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Abstract

One well accepted functional feature of the parkinsonian state is the recording of enhanced beta
oscillatory activity in the basal ganglia. This has been demonstrated in patients with Parkinson's
disease (PD) and in animal models such as the rat with 6-hydroxydopamine (6-OHDA)-induced
lesion and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys, all of which
are associated with severe striatal dopamine depletion. Neuronal hyper-synchronization in the beta
(or any other) band is not present despite the presence of bradykinetic features in the rat and
monkey models, suggesting that increased beta band power may arise when nigro-striatal lesion is
advanced and that it is not an essential feature of the early parkinsonian state. Similar observations
and conclusions have been previously made for increased neuronal firing rate in the subthalamic
and globus pallidus pars interna nuclei. Accordingly, it is suggested that early parkinsonism may
be associated with dynamic changes in basal ganglia output activity leading to reduced movement
facilitation that may be an earlier feature of the parkinsonian state.
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Introduction

The pathophysiological model of the basal ganglia that developed in the mid-1980s
(DeLong, 1990; Penney and Young, 1986) fueled a large body of basic and clinical research
leading to a better understanding of movement disorders and the revitalization of surgical
treatments for Parkinson's disease (PD). Essentially, the model postulated that the basal
ganglia integrate and process information through a series of connections from the cerebral
cortex to the striatum, and via the striato-pallidal projections to the globus pallidus pars
interna (GPi) and substantia nigra pars reticulata (SNpr), to provide feed-back via the ventral
thalamus to the cerebral cortex.

A general functional scheme was put forward whereby activation of the “indirect circuits”
leads to movement inhibition or arrest while activation of the “direct” circuit facilitates
movement execution (Chevalier and Deniau, 1990; DeLong, 1990). The parkinsonian state
mainly featured striatal dopamine depletion and increased neuronal activity in the
subthalamic nucleus (STN) and GPi/SNpr leading to over-inhibition of the thalamocortical
and brainstem motor systems, whereas the dyskinetic state featured the opposite, i.e.
hypoactivity in the STN and GPi, leading to disinhibition of the thalamo-cortical projection.
Accordingly, the parkinsonian state could be seen as a shift in the internal equilibrium of the
basal ganglia, whereby over-activity in the excitatory STN-GPi pathway predominates,
leading to excessive spontaneous firing, increased responsiveness to peripheral stimuli and
decreased signal to noise ratio of the GPi, all of which go against the normal facilitation of
movement (Crossman, 1990; Obeso et al., 2000b). In essence the model proposed, in
physiological terms, that the degree of neuronal activity in the output nuclei determines the
motor state.

Whereas the basic features of the model in the normal, parkinsonian and dyskinetic states
have been supported by a large body of experimental and clinical data, including recent
studies using optogenetics (Bateup et al., 2010; Kravitz et al., 2010), the “firing rate model”
is known to exhibit several inconsistencies (Montgomery, 2007; Obeso et al., 2000a).
Among these, we may highlight the following observations: 1. Increased firing rate in the
STN and GPi (or entopeduncular nucleus of the rat) is not necessarily associated with
parkinsonism in animal models of PD (Hashimoto et al., 2003; Ruskin et al., 2002;
Tachibana et al., 2011). 2. Increased GPi neuronal firing induced by STN stimulation (136
Hz) in the awake 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkey is actually
associated with motor improvement (Hashimoto et al., 2003). 3. Pallidotomy, which should
reduce GPi activity towards zero leading to further disinhibition of the thalamo-cortical
projection (Obeso et al., 2000a) has a profound anti-dyskinetic effect in monkeys and
humans. 4. Thalamotomy, which should further reduce and impair thalamo-cortical activity,
is not associated with aggravation of motor features in PD (Marsden and Obeso, 1994).
These findings have led to the idea that the pathophysiology of basal ganglia movement
disorders may not be solely explained by changes in the firing rate in the STN/GPi but may
also involve abnormal oscillatory patterns of neuronal activity (Montgomery, 2007; Obeso
etal., 2000a; Vitek et al., 1999; Wichmann et al., 2011). Thus, in the GPi of patients with
hemi-ballismus and generalized dystonia abnormal discharge patterns have been described
in the form of highly irregular spiking and intermittently grouped discharges separated by
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periods of pauses (Vitek et al., 1999). In addition, increased bursting activity at around 8-15
Hz has been recognized in the STN, globus pallidus pars externa (GPe) and GPi in the
MPTP monkey model (Bergman et al., 1994; Nini et al., 1995; Tachibana et al., 2011),
which was reduced after subthalamotomy (Wichmann et al., 1994).

