paris) 87: 176-182.

Gault F, Leaton R (1963) Electrical activity of the olfactory system. Electroenceph
Clin Neurophysiol 15: 299-304.

157



Georgopoulos AP, DeLong MR, Crutcher MD (1983) Relations between parameters
of step-tracking movements and single cell discharge in the globus pallidus and

subthalamic nucleus of the behaving monkey. J Neurosci 1586-1598.

Gerloff C, Hadley J, Richard J, Uenishi N, Honda M, Hallett M (1998) Functional
coupling and regional activation of human cortical motor areas during simple,

internally paced and externally paced finger movements. Brain 121: 1513-1531.

Gevins AS (1984) Analysis of the electromagnetic signals of the human brain:
milestones, obstacles and goals. IEEE Trans Biomed Eng 31: 833-850.

Gillies AJ, Willshaw DJ (1998) A massively connected subthalamic nucleus leads to
the generation of widespread pulses. Proc R Soc Lond B Sci 265: 2101-2109.

Gloor P (1985) Neuronal generators and the problem of localization in
electroencephalography: application of volume conductor theory to electro-
encephalography. J Clin Neurophysiol 2: 327-354.

Goetz CG, Chmura TA, Lanska DJ (2001) The basal ganglia: Part 1 of the MDS-
sponsored History of Movement Disorders Exhibit, Barcelona, June 2000. Mov
Disord 16: 152-155.

Goldberg JA, Boraud T, Maraton S, Haber SN, Vaadia E, Bergman H (2002)
Enhanced synchrony among primary motor cortex neurons in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine primate model of Parkinson's disease. J Neurosci 22:
4639-4653.

Goldman PS, Nauta WJ (1977) An intricately patterned prefronto-caudate projection
in the rhesus monkey. J Comp Neurol 72: 369-386.

Goto Y, O'Donnell P (2001) Network synchrony in the nucleus accumbens in vivo. J
Neurosci 21: 4498-4504.

158



Gray CM, Konig P, Engel AK, Singer W (1989) Oscillatory responses in cat visual
cortex exhibit inter-columnar synchronization which reflects global stimulus
properties. Nature 338: 334-337.

Gray CM, McCormick DA (1996) Chattering cells: superficial pyramidal neurons
contributing to the generation of synchronous oscillations in the visual cortex.
Science 274: 109-113.

Groenewegen HJ, Berendse HW (1990) Connections of the subthalamic nucleus
with ventral striatopallidal parts of the basal ganglia in the rat. J Comp Neurol 294:
607-622.

Gueye L, Viallet F, Legallet E, Trouche E (1998) The use of advanced information for
motor preparation in Parkinson’s disease: effects of cueing and compatibility

between warning and imperative stimuli. Brain Cogn 38: 66-86.

Guillery RW, Sherman SM (2002) Thalamic relay functions and their role in
corticocortical communication: Generalizations from the visual system. Neuron 33: 1-
20.

Haenschel C, Baldeweg T, Croft RJ, Whittington M, Gruzeller J (2000) Gamma and
beta frequency oscillations in response to novel auditory stimuli: A comparison of
human electroencephalogram (EEG) data with in vitro models. Proc Natl Acad Sci
USA 97: 7645-7650.

Haig AR Gordon E, DePascalis V, Meares RA, Bahramali H, Harris A (2000) Gamma
activity in schizophrenia: evidence of impaired network binding? Clin Neurophysiol
111: 1461-1468.

Halliday DM, Rosenberg JR, Amjad AM, Breeze P, Conway BA, Farmer SF (1995) A
framework for the analysis of mixed time series / point process data — theory and
application to the study of physiological tremor, single motor unit discharges and
electromyograms. Prog Biophys Molec Biol 64: 237-278.

159



Halliday DM, Rosenberg JR (1999) Time and frequency domain analysis of spike
train and time series data. In: Modern Techniques in Neuroscience Research, Ch 18,

pp 503-543, Berlin: Springer-Verlag.

Hammond C, Yelnik J (1983) Intracellular labelling of rat subthalamic neurones with
horseradish peroxidase: computer analysis of dendrites and characterization of axon

arborisation. Neuroscience 8; 781-790.

Hari R, Salmelin R (1997) Human cortical oscillations: a neuromagnetic view through
the skull. Trends Neurosci 20: 44-49.

Heimer G, Bar-Gad |, Goldberg JA, Bergman H (2002) Dopamine replacement
therapy reverses abnormal synchronization of Pallidal neurons in the 1-methyl-4-
phenyl_1,2,3,6-tetrahydropyridine primate model of parkinsonism. J Neurosci 22:
7850-7855.

Heynen H, Wachtmeister L, van Norren D (1985) Origin of oscillatory potentials of
the retina. Vision Res 10: 1365-1373.

Hirsch EC, Graybiel AM, Duyckaerts C, Javoy-agid F (1987) Neuronal loss in the
pedunculopontine tegmental nucleus in Parkinson disease and in progressive
supranuclear palsy. Proc Natl Acad Sci USA 84: 5976-5980.

Holdefer RN, Miller LE, Chen LL, Houk JC (2000) Functional connectivity between
cerebellum and primary motor cortex in the awake monkey. J Neurophysiol 84: 585-
590.

Hubel DH, Wiesel TN (1962) Receptive fields, binocular interaction and functional
architecture in the cat'’s visual cortex. J Physiol 160: 106-154.

Huerta MF, Krubitzer LA, Kaas JH (1986) Frontal eye field as defined by intracortical

microstimulation in squirrel monkeys, owl monkeys and macaque monkeys. |.
Subcortical connections. J Comp Neurol 253: 415-439

160



Hughes JR, Hendrix D, Wetzel N, Johnston J (1969) Correlation between
electrophysiological activity from the human olfactory bulb and the subjective
response to odoriferous stimuli. In: Olfaction and Taste I, pp 172-191, Oxford:

Pergamon.

Hurtado JM, Gray CM, Tamas LB, Sigvardt KA (1999) Dynamics of tremor-related
oscillations in the human globus pallidus: a single case study. Proc Natl Acad USA
96: 1674-1679.

Hutchinson WD, Allan RJ, Optiz H, Levy R, Dostrovsky JO, Lang AE, Lozano AM
(1998) Neurophysiological identification of the subthalamic nucleus surgery for
Parkinson’s disease. Ann Neurol 44: 622-628.

Hurtado JM, Gray CM, Tamas LB, Sigvardt KA. Dynamics of tremor-related
oscillations in the human globus pallidus: a single case study. (1999)
Neurophysiological identification of the subthalamic nucleus in surgery for
Parkinson’s disease. Ann Neurol 44: 622-628.

