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Low frequency rest tremor is one of the cardinal signs of
Parkinson’s disease and some of its animal models. Current
physiological studies and models of the basal ganglia differ as
to which aspects of neuronal activity are crucial to the
pathophysiology of Parkinson’s disease. There is evidence that
neural oscillations and synchronization play a central role in the
generation of the disease. However, parkinsonian tremor is not
strictly correlated with the synchronous oscillations in the basal
ganglia networks. Rather, abnormal basal ganglia output
enforces abnormal thalamo-cortical processing leading to
akinesia, the main negative symptom of Parkinson’s disease.
Parkinsonian tremor has probably evolved as a downstream
compensatory mechanism.
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Introduction: Parkinson’s disease — clinical
symptoms and pathology

In 1817, almost two hundred years ago, the English
physician James Parkinson wrote ‘Essay on the Shaking
Palsy’, providing the first clinical description of the motor
symptoms of the disease now bearing his name [1].
Today, Parkinson’s disease (PD) is the most common
basal ganglia movement disorder, and affects from 1% of
those aged 65 to 4-5% of the 85 year old population [2].

Only 5% of PD cases can be attributed to specific genetic
causes [3°,4]. Most of the remaining cases cannot be

1,2,3

attributed to metabolic or toxic causes either, and are,
therefore, classified as idiopathic PD. PD is the result of a
neurodegenerative process that causes damage to multi-
ple neuronal circuits. The dopaminergic system is the
most seriously damaged, but the noradrenergic, seroto-
nergic and cholinergic systems are also affected [5].

On the basis of clinical observations of six patients (includ-
ing two whom he met on the street and a third he observed
at a distance), Parkinson described two of the most impor-
tantand paradoxically related symptoms of PD: shaking —
now defined as a low frequency (4-7 Hz, but higher
frequencies, up to 9 Hz, are encountered at early disease
stages) tremor at rest (tremor amplitudes decrease during
voluntary action and increase during mental stress), a
hyperkinetic disorder; and palsy (or akinesia in modern
terminology) — characterized by a poverty of voluntary
and especially involuntary movements, a hypokinetic dis-
order. The other cardinal motor symptoms of PD include
bradykinesia (slowness of voluntary movements), rigidity
(increased muscular tonus), and postural abnormalities.
Cognitive and mood (emotional) deficits frequently
accompany the motor symptoms. However, in this review
we focus on the pathophysiology of the two main motor
symptoms of PD as outlined by Parkinson: akinesia and
tremor at rest. Note that we consider bradykinesia and
related hypokinetic PD clinical features as akinetic symp-
toms. PD rigidity is characterized by a uniform resistance
to passive movements owing to increased muscle response
to passive stretch, and is not associated with changes of
spinal alpha motor neuron excitability. Thus, and based on
the clinical similarities of akinesia and rigidity as outlined
below, we associate akinesia and rigidity. Finally, we limit
our discussion to tremor at rest, although other non-har-
monically related forms (e.g. postural and/or kinetic tre-
mor) are very common in PD [6,7].

Akinesia versus tremor in Parkinson’s disease
PD is not a homogenous disease, either across patients or
even within a single patient’s disease course. T'emporally,
tremor is not a consistent feature of the disease, but rather
is episodic, as opposed to akinesia. Unlike rigidity and
akinesia, there is no correlation between the clinical
severity of PD tremor and the severity of the dopami-
nergic deficit in the striatum or the clinical progression of
the disease [7].

Human PD covers a broad spectrum of symptoms and can
present as a predominant resting tremor ('T-subtype) or
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Glossary

Direct-indirect rate model of the basal ganglia: The circuitry of the
basal ganglia is often divided into two major pathways, the direct
pathway and the indirect pathway. The direct pathway directly
connects the striatum to the GPi and SNr by GABAergic (inhibitory)
projections. The indirect pathway connects the striatum to the GPi
and SNr through the GPe and the STN, with net excitatory effects.
Disinhibition: Removal of neuronal inhibition by inhibition. For
example, cells in the striatum can inhibit neurons of the GPi and SNr,
which in turn removes their tonic inhibition from the thalamus.
Essential tremor: The most common movement disorder (10-20
times more prevalent than PD), characterized by a slowly progressive
postural and/or kinetic tremor with no known cause.