However, definitive support for the role of oscillations and synchrony of the basal ganglia in
the pathophysiology of parkinsonism arose when Brown et al. (2001) reported local field
potentials (LFPs) recorded from implanted DBS macro-electrodes in the STN of PD
patients. It is now well accepted that low beta activity (12-20 Hz, peak at 16 Hz)
predominates in the “off medication state and is significantly attenuated during the “on”
medication state, along with the appearance of higher frequencies (70-80 Hz gamma activity
and 300 Hz activity) (Foffani et al., 2003; Kuhn et al., 2009; Levy et al., 2002; Lopez-
Azcarate et al., 2010). Moreover, PD patients with levodopa-induced dyskinesias exhibit a
peak of activity around 8 Hz in the dorsal STN (Alonso-Frech et al., 2006), while those with
drug-induced impulsivity show increased activity at a slightly lower frequency (6 Hz) in the
ventral STN (Rodriguez-Oroz et al., 2011). Dopaminergic medication also affects cortico-
subthalamic coherence, whereby beta coherence predominates in the “off state and gamma
coherence appears in the “on” state (Williams et al., 2002). Similar oscillations also occur in
the GPi (Cassidy et al., 2002; Priori et al., 2002; Weinberger et al., 2012) and
pedunculopontine nucleus (PPN) of PD patients (Weinberger et al., 2008).

The increased power in the low beta range is a critical feature of the dopamine depleted
basal ganglia in PD patients. Such increased beta activity has been put forward as another
major brake opposing movement initiation and execution in PD patients (Jenkinson and
Brown, 2011; Stein and Bar-Gad, 2012). Accordingly, several studies have been carried out
in animal models aiming to document the normal patterns of oscillations in the basal
ganglia, data obviously not available from studies in human patients, and to foster
pathophysiological research (Berke et al.,2004; Courtemanche et al., 2003; DeCoteau et al.,
2007; Rodriguez et al., 2003). Indeed, a comprehensive understanding of the origin and
significance of pathological oscillations in the parkinsonian brain could be very useful to
monitor the effect of new therapies and ascertain putative newer potential surgical targets for
PD and other movement disorders (Hariz, 2012; Jenkinson and Brown, 2011; Krack et al.,
2010) and, nonetheless, to unravel the dynamic of basal ganglia-cortex interaction at the
beginning and during the evolution of dopaminergic loss. However, the results obtained in
experimental models have been variable and even somewhat contradictory (Israel and
Bergman, 2008; Wichmann and DelLong, 2003). Here, we revisit the current understanding
and significance of oscillatory activity, and the beta band in particular, throughout the onset
and evolution of the parkinsonian state.

Experimental findings

Normal activity

Oscillatory activity has been established in intact animals but neuronal discharge synchrony
is not a paramount feature of the basal ganglia under normal and awake conditions (Bar-Gad
and Bergman, 2001; Bergman et al., 1994; Wichmann and DelLong, 2003). In monkeys for

instance, the proportion of pair units firing in synchrony in the GPi/GPe or STN is very low
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(i.e. 10%) (Heimer et al., 2006; Leblois et al., 2007; Wichmann et al., 1994) and some
authors (Bergman et al., 1998; Raz et al., 2001; Wichmann et al., 1994) have found no
evidence of activities characteristic of PD within the power spectrum of resting healthy
macaques. However, one study (Courtemanche et al., 2003) described the presence of 10-25
Hz activity in the monkey with chronically implanted electrodes in different portions of the
striatum, in the normal state, which was modulated during behavioral tasks.