Hutchison WD, Allan RJ, Opitz H, Levy R, Dostrovsky JO, Lang AE, Lozano AM
(1998) Neurophysiological identification of the subthalamic nucleus in surgery for
Parkinson’s disease. Ann Neurol 44: 622-628.

Hutchison WD, Lang AE, Dostrovsky JO, Lozano AM (2003) Pallidal neuronal
activity: implications for models of dystonia. Ann Neurol 53: 480-488.

lansek R, Porter R (1980) The monkey globus pallidus: neuronal discharge in
relation to movement. J Physiol 301: 439-455.

Inase M, Tokuno H, Nambu A, Akazawa T, Takada M (1999) Corticostriatal and

corticosubthalamic input zones from the presupplementary motor area in the

macaque monkey: comparison with the input zones from the supplementary

161



Iwahori N (1978) A Golgi study on the subthalamic nucleus of the cat. J Comp
Neurol 182: 383-397.

Jackson A, Crossman AR (1983) Nucleus tegmenti pedunculopontinus: efferent
connections with special reference to the basal ganglia, studied in the rat by

anterograde transport of horseradish peroxidase. Neuroscience 10: 725-765.

Jaeger D, Gilman S, Aldridge JW (1993) Primate basal ganglia activity in a precued
reaching task: preparation for movement. Exp Brain Res 95: 51-64.

Jaeger D, Gilman S, Aldridge JW (1995) Neuronal activity in the striatum and
pallidum of primates related to the execution of externally cued reaching movements.
Brain Res 694: 111-127.

Jahanshahi M, Brown RG, Marsden CD (1992) Simple and choice reaction time and
the use of advance information for motor preparation in Parkinson’s disease. Brain
115: 539-564.

Jahanshahi M, Jenkins IH, Brown RG, Marsden CD, Passingham RE, Brooks DJ
(1995) Self-initiated versus externally triggered movements. I. An investigation using
measurement of regional cerebral blood flow with PET and movement-related
potentials in Norman and Parkinson’s disease subjects. Brain 118: 913-933.

Jasper HH (1958) Report of the committee on Methods of Clinical Examination in
EEG: Appendix: The ten-twenty electrode system of the International Federation.

Electroencephalogr Clin Neurophysiol 10: 371-375.

Jasper HH, Andrews HL (1938) Electroencephalography lll. Human differentiation of
occipital and precentral regions in man. Arch Neurol Psychiatry 39: 96-115.

Jasper HH, Penfield W (1949) Electrocorticograms in man: effect of the voluntary

movement upon the electrical activity of the precentral gyrus. Arch Psych Z Neurol
183: 163-174.

162



Jeffreys JG (1994) Experimental neurobiology of epilepsies. Curr Opin Neurol 7:
113-122.

Jefferys JGR, Traub RD, Whittington MA (1996) Neuronal networks for induced ‘4o
HZz’ rhythms. Trends Neurosci 19: 202-208.

Jellinger K (1988) The pedunculopontine nucleus in Parkinson’s disease,
progressive supranuclear palsy and Alzheimer's disease. J Neurol Neurosurg
Psychiatry 51: 540-543.

Jenkins IH, Fernandez W, Playford ED, Lees AJ, Frackowiak RS, Passingham RE,
Brooks DJ (1992) Impaired activation of the supplementary motor area in
Parkinson’s disease is reversed when akinesia is treated with apomorphine. Ann
Neurol 32: 749-757.

Joliot M, Ribary U, Llinas (1994) Neuromagnetic coherent oscillatory activity in the
vicinity of 40-Hz coexists with cognitive temporal binding in the human brain. Proc
Natl Acad Sci USA 91: 6339-6343.

Juergens E, Guettler A, Eckhorn R (1999) Visual stimulation elicits locked and
induced gamma oscillations in monkey intracortical- and EEG-potentials, but not in
human EEG. Exp Brain Res 129: 247-259.

Jurgens U (1984) The efferent and afferent connections of the supplementary motor
area. Brain Res 300: 63-81.

Kakuda N, Nagaoka M, Wessberg J (1999) Common modulation of motor unit pairs
during slow wrist movement in man. J Physiol (Lond) 520: 929-940.

Kaiser J, Birbaumer N, Lutzenberger W (2001) Event-related beta desynchronization

indicates timing of response selection in a delayed-response paradigm in humans.
Neurosci Lett 312:149-152.

163



Karakas S, Erzengin OU, Basar E (2000) A new strategy involving multiple cognitive
paradigms demonstrates that ERP components are determined by the superposition

of oscillatory responses. Clin Neurophysiol 111: 1719-1732.

Kilner JM, Baker SN, Salenius S, Jousmaki V, Hari R, Lemon RN (1999) Task-
dependent modulation of 15-30 Hz coherence between rectified EMGs from human
hand and forearm muscles. J Physiol 516: 559-570.

Kincaid AE, Penney JB, Young AB, Newman SW (1991) Evidence for a projection
from the globus pallidus to the entopeduncular nucleus in the rat. Neurosci Lett 128:
121-125.

Kita H, Chang H, Kitai S (1983) The morphology of intra-cellularly labelled rat
subthalamic neurons: a light microscopic preparation in Parkinson’s disease. Brain
115: 539-564.

Kitai ST, Deniau JM (1981) Cortical inputs to the subthalamus: intracellular analysis.
Brain Res 214: 411-415.

Klimesch W, Russegger H, Doppelmayr M, Pachinger T (1998) Induced and evoked
band power changes in an oddball task. Electroencephalogr Clin Neurophysiol 108:
123-130.

Klimesch W (1999) EEG alpha and theta oscillations reflect cognitive and memory

performance: a review and analysis. Brain Res Rev 29: 169-195.
Kolev V, Yordanova J, Schurmann M, Basar E (2001) Increased frontal phase-
locking of event-related alpha oscillations during task processing. Int J

Psychophysiol 39: 159-165.

Kopell N, Ermentrout GB, Whittington MA, Traub RD (2000) Gamma rhythms and
beta rhythms have different synchronization properties. PNAS 97: 1867-1872.

164



Kornhuber HH, Deecke L (1965) Hirnpotentialanderungen bei Willkurbewegungen
und passiven Bewegnungen des Menschen: Bereitschaftspotential und reafferente
Potentiale. Pfluger Arch Ges Physiol 284: 1-17.

Kreiss DS, Mastropietro CW, Rawji SS, Walters JR (1997) The response of
subthalamic nucleus neurons to dopamine receptor stimulation in a rodent model of
Parkinson's disease. J Neurosci 17: 6807-6819.

Kuhn TS (1962) The structure of scientific revolutions. Chicago: University of

Chicago Press

Kunishio K, Haber SN (1994) Primate cingulostriatal projection: limbic striatal versus

sensorimotor striatal input. J Comp Neurol 350: 337-356.