Negative symptoms: Normal behaviors or body states that are
absent or diminished in a person with a mental or neurological
disorder (e.g. akinesia of PD).

Positive symptoms: These are the opposite of negative symptoms
and refer to behaviors or body states that are practically absent in
people in the general population but are present or enhanced in
persons with the neurological disorder (e.g. PD tremor).

Spectral harmonics: Spectral harmonics are other spectral peaks at
frequencies equal to integer multiples of the fundamental frequency,
usually as a result of distortions to the pure sinus generating the
fundamental frequency.

Spectral sidebands: In spectral analysis, a sideband is a band of
frequencies higher or lower than the fundamental frequency, usually
containing energy as a result of the amplitude modulation process.

primarily as marked akinesia and rigidity (AR-subtype)
[8], sometimes defined as the ‘postural instability gait
difficulty subtype’. As early as 1877, the great French
neurologist Jean-Martin Charcot noted that tremor is not
always present in human PD patients, and, therefore,
suggested changing the name of the disease from ‘paraly-
sis agitans’ (Latin for shaking palsy) to ‘la maladie de
Parkinson’ (Parkinson’s disease). T-subtype PD patients
have a better prognosis and slower disease progression
than AR-subtype patients [8]. Interestingly, most patients
with non-idiopathic PD display akinesia and rigidity but
not rest tremor [9]. Anti-cholinergic agents, which were
the first drugs available for the symptomatic treatment of
PD, tend to have better effects on tremor than on aki-
netic-rigid symptoms, whereas akinesia might show bet-
ter and earlier response to dopamine replacement therapy
[10]. Several studies have indicated that the pathology of
human T-type PD differs from that of the AR-type PD,
with the retrorubral area (A8) more severely affected in
the tremor-dominant form [11].

The frequency of tremor in a given PD patient is often
remarkably similar in different muscles of the extremities
and trunk [12]. These observations led to the assumption
that a common single central oscillator controls all tre-
mulous muscles. Coherence analysis, however, has shown
that although the muscles within one body part (e.g. a
limb) are mostly coherent, the tremor in different extre-
mities, even on the same body side, is almost never
coherent [13,14], indicating that different oscillators
underlie parkinsonian tremor in the different extremities.
This absence of tremor coherence could hint at mechan-
ical or spinal reflex mechanisms rather than a single

central oscillator. Nevertheless, several studies have
failed to demonstrate any frequency reduction of the
tremor as a result of load addition to the trembling limb
in PD patients [6,7]. Resetting experiments, in which the
tremulous limb is reset by mechanical perturbation, have
been less conclusive. Initial studies indicated that reset-
ting of tremor is much more easily achieved in essential
tremor (see Glossary) than in PD tremor. However, more
recent studies have shown that the resetting index varies
significantly with the magnitude of the mechanical per-
turbation and with the tremor amplitude. When these
factors were equalized, however, no significant difference
was found in mean resetting indexes among PD tremor,
essential tremor and normal subjects mimicking tremor.
Resetting experiments with electrical stimulation of the
median nerve or transcranial magnetic stimulation of
the motor cortex did not show consistent resetting of
the tremor rhythm when the periphery (median nerve)
was stimulated, but did result in complete resetting when
the cortex was stimulated [7].

In line with the central nervous system (CNS) hypothesis
on the origin of PD tremor, it has long been known that
different lesions within the CNS can suppress parkinso-
nian tremor. Early attempts to remove parts of the motor
cortex or its downstream projections were successful in
suppressing tremor but produced unacceptable side
effects. The cerebellar receiving nuclei of the thalamus
(e.g. the ventralis-intermedius, Vim) have traditionally
been considered the optimal target for stereotaxic pro-
cedures for amelioration of PD and other tremors.
Recently, it has been demonstrated that chronic high-
frequency stimulation of these same thalamic targets, in
addition to subthalamic or pallidal stimulations, are all
able to efficiently suppress parkinsonian tremor and other
motor symptoms [15°°].