In the rat, LFPs recorded from the motor cortex and basal ganglia (STN and striatum) have
revealed the presence of activity peaks in the theta (4-8 Hz) (Magill et al., 2006) and gamma
(30-100 Hz) bands (Berke, 2009). However, the degree of oscillatory activity is highly
influenced by the state of consciousness. Studies in the anesthetized rats under ketamine
have shown cortical low frequency large amplitude oscillations of approximately 1 Hz on
which a faster oscillation of 7-12 Hz (spindles) is superimposed, both of which are
synchronous with STN activity (Magill et al., 2000). On the other hand, in non-anesthetized
awake animals cortico-STN synchronization is very low (Brazhnik et al., 2012; Sharott et
al., 2005a, 2005b) and under physiological sleep these low frequency oscillations do not
correlate with STN activity (Urbain et al., 2000).

One study showed oscillatory activity in the range of 46-70 Hz in the gamma band in the
STN. This gamma range activity was increased after treatment with dopaminergic drugs,
mimicking to a certain extent what is observed in PD patients after receiving levodopa
(Brown et al., 2002). This finding led to the suggestion that high-frequency activity in the
STN of healthy rats and in levodopa-treated PD patients may represent a normal
physiological feature rather than the consequence of the parkinsonian state, and that gamma
oscillations play a normal role in facilitating automatic movements (Jenkinson et al., 2012).
Moreover, in patients with presumed normal basal ganglia function such as in Essential
Tremor, recording in the STN revealed high frequency activity (£200 Hz) (Danish et al.,
2007) which might be related to the 300 Hz oscillations found in the STN of PD patients in
the “on” medication state (Foffani et al., 2003; Lopez-Azcarate et al., 2010).

The parkinsonian state

The most commonly applied PD animal models to study the physiological features of the
brain are the MPTP monkey and the rat with unilateral 6-hydroxydopamine (6-OHDA)
lesion.

MPTP monkey model

Neuronal recordings in monkeys are typically performed with microelectrodes aiming to
isolate single unit potentials, which do not convey information about neuronal population
activity in a given structure. Accordingly, data regarding oscillatory activity in this model is
not exactly comparable with that derived from local field recordings in patients and in the rat
model. Activity in the beta range has been recognized in the STN and GPi of MPTP
monkeys (Bergman et al., 1994; Tachibana et al., 2011). Several studies conducted on the
African green monkey revealed that neuronal synchronization between STN and GPi and
between striatal cholinergic interneurons and GPi was augmented, clearly departing from
firing activity and degree of synchronization in the normal basal ganglia. The percentage of
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paired cells firing in synchrony increases significantly (Bergman et al., 1998; Leblois et al.,
2007) once monkeys are fully parkinsonian. In this model, the peak of such synchronous
spiking activity appeared between 10 and 12 Hz coinciding with the frequency of tremor
typically observed in African green or vervet monkeys, which are the only ones exhibiting
tremor at rest after MPTP (Bergman et al., 1998; Nini et al., 1995; Raz et al., 2001).
Accordingly, the MPTP monkey model supports, by and large, the findings in PD patients
(Levy et al., 2000, 2002; Zaidel et al., 2010) indicating that severe striatal dopamine
depletion leads to increased synchronization in the basal ganglia in the low beta range.
Indeed, synchronization between oscillatory local field potentials (LFPs) and single neuronal
action potential activity within a given nucleus, i.e. STN, is enhanced in the parkinsonian
state, quite unlike the normal state (Bar-Gad and Bergman, 2001; Wichmann and DelLong,
2003).

While the above findings are fairly clear for the established and advanced parkinsonian
state, studies at an earlier phase of nigro-striatal dopamine depletion have produced a
different picture. The group led by Boraud investigated the temporal dynamics of basal
ganglia changes along with increased nigro-striatal lesion in 2 monkeys progressively
intoxicated with MPTP and found some unexpected changes. Thus, by recording paired
neurons from the GPi at baseline and longitudinally during MPTP administration until
severe parkinsonism was obtained, they showed that the onset of initial bradykinetic features
(i.e. first 15 days of intoxication) was not associated with enhanced synchrony or oscillatory
activity in GPi neurons. Hyper-synchrony did appear, but only once severe parkinsonism
had developed along with marked striatal dopamine depletion (Leblois et al., 2007). In this
same study, an initial motor deficit during a simple upper limb movement was associated
with a drastic change in the proportion of neurons responding with inhibition/excitation and
the number of spikes (response amplitude) per neuron. Thus, during these first days of
MPTP intoxication the proportion of neurons showing multi-spike excitation grew by
around 50%, whereas the proportion of neurons exhibiting a normal inhibitory response fell
significantly from 67.5 to 35.3%. This implies a general increase in excitability of GPi cells
and a reduction in the number of GPi neurons capable of pausing to facilitate movement
execution (DeLong, 1990).