Kunzle H (1975) Bilateral projections from precentral motor cortex to the putamen
and other parts of the basal ganglia. An autoradiographic study in Macaca

fasicularis.

Kunzle H (1977) Projections from the primary somatosensory cortex to basal ganglia
and thalamus in the monkey. Exp Brain Res 30: 481-492.

Kunzle H (1978) An autoradiographic analysis of the efferent connections from
premotor and adjacent prefrontal regions (areas 6 and 9) in Macaca fasicularis. Brain
Behav Evol 15: 185-234.

Kupsch A, Kuehn A, Klaffke S, Meissner W, Harnack D, Winter C, Haelbig TD, Kivi
A, Arnold G, Einhaupl KM, Schneider GH, Trottenberg T (2003) Deep brain
stimulation in dystonia. J Neurol 250 (suppl) 1: 47-52.

Lachaux JP, Lutz A, Rudrauf D, Cosmelli D, Le Van Quyen M, Martinerie J, Varela F

(2002) Estimating the time-course of coherence between single-trial brain signals: an
introduction to wavelet coherence. Neurophysiol Clin 32: 157-174.

165



Landry P, Deschenes M (1981) Intracortical arborization and receptive fields of
identified ventrobasal thalamocortical afferents to the primary somatic sensory cortex
in the cat. J Comp Neurol 199: 345-371.

Landry P, Villemure J, Deschenes M (1982) Geometry and orientation of
thalamocortical arborizations in the cat somatosensory cortex as revealed by

computer reconstruction. Brain Res 237: 222-226.

Lapper SR and Bolam JP (1992) Input from the frontal cortex and parafasicular
nucleus to cholinergic interneurons in the dorsal striatum of the rat. Neuroscience 51:
533-545.

Lapper SR, Smith Y, Sadikot AF, Parent A, Bolam JP (1992) Cortical input to
parvalbumin-immunoreactive neurones in the putamen of the squirrel monkey. Brain
Res 580: 215-224.

Lateva ZC, McGill KC, Johanson ME (2003) Increased jitter and blocking in normal
muscles due to doubly innervated muscle fibres. Muscle Nerve 28: 423-431.

Lateva ZC, McGill KC, Johanson ME (2002) Electrophysiological evidence of adult
human skeletal muscle fibres with multiple endplates and polyneuronal innervation. J
Physiol 544: 549-565.

Leocani L, Magnani G, Comi G (1999) Event-related desynchronization during
execution, imagination and withholding of movement. In: Event-Related
Desynchronization. Handbook of Electroencephaolography and Clinical

Neurophysiology, 6, pp 291-301, Amsterdam: Elsevier.
Lenz FA, Suarez JI, Metman LV, Reich SG, Karp BI, Hallett M, Rowland LH,

Dougherty PM (1998) Pallidal activity during dystonia: somatosensory reorganisation
and changes with severity. J Neurol Neurosurg Psychiatry 65: 767-770.

166



Levy R, Hazrati LN, Herrero MT, Vila M, Hassani OK, Mouroux M, Ruberg M, Asensi
H, Agid Y, Feger J, Obeso JA, Parent A, Hirsch EC (1997) Re-evaluation of the
functional anatomy of the basal ganglia in normal and Parkinsonian states.
Neuroscience 76: 335-343.

Levy R, Ashby P, Hutchinson WD, Lang AE, Lozano AM, Dostrovsky JO (2002)
Dependence of subthalamic nucleus oscillations on movement and dopamine in
Parkinson’s disease. Brain 125: 1196-1209.

Levy R, Hutchison WD, Lozano AM, Dostrovsky JO (2002) Synchronized neuronal
discharge in the basal ganglia of parkinsonian patients is limited to oscillatory
activity. J Neurosci 22: 2855-2861.

Lewine JD, Orrison W (1995) Clinical electroencephalography and event-related
potentials. In: Functional brain imaging, pp 351-352. London: Mosby-Year Book Inc.

Limousin P, Pollak P, Bennazzouz A, Hoffmann D, Le Bas JF, Brouseolle E, Perret
JE, Benabid AL (1995) Effect of parkinsonian signs and symptoms of bilateral
subthalamic nucleus stimulation. Lancet 345: 91-95.

Limousin-Dowsey P, Pollak P, Van Blercom N, Krack P, Benazzouz A, Benabid A
(1999) Thalamic, subthalamic nucleus and internal pallidum stimulation in
Parkinson'’s disease. J Neurol 246 (suppl) 2: 42-45.

Litvak V, Sompolinsky H, Segev |, Abeles M (2003) On the transmission of rate code
in long feedforward networks with excitatory-inhibitory balance. J Neurosci 23: 3006-

3015.

Llinas R, Sugimori M (1980) Electrophysiological properties of in vitro Purkinje cell
somata in mammalian cerebellar slices. Nature 305: 197-213.

Llinas R, Jahnsen H (1982) Electrophysiology of mammalian thalamic neurons.
Nature 297: 406-408.

167



Llinas R, Yarom Y (1986) Oscillatory properties of guinea-pig inferior olivary
neurones and their pharmacological modulation: as in vitro study. J Physiol 376:
163-182.

Llinas R, Geijo-Barrientos E (1988) /n vitro studies of mammalian thalamic and
reticularis thalamic neurons. In: Cellular Thalamic Mechanisms, pp 23-33,

Amsterdam: Elsevier.

Loddenkemper T, Pan A. Neme S, Baker KN, Rezai AR, Dinner DS, Montgomery EB
Jr, Luders HO (2001) Deep brain stimulation in epilepsy. J Clin Neurophysiol 18:
514-532.

Lopes da Silva FH, van Lierop THMT, Schrijer CFM, Storm van Leeuwen W (1973)
Organization of thalamic and cortical alpha rhythm: spectra and coherence.

Electroencephalogr Clin Neurophysiol 35: 627-639.

Lopes da Silva FH, Storm van Leeuwen W (1977) The cortical source of alpha
rhythm. Neurosci Lett 6: 237-241.

Lopes da Silva FH, Vos JE, Mooibroek J, van Rotterdam A (1980) Relative
contributions of intracortical and thalamo-cortical processes in the generations of
alpha rhythms, revealed by partial coherence analyses. Electroenceph Clin
Neurophysiol 50: 449-456.

Lopes da Silva FH, van Rotterdam A (1987) Biophysical aspects of EEG and
magnetoencephalogram generation. In: Electroencephalography — basic principles,

clinical applications and related fields, pp 30, Baltimore: Urban and Schwarzenberg.