The 6-OHDA rat model

Studies have been conducted in the 6-OHDA unilaterally lesioned rat. A peak of beta
activity (essentially around 30-35 Hz in the awake animal and around 20 Hz in the
anesthetized rat) has been described in the STN, SNpr, and GP and in the motor cortex
(Avila et al., 2010; Sharott et al., 2005b). Recordings from the SNpr showed enhanced
expression of high beta/low gamma activity (25-40 Hz) in basal ganglia output related to the
transition from inattentive rest to alert, and while walking on a circular treadmill, in
hemiparkinsonian animals (Avila et al., 2010; Brazhnik et al., 2012). Beta activity at around
20 Hz (15-30 Hz range) was also augmented in the GP of anesthetized hemiparkinsonian
rats during stages of desynchronized cortical activity (Mallet et al., 2008) while the
entopeduncular nucleus showed increased activity in a lower frequency range (4-18 Hz)
(Ruskin et al., 2002) in awake immobilized and locally anesthetized rats.
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A recent study using nonlinear time series analysis compared neuronal activity recorded
simultaneously in STN and GPe in anesthetized rats, in order to quantify the interactions
between both nuclei in 6-OHDA lesioned rats compared to control rats. Dopamine depletion
altered firing rates and led to strong beta-frequency oscillations (~20 Hz) in the STN-GPe
network. This was paralleled by augmented bidirectional interactions between both nuclei as
ascertained by the causal mutual information method. This has led to the consideration that
such enhanced interaction could not only underlie excessive beta synchrony but also
obstruct information flow and representation within the STN-GPe network and the rest of
the basal ganglia (Cruz et al., 2011).

High increased coherence in the beta range (25-40 Hz) has been also found between the
cortex and STN (Mallet et al., 2008), the cortex and SNpr (Brazhnik et al., 2012) and
between the primary motor and somatosensory cortical areas (Degos et al., 2009; Moran et
al., 2011). One recent study (Walter's laboratory at NIH) showed that increased motor
cortex-SNpr (Brazhnik et al., 2010) LFP coherence precedes the enhancement of beta LFP
oscillations in these structures, suggesting that tight synchronization could be an early
feature of the parkinsonian state. Similarly, a previous study in the rat with 6-OHDA lesion
(Dejean et al., 2012) showed that over-synchronization of neuronal activity between the
cortex and basal ganglia did not signal the onset of motor impairment which was more
directly correlated with a shortening in SNpr neuronal response after cortical activation.
Thus, a decorrelation between the onset of motor manifestations in the rat and hyper-
synchronization seems well established in this model.

The rat studies summarized above support the idea that dopamine depletion has a significant
effect on synchronization and oscillatory activities in basal ganglia circuits. Accordingly,
enhanced beta activity within the basal ganglia in the “indirect” circuit and between the
motor cortex and the STN is considered a net characteristic of the unilaterally dopamine-
depleted rat (Urbain et al., 2000). Administration of dopaminergic agents, such as
apomorphine or L-dopa (Brazhnik et al., 2012; Degos et al., 2009; Sharott et al., 2005b),
attenuates beta activity, further mimicking the observations in PD patients. However, most
studies examining oscillatory activity in the rat model have been carried out in animals with
>90% striatal dopaminergic loss, which is somewhat reminiscent of the 80-85% nigro-
striatal deficit associated with advanced PD patients (Djaldetti et al., 2011; Fearnley and
Lees, 1991; Nandhagopal et al., 2011). Thus, most PD patients submitted to DBS surgery
have long disease evolution (mean = 14 years) and therefore are expected to have substantial
striatal (and extra-striatal) dopaminergic depletion. This is unlike the typical experimental
conditions. Thus, studies at early stages of nigro-striatal lesion are not very common either.
One study which evaluated the effect of chronic administration of D1/D2 antagonists (Degos
et al., 2009) reported a peak of cortical beta activity, paralleling that typically observed in
animals with dopaminergic lesion by 6-OHDA. However, the onset of such beta activity
occurred after the onset of akinetic features suggesting that the emergence of abnormal
oscillatory activity reflects major but late changes in cortico-basal ganglia dynamics. In this
regard, a recent study (Leventhal et al., 2012) compared neural activity during four distinct
variants of a cued choice task in rats in order to analyze the functional correlates of beta
oscillations. This study indicates that enhanced beta power and synchronization between
cortex and basal ganglia circuits normally occur at precise brief moments of task
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performance and suggests that beta is associated with a post-decision change of the cortical-
basal ganglia system, which decreases interference with putative competitive actions. These
authors propose that enhanced beta activity in PD might replicate over-stabilization of the
cortico-basal ganglia network, generating pathological persistence in the motor system.
Interestingly, this study also suggests that fast reduction of dopaminergic levels is not
enough for the emergence of beta oscillations in the basal ganglia.

Degree of dopaminergic striatal depletion and oscillatory activity

Experiments in the rat have been conducted under different experimental conditions, i.e.
awake or under anesthesia (urethane, ketamine, etc.), immobilized (with gallamine
triethiodide) or free moving and performing tasks. Similarly, the MPTP monkey model has
important variability, which includes the use of different intoxication protocols and the
presence or absence of rest tremor (due to differences between species). Neurophysiological
studies have included the evaluation of oscillations from single unit action potential activity,
pairs of neurons recorded simultaneously and LFPs. One possibly important caveat is that
the peak beta band frequency recorded in the rat, monkey and PD patients differs. Whether
or not this is a species-derived difference or reflects distinct pathophysiological mechanisms
is not yet clear.

Despite all of these different confounding factors, some conclusions may be reached from
the bibliography. Thus, rats with acute 6-OHDA lesion, as well as monkeys with severe
MPTP induced parkinsonism, typically show >95% of dopamine depletion. In these
conditions, beta band activity is enhanced and increased coherence between the basal
ganglia and cortex is present which mimics the findings in PD patients reasonably well
(Brown et al., 2001; Kuhn et al., 2004, 2005; Levy et al., 2002; Lopez-Azcarate et al., 2010;
Priori et al., 2002). However, neuronal hyper-synchronization in the beta (or any other) band
was not recorded in the basal ganglia and cortex in the few experimental instances when a
partial and slow dopaminergic lesion was present, despite the presence of bradykinetic
features in the rat and monkey models. Furthermore, stimulation with beta frequency pulses
of the STN (by optogenetics) (Gradinaru et al., 2009) had no effect on rats with 6-OHDA
unilateral lesions.

Our preliminary results (Fig. 1) using different types of 6-OHDA-induced lesion in the rat
are in keeping with the published data. We have been recording oscillatory activity in SNpr
in rats comparing the effect of a complete (6 ug of 6-OHDA HBr in 3 pl of 0.9% saline with
0.01% ascorbic acid) and partial (3 pug of 6-OHDA) 6-OHDA lesion of the medial forebrain
bundle (MFB) in order to ascertain how the severity of dopaminergic depletion influences
activity in the beta range. We also provoked a more progressive dopaminergic lesion by
intracerebroventricular (ICV) 6-OHDA administration over 7 days (700 pug of 6-OHDA as
final dose) (Rodriguez et al., 2001). Recordings from chronically implanted electrodes in
SNpr show a clear peak of oscillatory activity in the high beta/low gamma frequency range
(25-40 Hz) (Figs. 1A, B) only in the complete DA deprived hemisphere (Fig. 1C) (mean
loss of tyrosine hydroxylase (TH+) stained cells: 97% in left hemisphere) 14 days after the
unilateral 6-OHDA lesion. A similar activity is not seen in animals with partial 6-OHDA
lesion through either MFB injections or ICV 6-OHDA administration (mean loss of TH+
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stained cells: 72% in left hemisphere for MFB-partial lesioned and 65% for ICV-partial
administration). These initial results suggest that a large dopaminergic nigro-striatal
denervation is necessary for enhancing beta power in this animal model.

Altogether, the available data suggest that the beta band enhancement and
hypersynchronization throughout the motor loop are relatively late pathophysiological
events associated with severe SNpc-striatal lesion (Fig. 2). This casts some doubt on its
causal role as an inductor or mediator of early parkinsonian motor features.

What is the physiological essence of the parkinsonian state?