Lorente de No R. (1947) Analysis of the distribution of action currents of nerve in a
volume conductor, Stud Rockefeller Inst Med Res 132: 384-477.

Lutzenberger W, Pulvermuller F, Elbert T, Birbaumer N (1995) Visual stimulation
alters local 40-Hz responses in humans an EEG-study. Neurosci Lett 183: 39-42.

168



Mackay WA (1997) Synchronized neuronal oscillations and their role in motor

processes. Trends Cog Sci 5: 176-183.

Magill PJ, Bolam JP, Bevan MD (2000) Relationship of activity in the subthalamic
nucleus-globus pallidus network to cortical electroencephalogram. J Neurosci 20:
820-833.

Magill PJ, Bolam JP, Bevan MD (2001) Dopamine regulates the impact of the
cerebral cortex on the subthalamic nucleus-globus pallidus network. Neuroscience
106: 313-330.

Makeig S (2002) Event-related brain dynamics — unifying brain electrophysiology.
Trends Neurosci 25: 390.

Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Courchesne E,
Sejnowski TJ (2002) Dynamic brain sources of visual evoked responses. Science
295: 690-694.

Marsden JF, Ashby P, Limousin-Dowsey P, Rothwell JC, Brown P (2000) Coherence

between cerebellar thalamus, cortex and muscle in man. Brain 123: 1459-1470.

Marsden JF, Limousin-Dowsey P, Ashby P, Pollak P, Brown P (2001) Subthalamic
nucleus, sensorimotor cortex and muscle interrelationships in Parkinson’s disease.
Brain 124: 378-388.

Martin JP (1927) Hemichorea resulting from a local lesion of the brain (the syndrome
of the body of Luys). Brain 50: 637-651.

Matsumura M, Chen D, Sawaguchi T, Kubota K, Fetz EE (1996) Synaptic

interactions between primate precentral cortex neurons revealed by spike-triggered
averaging of intracellular membrane potentials in vivo. J Neurosci 16: 7757-7767.

169



Maurice N, Deniau J-M, Glowinski J, Thierry A-M (1998) Relationships between of
the prefrontal cortex and basal ganglia in the rat: physiology of the

corticosubthalamic circuits. J Neurosci 18: 9539-9546.

Mazurak ME, Shadlen MN (2002) Limits to the temporal fidelity of cortical spike rate
signals. Nat Neurosci 5: 463-471.

McCormick DA (1992) Cellular mechanisms underlying cholinergic and
noradrenergic modulation of neuronal firing mode in the cat and guinea pig dorsal

lateral geniculate nucleus. J Neurosci 12: 278-289.

McCormick DA, Feeser HR (1990) Functional implications of burst firing and single
spike activity in lateral geniculate relay neurons. Neuroscience 39: 103-113.

McCormick DA, Contreras D (2001) On the cellular and network bases of epileptic
seizures. Ann Rev Physiol 63: 815-846.

McGuire BA, Hornung JP, Gilbert CD Wiesel TN (1984) Patterns of synaptic input to
layer 4 of cat striate cortex. J Neurosci 4: 3021-3033.

Mehring C, Rickert J, Vaadia E, Cardoso de Oliveira S, Aertsen A, Rotter S (2003)
Inference of hand movements from local field potentials in monkey motor cortex. Nat

Neurosci 6: 1253-1254.

Merrin EL, Floyd TC, Fein G (1989) EEG coherence in unmedicated schizophrenic
patients. Biol Psychiatry 25: 60-66.

Meyer A, Hierons R (1964) A Note on Thomas WIillis’ views of the corpus striatum
and the internal capsule. J Neurol Sci 11: 547-554.

Michalski A, Gerstein GL, Czarkowska J, Tarecki R (1983) Interactions between cat
striate cortex neurons. Exp Brain Res 51: 97-107.

170



Miles R Wong RK (1983) Single neurones can initiate synchronized population
discharge in the hippocampus. Nature 306: 371-373.

Mima T, Gerloff C, Steger J, Hallett M (1998) Frequency coding of motor control
system-coherence and phase estimation between cortical rhythm and
motormeuronal firing in humans. Soc Neurosci Abstr 24: 1768.

Mima T, Matsuoka T, Hallett M (2000) Functional coupling of human right and left
cortical motor areas demonstrated with partial coherence analysis. Neurosci Lett
287: 93-96.

Monakow KH, Akert K, Kunzle H (1978) Projections of the precentral motor cortex
and other cortical areas of the frontal lobe to the subthalamic nucleus in the monkey.
Exp Brain Res 33: 395-403.

Moulton DG (1963) Electrical activity in the olfactory system of rabbits with indwelling
electrodes. In: Olfaction and Taste |, pp 71-84, Oxford: Pergamon.

Minchau A, Bloem BR, Irlbacher K, Trimble MR, Rothwell JC (2002) Functional
connectivity of human premotor and motor cortex explored with repetitive

transcranial magnetic stimulation. J Neurosci 22: 554-561.

Munemori J, Hara K, Kimura M, Soto R (1984) Statistical features of impulse trains in
cat’s lateral geniculate neurons. Biol Cybern 50: 167-172.

Munro-Davies LE, Winter J, Aziz TZ, Stein JF (1999) The role of the
pedunculopontine region in basal-ganglia mechanisms of akinesia. Exp Brain Res

129: 511-517.

Murthy VN, Fetz EE (1992) Coherent 25- to 35-Hz oscillations in the sensorimotor
cortex of awake behaving monkeys. Proc Natl Acad Sci USA 89: 5670-5674.

171



Murthy VN, Fetz EE (1996a) Oscillatory activity in sensorimotor cortex of awake
monkeys: synchronization of local field potentials and relation to behaviour. J
Neurophysiol 76: 3949-3967.

Murthy VN, Fetz EE (1996b) Synchronization of neurons during local field potential
oscillations in sensorimotor cortex of awake monkeys. J Neurophysiol 76: 3968-
3982.

Nagamine T, Kajola M, Salmelin R, Shibasaki H, Hari R (1996) Movement-related
slow cortical magnetic field and changes of spontaneous MEG- and EEG-brain
rhythms. Electroencephalogr Clin Neurophysiol 99: 274-286.

Nakanishi H, Hori N, Kastuda N (1985) Neostriatal evoked inhibition and effects of
dopamine on globus pallidal neurons in rat slice preparations. Brain Res 358: 282 -
286.

Nambu A, Llinas R (1994) Electrophysiological of globus pallidus neurons in vitro. J
Neurophysiol 72: 1127-1139.

Nambu A, Takada M, Inase M, Tokuno H (1996) Dual somatotopical representations
in the primate subthalamic nucleus: evidence for ordered but reversed body-map
transformations from the primary motor cortex and the supplementary motor area. J
Neurosci 16: 2671-2683.