The classic pathophysiological model of the basal ganglia was originally understood as a
“go through” cortico-basal ganglia-thalamocortical system whereby dopamine modulates
striatal activity, and hence neuronal firing in the output nuclei is a major determinant of the
motor state. Current thinking has been somewhat modified, and emphasis is now placed on
parallel interactions between cortico-striatal and cortico-subthalamic afferents on the one
hand (Nambu, 2004) and re-entrant internal and external feed-back circuits (McHaffie et al.,
2005) and the sub-division of cortico-basal ganglia loops into different motor, associative
and emotional domains on the other. Thus, the exclusive feed-forward nature of information
processing throughout the basal ganglia is no longer tenable. Several examples of reciprocal
connectivity within the basal ganglia are now evident: between the STN and GPe (Shink et
al., 1996), the GPe and the striatum (Mallet et al., 2012; Sato et al., 2000) and the striatum
and ascending DA neurons in SNpc (Haber et al., 2000) (and also between the basal ganglia
and projecting nuclei, as for example the motor cortex and the STN and, the STN and
thalamus and the PPN and the STN (Fig. 2)). The basal ganglia-cortical network is better
envisaged as a dynamic network engaged in movement and behavior facilitation/inhibition,
switching actions, learning and motivation, which are conveyed by parallel activity in
different anatomical domains. Furthermore, such a diverse spectrum of functions sustained
through the basal ganglia is likely to depend upon different qualitative and quantitative
degrees of multiple oscillators and frequencies as well as activation patterns. Frequency and
amplitude modulation via the multiple closed and open loops of the basal ganglia provide
the means to modify the excitability of different functional domains simultaneously. Severe
dopaminergic striatal depletion provokes beta band hyper synchrony of the various circuits
forming the motor circuit network (Fig. 2), leading to rather homogeneous output activity
and reduced movement capacity. However, neither increased firing rate nor enhanced beta
band power in basal ganglia output nuclei appears to be “sine-qua non” features of early
parkinsonism. What are then, the physiological changes underlying the initial phase of PD?

Typically, PD is diagnosed by the onset of focal, i.e. one limb, manifestations taking the
form of tremor at rest and bradykinesia with rigidity, with a particular predilection for
impairing automatic movements. SNpc cell loss of around 55% and 80% striatal DA
depletion in monkeys who are pre-symptomatic coincided fairly closely with that seen in PD
patients with short disease evolution (Blesa et al., 2012; Damier et al., 1999; Hornykiewicz,
2001).
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These early motor manifestations concur with reduced dopaminergic innervation in the
posterior (motor) putamen of about 70% as evaluated “in vivo” by PET (Nandhagopal et al.,
2011) and with some 50% of SNpc cell loss by post-mortem evaluation (Fearnley and Lees,
1990; Halliday et al., 1990). Because the overall degree of striatal dopaminergic depletion is
relatively limited at this early PD stage, it could be thought that hyperactivity in cell firing or
beta oscillations may not be detectable by current methodology, leading to a sample bias in
the neurophysiological assessment. While the latter possibility cannot be ruled out, it is
likely that denervation is much higher if it were possible to ascertain the specific putaminal
region (leg, hand, shoulder, etc.) corresponding to the clinically most affected body part.
Accordingly, LFP recordings should be sensitive to such a degree of abnormality.

In the rat and monkey with partial nigro-striatal lesion early physiological changes are the
increased busting firing (Bergman et al., 1994, 1998; Tseng et al., 2005) in the STN and
SNpr/GPi, increased background neuronal activity leading to reduced signal to noise ratio in
GPi and augmented coherence between motor cortex and SNpr (in the rat) (Novikov et al.,
2012), all of which may lead to impaired movement initiation and execution (Leblois et al.,
2006). This could be more significant and important for automatic movements because the
degree of cortico-striatal neuronal activation required is less than for non-habitual more
complex tasks (Lehericy et al., 2005). In addition, some evidence suggests that gamma
oscillatory activity is involved in movement facilitation (Alegre et al., 2013; Anzak et al.,
2013; Jenkinson et al., 2012) which fits with its enhancement after administration of
dopaminergic drugs. It might be therefore, that early rigid/akinetic features in PD are more
associated with a reduction in the modulation of basal ganglia-cortical activity underlying
“energization” (Mazzoni et al., 2007) and action selection (Redgrave et al., 2010).