Nambu A, Tokuno H, Inase M, Takada M (1997) Corticosubthalamic input zones
from forelimb representations of the dorsal and ventral divisions of the premotor
cortex in the macaque monkey: comparison with the input zones from the primary

motor cortex and supplementary motor area. Neurosci Lett 239: 13-16
Nambu A, Tokuno H, Hamada |, Kita H, Imanishi M, Akazawa T, lkeuchi Y,

Hasegawa N (2000) Excitatory cortical inputs to Pallidal neurons via subthalamic
nucleus in the monkey. J Neurophysiol 84: 289-300.

172



Nambu A, Tokuno H, Takada M (2002) Functional significance of the cortico-
subthalamo-pallidal *hyperdirect’ pathway. Neurosci Res 43: 111-117.

Neuper C, Pfurtscheller G (2001) Event-related dynamics of cortical rhythms:
frequency —specific features and functional correlates. Int J Psychophysiol 43: 41-58.

Nicolelis MA, Baccala LA, Liu RC, Chapin JK (1995) Sensorimotor encoding by
synchronous neural ensemble activity at multiple levels of the somatosensory
system. Science 268: 1353-1358.

Nicolelis MA, Fanselow EE (2002) Thalamocortical optimisation of tactile processing

according to behavioural state. Nat Neurosci 5: 517-523.

Ohara S, Mima T, Baba K, lkeda A, Kunieda T, Matsumoto R, Yamamoto J,
Matsuhashi M, Nagamine T, Hirasawa K, Hori T, Mihara T, Hashimoto N, Salenius
S, Shibasaki H (2001) Increased synchronization of cortical oscillatory activities
between human supplementary motor and primary sensorimotor areas during

voluntary movements. J Neurosci 21: 9377-9386.

Orieux G, Francois C, Feger J, Yelnik J, Vila M, Ruberg M, Agid Y, Hirsch EC (2000)
Metabolic activity of excitatory parafasicular and pedunculopontine inputs to the

subthalamic nucleus in a rat model of Parkinson’s disease. Neuroscience 97: 79-88.

Orieux G, Francois C, Feger J, Hirsch E (2002) Consequences of dopaminergic
denervation on the metabolic activity of the cortical neurons projecting to the
subthalamic nucleus in the rat. J Neurosci 22: 8762-8770.

Pape HC, Budde T, Mager R, Kisvarday ZF (1994) Prevention of Ca(2+) mediated
action potentials in GABAergic local circuit neurones of rat thalamus by a transient

K+ current. J Physiol 478: 403-422.

Parent A (1990) Extrinsic connections of the basal ganglia. Trends Neurosci 13: 254-
265.

173



Parent A (1997) The brain in evolution and involution. Biochem Cell Biol 75: 651-
657.

Parent A, De Bellefeuille L (1983) The pallidointralaminar and pallidonigral
projections in primate as studied with retrograde and double-labelling method. Brain
Res 278: 11-27.

Parent A, Hazrati L-N (1995) Functional anatomy of the basal ganglia. Il. The place
of the subthalamic nucleus and external pallidum in basal ganglia circuitry. Brain Res
Rev 20: 128-154.

Pasti L, Volterra A, Pozzan T, Carmignoto G (1997) Intracellular calcium oscillations
in astrocytes: a highly plastic, bi-directional form of communication between neurons

and astrocytes in situ. J Neurosci 17: 7817-7830.

Pesaran B, Pezaris JS, Sahani M, Mitra PP, Andersen RA (2002) Temporal structure
in neuronal activity during working memory in macaques parietal cortex. Nat
Neurosci 5: 805-811.

Pfurtscheller G (1992) Event-related synchronization (ERS): an electrophysiological
correlate of cortical areas at rest. Electroencephalogr Clin Neurophysiol 83: 62-69.

Pfurtscheller G, Cooper R (1975) Frequency dependence of the transmission of the
EEG from cortex to scalp. Electroencephalogr Clin Neurophysiol 38: 93-96.

Pfurtscheller G, Aranibar A (1977) Event-related cortical desynchronization detected
by power measurements of scalp EEG. Electroencephalogr Clin Neurophysiol 42:
817-826.

Pfurtscheller G, Aranibar A (1979) Evaluation of event-related desynchronization

(ERD) preceding and following voluntary self-paced movement. Electroencephalogr
Clin Neurophysiol 46: 138-146.

174



Pfurtscheller G, Neuper C, Kalcher J (1993) 40-Hz oscillations during motor
behaviour in man. Neurosci Lett 162: 179-182.

Pfurtscheller G, Stancak A Jr, Neuper C (1996) Post-movement beta
synchronization. A correlate of an idling motor area? Electroencephalogr Clin
Neurophysiol 98: 281-293.

Pfurtscheller G, Neuper C, Andrew C, Edlinger G (1997) Foot and hand area mu
rhythms. Int J Psychophysiol 26: 121-135.

Pfurtscheller G, Lopes da Silva FH (1999) Event-related EEG/MEG synchronization
and desynchronization: basic principles. Clin Neurophysiol 110: 1842-1857.

Pfurtscheller G, Woertz M, Supp G, Lopes da Silva FH (2003) Early onset of post-
movement beta electroencephalogram synchronization in the supplementary motor

area during self paced finger movement in man. Neurosci Lett 339: 111-114.

Phillips JM, Brown VJ (2000) Anticipatory errors after unilateral lesions of the
subthalamic nucleus in the rat: evidence for a failure of response inhibition. Behav
Neurosci 114: 150-157.

Piper H (1912) Elektrophysiologie menschlicher Muskeln, Berlin: Springer.

Playford ED, Jenkins IH, Passingham RE, Nutt J, Frackowiak RS, Brooks DJ (1992)
Impaired mesial frontal and putamen activation in Parkinson’s disease: a positron

emission tomography study. Ann Neurol 32: 151-161

Plenz D, Kitai ST (1999) A basal ganglia pacemaker formed by the subthalamic
nucleus and external globus pallidus. Nature 400: 677-682.

Pollack LJ, Davis L (1930) Muscle tone in parkinsonian states. Arch Neurol Psych
23: 303-319.

175



Popper K (1934) The logic of scientific discovery. London: Routledge.

Porjesz B, Almasy L, Edenberg HJ, Kongming W, Chorlian DB, Foroud T, Goate A,
Rice JP, O’'Connor SJ, Rohrbaugh J, Kuperman S, Bauer LO, Crowe RR, Schuckit
MA, Hesselbrock V, Conneally PM, Tischfield, Li T-K, Riech T, Begleiter (2002)
Linkage disequilibrium between the beta frequency of the human EEG and a
GABA(A) receptor gene locus. PNAS 99: 3729-3733.

Posner Ml (1980) Orienting of attention. Q J Exp Psychol 32: 3-25.

Pralong E, Debatisse D, Maeder M, Vingerhoets F, Ghika J, Villemure JG (2003)
Effect of deep brain stimulation of GPi on neuronal activity of the thalamic nucleus

ventralis oralis on a dystonic patient. Neurophysiol Clin 33: 169-173.

Prince DA, Connors BW (1984) Mechanisms of epileptogenesis in cortical structures.
Ann Neurol 16: S59-S64

Priori A, Foffani G, Pesenti A, Bianchi A, Chiesa V, Baselli G, Caputo E, Tamma F,
Rampini P, Egidi M, Locatelli M, Barbieri S, Scalato G (2002) Movement-related
modulation of neural activity in human basal ganglia and its L-DOPA dependency:
recordings from deep brain stimulation electrodes in patients with Parkinson’s
disease. Neurol Sci 23: $101-S102.

Rafols JA, Fox CA (1976) The neurons in the primate subthalamic nucleus: A golgi
and electron microscopy study. J Comp Neurol 168: 75-112.

Rascol O, Sabatini U, Chollett F, Celsis P, Montastruc JL, Marc-Vergnes JP, Rascol
A (1992) Supplementary and primary sensory motor area activity in Parkinson’s
disease. Arch Neurol 49: 144-148.

Raz, A, Feingold A, Zelanskaya V, Vaadia E, Bergman H (1996) Neuronal

synchronization of tonically active neurons in the striatum of normal and

parkinsonian primates. J Neurophysiol 76: 2083-2088.

176



Raz A, Frechter-Mazar V, Feingold A, Abeles M, Vaadia E, Bergman H (2001)
Activity of Pallidal and striatal tonically active neurons is correlated in MPTP-treated

monkeys but not in normal monkeys. J Neurosci 21: RC128 (1-5).

Richter EO, Hoque T, Halliday W, Lozano AM, Saint-Cyr JA (2004) Determining the
position and size of the subthalamic nucleus based on magnetic resonance imaging

results in patients with advanced Parkinson disease. J Neurosurg 100: 541-546

Ritz R, Sejnowski TJ (1997) Synchronous oscillatory activity in sensory systems:

new vistas on mechanisms. Curr Opin Neurobiol 7: 536-546.

Rizzuto DS, Madsen, Bromfield EB, Schulze-Bonhage A, Seelig D, Aschenbrenner-
Sheibe R, Kahana MJ (2003) Reset of human neocortical oscillations during working
memory task. Proc Natl Acad Sci USA 100: 7931-7936.

Rodriguez E, George N, Lachaux J-P, Martinerie J, Renault B, Varela FJ (1999)
Perception’s shadow: long-distance synchronization of human brain activity. Nature
397: 430-433.

Rodriguez M, Abdala P, Barroso-Chinea P, Gonzalez-Hernandez T (2001) The deep
mesencephalic nucleus as an output centre of the basal ganglia: morphological and

electrophysiological similarities with the substantia nigra. J Neurol Comp 438: 12-31.

Rodriguez-Oroz M, Rodriguez M, Guridi J, Mewes K, Chockkman V, Vitek J, DelLong
M, Obeso JA (2001) The subthalamic nucleus in Parkinson’s disease: somatotopic

organization and physiological characteristics. Brain 124: 1777-1790.
Romo R, Scarnati E, Schultz W (1992) Role of primate basal ganglia and frontal

cortex in the internal generation of movements. |Il. Movement-related activity in the
anterior striatum. Exp Brain Res 91: 385-395.

177



Rouzaire-Dubois B, Scarnati E (1985) Bilateral corticosubthalamic nucleus
projections: an electrophysiological study in rats with chronic cerebral lesions.

Neuroscience 15: 69-79.

Ruskin DN, Bergstrom DA, Kaneoke Y, Patel BN, Twery MJ, Walters JR (1999)
Multisecond oscillations in firing rate in the basal ganglia: robust modulation by

dopamine receptor activation and anaesthesia. J Neurophysiol 81: 2046-2055.

Russchen FT, Amaral DG, Price JL (1985) The afferent connections of the

substantia innominata in the monkey, Macaca fasicularis. J Comp Neurol 242: 1-27.

Sagar SM, Sharp FR, Curran T (1988) Expression of c-fos protein in brain: metabolic
mapping at the cellular level. Science 240: 1328-31.

Salenius S, Salmelin R, Neuper C, Pfurtscheller G, Hari R (1996) Human cortical 40
Hz rhythm is closely related to EMG rhythmicity. Neurosci Lett 213, 75-78.

Salenius S, Portin K, Kajola M, Salmelin R, Hari R (1997a) Cortical control of human
motorneuron firing during isometric contraction. J Neurophysiol 77: 3401-3405.

Salenius S, Forss N, Hari R (1997b) Rhythmicity of descending motor commands
covaries with the amount of motor cortex 20-30 Hz rhythms. Soc Neurosci Abst 23:

1948.

Salinas E, Sejnowski TJ (2000) Impact of correlated synaptic input on output firing
rate and variability in simple neuronal models. J Neurosci 20: 6193-6209.

Salinas E, Sejnowski TJ (2001) Correlated neuronal activity and the flow of neural
information. Nat Neurosci 2: 539-550. |

Salmelin R, Hari R (1994a) Characterization of spontaneous MEG rhythms in healthy
adults. Electroencephalogr Clin Neurophysiol 91: 237-248.

178



Salmelin R, Hari R (1994b) Spatiotemporal characteristics of sensorimotor

neuromagnetic rhythms related to thumb movement. Neuroscience 60: 537-550.

Salmelin R, Hamalainen M, Kajola M, Hari R (1995) Functional segregation of

movement-related rhythmic activity in the human brain. Neuroimage 2: 237-243.

Samar VJ, Bopardikar A, Rao R, Swartz K (1999) Wavelet analysis of neuroelectric

waveforms: a conceptual analysis. Brain Lang 66: 7-60.

Sanes JN, Donoghue JP (1993) Oscillations in local field potentials of the primate
motor cortex during voluntary movement. Proc Natl Acad Sci USA 90: 4470-4474.

Sauvé K, Wang G, Rolli M, Jagow R, Kronberg E, Ribary U, Llinas R (1998) Human
gamma-band brain activity covaries with cognitive temporal binding of

somatosensory stimuli in sighted and blind subjects. Soc Neurosci Abst 23, 497.

Sayers B, Mc A, Beayley HA, Henshall WR (1974) The mechanism of auditory
evoked EEG responses. Nature 247: 481-483.