For instance, it may be that it is the ratio between neuronal firing inhibition/excitation and
gamma/beta activities that is faulty, and more relevant than changes in neuronal background
firing and synchrony. Moreover, high frequency activity (300 Hz) present in PD patients
interferes with frequency modulation of beta and gamma activities, which has been
suggested as potentially impairing the fine tuning of motor control mechanisms (Lopez-
Azcarate et al., 2010). However, a note of caution needs to be introduced when assessing the
importance and significance of specific changes in a frequency band as the processes
involved in generating synchronized activity within the basal ganglia thalamocortical
circuits after loss of dopamine remain to be characterized. Indeed, the feasible existence of
multiple oscillators throughout the cortico-basal ganglia loops could contribute to
interactions at the cellular level which are not readily captured currently.

Tremor poses a special situation and challenge. Tremor rest is undoubtedly associated with
rhythmical oscillatory activity at around 4-5 Hz in the basal ganglia and thalamic Vim which
probably engages the motor cortex to create a cortico-subcortical “tremogenic” network.
Importantly, while beta and gamma oscillations are modified in PD in terms of their relative
power or degree of activity, the 4-5 Hz has no physiological counterpart. In tremor
predominant PD this oscillation may be the only or primary pathophysiological abnormality,
possibly independent of the more typical changes in neuronal firing and frequency spectrum
associated with full parkinsonism. How and why this rhythm ensues in PD remains an
important challenge to be unraveled in the near future.

Neurobiol Dis. Author manuscript; available in PMC 2015 February 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Quiroga-Varela et al.

Page 10

In sum, the parkinsonian state is associated with different types of oscillatory activity. When
nigro-striatal dopamine depletion is severe, the basal ganglia-cortical network becomes
hyper-synchronous in the beta band and parkinsonism is profound and generalized.
However, initial motor features may appear before such physiological changes, as shown in
animal models. Accordingly, the emergence of enhanced beta activity could be taken as an
indicator of faulty or maladaptive compensatory mechanisms and a target for experimental
therapies.
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Fig. 1.
Power of SNpr LFP activity and inmunohistochemical results in intact and 6-OHDA

lesioned rats, during treadmill walking. A. Representative wavelet-based scalograms
represent the time—frequency plots of LFP spectral power in SNpr during treadmill walking.
Spectral power was plotted on a logarithmic scale with greater power being represented by
red colors, the color scales' range is from 0.8 to 2.4 mVV2/Hz. Corresponding from upper left
to lower right: control animal, Day 14 after 6-OHDA-MFB complete lesion (n = 1) (note the
emergence of a high beta band at 25-40 Hz), Day 14 after 6-OHDA-MFB partial lesion (n =
1) and Day 52 after 6-OHDA-intraventricular partial lesion (n = 1). B. Linear graphs show
averaged LFP power spectra from intact hemisphere (right, red) in baseline, and lesioned
hemisphere (left, blue) complete and partial MFB lesion, at 14 days post-lesion (n = 1), note
the emergence of the peak at ~35 Hz in complete lesion. For ICV-partial lesioned animals
both right and left are lesioned hemispheres (no intact side) (n = 4). C.
Immunohistochemical results. Coronal sections of the substantia nigra pars compacta
(SNpc) illustrating immunohistochemistry of tyrosine hydroxylase (TH). Note the
deficiency of TH+ cells in the SNpc of the lesioned (left) hemisphere compared with the
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non-lesioned (right) hemisphere in complete MFB lesion. Mean loss of TH+ stained, in
MFB-complete 97%, MFB-partial 72%, and ICV 65% in left hemisphere and 68% in right
hemisphere.
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A) NORMAL STATE B) PARKINSONIAN STATE

Fig. 2.
A. Schematic diagram of the main connections within the basal ganglia and major output

projections. The diagram emphasizes the bilateral connections between nuclei present
between several structures. B. Major changes in the functional state of the connections
(indicated by thicker arrows) in the severe parkinsonian state. A net predominance of
glutamatergic hyperactivity in several projections is noticed. Arrow colors indicate
GABAergic inhibitory synapse in black, glutamatergic excitatory in red and dopaminergic in
blue.
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