Schultz W, Romo R (1992) Role of primate basal ganglia and frontal cortex in the
internal generation of movements. |. Preparatory activity in the anterior striatum. Exp
Brain Res 91: 363-384.

Semba K, Szechtman H, Komisaruk BR (1980) Synchrony among rhythmic facial
tremor, neocortical alpha waves, and thalamic non-sensory neuronal bursts in intact
awake rats. Brain Res 195:; 281-298.

Semmler JD, Nordstrom MA, Wallace CJ (1997) Relationship between motor unit
short-term synchronization and common drive in human first dorsal interosseus

muscle. Brain Res 767: 314-320.

Sherrington CS (1929) Some functional problems attaching to convergence. Proc
Roy Soc B 105: 332-362.

179



Shibasaki H, Shima F, Kuroiwa Y (1978) Clinical studies of the movement-related
cortical potential (MP) and the relationship between the dentatorubrothalamic

pathway and readiness potential (RP). J Neurol 219: 15-25.

Silberstein P, Kuhn AA, Kupsch A, Trottenberg T, Krauss JK, Wohrle JC, Mazzone
P, Insola A, Di Lazzaro V, Oliviero A, Aziz T, Brown P (2003) Patterning of globus
pallidus local field potentials differs between Parkinson’s disease and dystonia. Brain
126: 2597-2608.

Smeets WJAJ, Marin O, Gonzalez A (2000) Evolution of the basal ganglia: new
perspectives through a comparative approach. J Anat 196: 501-517.

Smith Y, Bolam JP (1990) The output neurons and the dopaminergic neurons of the
substantia nigra receive a GABA-containing input from the globus pallidus in the rat.
J Comp Neurol 296: 47-64.

Smith Y, Wichmann T, DeLong MR (1993) The external pallidum and the
subthalamic nucleus send convergent inputs onto single neurones in the internal
pallidal segment in monkey: anatomical organization and functional significance. In
The Basal Ganglia IV: New Ideas and Data on Structure and Function, pp 51-62.

New York: Plenum.

Smith Y, Bevan MD, Shink E, Bolam JP (1998) Microcircuitry of the direct and

indirect pathways of the basal ganglia. Neuroscience 86: 353-387.

Sochurkova D, Rektor | (2003) Event-related desynchronization/synchronization in
the putamen. An SEEG case study. Exp Brain Res 149: 401-404.

Spencer KM, Nestor PG, Niznikiewicz MA, Salisbury DF, Shenton ME, McCarley RW
(2003) Abnormal neural synchrony in schizophrenia. J Neurosci 23: 7407-7411.

Stam CJ, van Cappellen can Walsum AM, Pijnenburg YA, Berendese HW, de Munck
JC, Scheltens P, van Dijk BW (2002) Generalized synchronization of MEG

180



recordings in Alzheimer's disease: evidence for involvement of the gamma band.
Clin Neurophysiol 19: 562-574.

Stanford IM (2003) Independent neuronal oscillators of the rat globus pallidus. J
Neurophysiol 89: 1713-1717.

Stanton GB, Goldberg ME, Bruce CJ (1988) Frontal eye field efferents in the
macaque monkey: |l. Topography of terminal fields in midbrain and pons. J Comp
Neurol 271: 493-506.

Stelmach GE, Worringham CJ, Strand EA (1986) Movement preparation in

Parkinson’s disease. The use of advance information. Brain 109; 1179-1194.

Steriade M, Gloor P, Llinas RR, Lopes da Silva FH, Mesulam MM (1990) Report of
IFCN Committee on Basic Mechanisms. Basic mechanisms of cerebral rhythmic

activities. Electroencephalogr Clin Neurophysiol 76: 481-508.

Steriade M, Oakson G, Diallo A (1992) Reticular influences on lateralis posterior
thalamic neurons. Brain Res 131: 55-71.

Steriade M, Contreras D, Curro Dossi R, Nunez A (1993a) The slow (<1 Hz)
oscillation in reticular thalamic and thalamocortical neurons: scenario of sleep rhythm
generation in interacting thalamic and neocortical networks. J Neurosci 13: 3284-
3299.

Steriade M, McCormick DA, Sejnowski T (1993b) Thalamocortical oscillations in the
sleeping and aroused brain. Science 262: 679-685.

Steriade M, Amzica F, Contreras D (1996) Synchronization of fast (30-40 Hz)
spontaneous cortical rhythms during brain activation. J Neurosci 16: 392-417.

Steriade M (1997) Synchronized activities of coupled oscillators in the cerebral
cortex and thalamus at different levels of vigilance. Cerebral Cortex 7: 583-604.

181



Steriade M, Timofeev |, Durmuller N, Grenier F (1998) Dynamic properties of
corticothalamic neurons and local cortical interneurons generating fast rhythmic (30-
40 Hz) spike bursts. J Neurohysiol 79: 483-490.

Stern EA, Jaeger D, Wilson CJ (1998) Membrane potential synchrony of
simultaneously recorded striatal spiny neurons in vivo. Nature 394: 475-478.

Stevens CF, Zador AM (1998) Input synchrony and the irregular firing of cortical

neurons. Nat Neurosci 1: 210-217.

Stopfer M, hagaven S, Smith BH, Laurent G (1997) Impaired odour discrimination on

desynchronization of odour-encoding neural assemblies. Nature 390: 70-74.

Stravinsky | (1942) Poetics of music, pp 29. London: Harvard University Press.
Sugimoto T, Hattori T (1983) Confirmation of thalamosubthalmic projections by
electron microscopy. Brain Res 267: 335-339.

Svirskis G, Rinzel J (2000) Influence of temporal correlation of synaptic input on the
rate and variability of firing in neurons. Biophys J 79: 629-637.

Swanson LW (2000) What is the brain? Trends Neurosci 23; 519-527.
Takada M, Tokuno H, Hamada |, Inase M, Ito Y, Imanishi M, Hasegawa N, Awazawa
T, Hatanaka N, Nambu A (2001) Organization of inputs from cingulate motor areas

to basal ganglia in macaque monkey. Eur J Neurosci 14: 1633-1650.

Tallon-Baudry C, Bertrand O, Delpeuch C, Pernier J (1997) Oscillatory y-band (30-
70 Hz) activity induced by a visual search task in humans. J Neurosci 17: 722-734.

Taylor WA (2000) Change-point analysis: a powerful new tool for detecting changes.

Available from: http://www.variation.com/cpa/tech/changepoint.html

182


http://www.variation.com/cpa/tech/changepoint.html

Teyke T, Gelperin A (1999) Olfactory oscillations augment odor discrimination not
odor identification by Limax CNS. Neuroreport 10: 1061-1068.

Tiihonen J, Kajola M, Hari R (1989) Magnetic mu rhythm in man. Neuroscience 32:
793-800.

Tiihonen J, Hari R, Kajola M, Karhu J, Ahlfors S, Tissari S (1991) Magneto-
encephalographic 10 Hz rhythm from the human auditory cortex. Neurosci Lett 129:
303-305.

Tiitinen H, Sinkkonen J, Reinikainen K, Alho K, Lanikainen J, Naatanen R (1993)
Selective attention enhances the auditory 40-Hz transient response in humans.
Nature 369, 59-60.

Torrence C, Compo G (1998) A practical guide to wavelet analysis. Bulletin of the
American Meteorological Society 79: 61-78.

Traub RD, Whittington MA, Stanford IM, Jeffferys JGR (1996) A mechanism for
generation of long-range synchronous fast oscillations in the cortex. Nature 383:
621-624.

Vanderwolf CH (1969) Hippocampal electrical activity and voluntary movement in the
rat. Electroencephalogr Clin Neurophysiol 26: 407-418.

Veazey RN, Severin MC (1980) Efferent projections of the deep mesencephalic
nucleus (pars lateralis) in the rat. J Comp Neurol 190: 231-244.

Vieussens R (1684) Neurographica Universalis, Certe.
Volkmann J, Joliot M, Mogilner A, loannides AA, Lado F, Fazzini E, Riary U, Llinas R

(1996) Central motor cortical loop oscillations in parkinsonian resting tremor revealed
by magnetoencephalography. Neurology 46: 1359-1370.

183



Von der Malsburg C (1995) Binding in models of perception and brain function. Curr
Opin Neurobiol 5: 520-526.

Vreeswijk CV, Sompolinsky H (1996) Chaos in neuronal networks with balanced
excitatory and inhibitory activity. Science 274: 1724-1726.

Wada Y, Nambu Y, Koshino Y, Yamaguchi N, Hashimoto T (1998) Reduced
interhemispheric EEG coherence in Alzheimer disease: analysis during rest and

photic stimulation. Alzheimer Dis Assoc Disord 12; 175-181

Waelti P, Dickinson A, Schultz W (2001) Dopamine responses comply with basic

assumptions of formal learning theory. Nature 412: 43-48.

Walsh EG (1992) Muscles, masses and motion. The physiology of normality,
hypotonicity, spasticity and rigidity. New York: Mac Keith Press.

Wang S-Y, Liu X, Yianni J, Miall RC, Aziz T, Stein JF (2004) Optimising coherence
estimation to assess the functional correlation of tremor-related activity between the

subthalamic nucleus and the forearm muscles. J Neurosci Methods 136: 197-205

Wang X-J, Rinzel J (1993) Spindle rhythmicity in the reticularis thalami nucleus:

synchronization among mutually inhibitory neurons. Neuroscience 53: 899-904.

Wascher E, Verleger R, Vieregge P, Jaskowski P, Koch S, Kompf D (1997)
Responses to cued signals in Parkinson’s disease. Distinguishing between disorders
of cognition and of activation. Brain 120: 1355-1375.

Watts RL, Mandir AS (1992) The role of motor cortex in the pathophysiology of

voluntary movement deficits associated with parkinsonism. Neurol Clin 10: 451-469.

Wennberg RA, Pohimann-Eden B, Chen R, Lozano A (2002) Combined scalp-
thalamic recording in sleep and epilepsy. Clin Neurophysiol 113: 1867-1871.

184



Wennberg RA, Lozano AM (2003) Intracranial volume conduction of cortical spikes
and sleep potentials recorded with deep brain stimulating electrodes. Clin
Neurophysiol 114: 1403-1418.

Wenzel BM, Sieck MH (1972) Olfactory perception and bulbar electrical activity in

several avian species. Physiol Behav 9: 287-293.

Westgaard RH, Bonato P, Holte KA (2002) Low-frequency oscillations (<0.3 Hz) in
the electromyographic (EMG) activity of the human trapezius muscle during sleep. J
Neurophysiol 88: 1177-1184.

Whittier JR, Mettler FA (1949) Studies on subthalamus of rhesus monkey:
hyperkinesias and other physiological effects of subthalamic lesions, with special
reference to the subthalamic nucleus of Luys. J Comp Neurol 90: 319-372

Whittington MA, Traub RD, Jefferys JGR (1995) Synchronized oscillations in
interneuron networks driven by metabotropic glutamate receptor activation. Nature
373: 612-615.

Whittington MA, Traub RD, Faulkner HJ, Stanford IM, Jefferys JG (1997) Recurrent
excitatory postsynaptic potentials induced by synchronized fast cortical oscillations.

Proc Natl Acad Sci USA 94: 12198-12203.

Wichmann T, Bergmann H, DeLong MR (1989) Somatosensory mapping and

microstimulation of primate subthalamic nucleus (STN). Soc Neurosci Abstr 15: 902.

Wichmann T, DelLong MR (1993) Pathophysiology of parkinsonian motor
abnormalities. Adv Neurol 30: 53-61.

Wichmann T, Bergmann H, DeLong MR (1994) The primate subthalamic nucleus. |

Functional properties in intact animals. J Neurophysiol 72: 494-506.

185



Wichmann T, Kliem MA, Soares J (2002) Slow oscillatory discharge in the primate
basal ganglia. J Neurophysiol 87: 1145-1148.

Willis T (1664) Cerebri Anatome, Martyn and Allestry.

Woolf NJ, Butcher LL (1986) Cholinergic systems in the rat brain. lll. Projections
from the pontomesencephalic tegmentum to the thalamus, tectum, basal ganglia and
basal forebrain. Brain Res Bull 16: 603-637.

Woolley D, Timiras P (1965) Prepyriform electrical activity in the rat during high
altitude exposure. Electroenceph Clin Neurophysiol 18: 680-690.

Yamaguchi S, Kobayashi S (1998) Contributions of the dopaminergic system to
voluntary and automatic orienting of visuospatial attention. J Neurosci 18: 1869-
1878.

Yelnik J, Percheron G, Francois C (1984) A Golgi analysis of the primate globus
pallidus. Il. Quantitive morphology and spatial orientation of dendritic arborizations. J
Comp Neurol 227: 200-213.

Yeterian EH, Pandya DN (1991) Prefrontostriatal connections in relation to cortical

architectonic organization in rhesus monkeys. J Comp Neurol 312: 43-67.

Yoshii N, Shimokochi M, Miyamoto K, Ito M (1966) Studies on the neural basis of
behaviour by continuous frequency analysis of EEG. In: Progress in brain research.
Correlative Neurosciences: Fundamental mechanisms, vol 21a. pp 217-250.

Amsterdam: Elsevier.

BiBL,
LORDIA.
ULH

186