In summary, most clinical human studies indicate that PD
tremor and akinesia, although they share common origins
and similarities, have significantly distinct characteristics.
The role of striatal dopamine depletion and the central
generators seem to be much more important in akinesia.
PD tremor might be modulated by peripheral manipula-
tion and by the activity of other central neuronal systems.
It is possible that transmitter systems other than dopa-
mine (e.g. cholinergic, serotonergic), or neural circuits
other than the basal ganglia (e.g. cerebellum [16], red
nucleus), play a crucial additive role in underlying this
symptom.

Parkinson’s disease — animal models

Early animal models of PD were based on lesions of
midbrain areas in monkeys. These anatomical lesions
mainly produce rigidity and only rarely result in a spon-
taneous, sustained tremor. Careful analysis of the correla-
tion between the clinical symptoms and the extent of the
lesion led to the conclusion that experimental rest tremor
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is the result of damage to both the nigro-striatal dopami-
nergic projections and the cerebellar outflow (to the red
nucleus and thalamus). Damage to only one of these
neuronal systems was not sufficient for reliable generation
of tremor [17].

More modern animal models of PD have shifted from
anatomical to chemical lesions. Early chemical animal
models of PD — for example, the 6-hydroxydopamine (6-
OHDA) model — were limited to dopaminergic damage,
and mainly reproduced the main negative symptoms of
PD; namely, akinesia (see Glossary) [18]. The more
recently introduced primate 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model of PD [19] better
mimics the clinical and the pathological picture of PD.
Post-mortem examination of the brains of MP'TP-treated
primates reveals that the primary damage is to the dopa-
minergic system. However, as in human PD, other neu-
romodulators are also affected [20].

Monkeys treated with MPTP mainly exhibit the akinetic—
rigid symptoms of PD [19]. Low frequency (4-7 Hz)
resting tremor is not readily replicated in MPTP-treated
macaque monkeys, but other species, notably the vervet
(African green) monkey, often develop a prominent low-
frequency tremor following MPTP injections [21,22]. It is
important to note that the tremor usually appears several
days after the development of clinical akinesia and rigidity
[21,23°]. This reversed order of presentation of clinical
symptoms compared with that of the human disease could
be due to the fast induction of dopamine depletion in the
MPTP model that might impede the development of
compensatory processes found in the slow-evolving
human disease. Yet, tremor is a much more overt phenom-
enon than akinesia and rigidity. A human patient or his/her
family might first be made aware of the slow development
of PD by the more easily recognizable tremor. As in human
studies, there is a low coherence between the tremors of
the limbs of MPTP-treated vervet monkeys following
dopamine replacement therapy [23°].

Basal ganglia anatomy

The cumulative clinical and experimental evidence out-
lined above strongly indicates that the major pathological
event leading to the motor symptoms of PD, and espe-
cially to akinesia, is the death of midbrain dopaminergic
neurons and their striatal projections. The striatum (com-
posed of caudate, putamen and ventral striatum) is the
main input stage of the basal ganglia, receiving inputs
from all cortical areas, from many thalamic nuclei and
even from the cerebellum [24°°]. Therefore, a good grasp
of the pathophysiology of PD depends on understanding
the anatomy and physiology of the basal ganglia and
dopamine networks.

The realization, at the turn of the 20 century, that
lesions involving the basal ganglia often result in severe

disorders of motor function explains why the basal ganglia
were classified as part of the extra-pyramidal system. The
pyramidal system starts at the motor cortices, and through
the brainstem pyramids projects to a-motoneurons, inner-
vating the distal parts of the limb, and controlling the
execution of accurate and voluntary movements. By
contrast, it was assumed that the extra-pyramidal system
originated at the basal ganglia and the cerebellum, des-
cended parallel to the pyramidal system, and innervated
the spinal circuits involved with more axial (postural),
automatic non-voluntary movements.

The revolution in anatomical methods during the second
half of the 20™ century led researchers to the conclusion
that the basal ganglia are part of a closed loop connecting
all cortical areas sequentially through the striatum, palli-
dum and thalamus with the frontal cortex (Figure 1). The
frontal cortex projects downstream to the spinal level.
"The direct projection of the basal ganglia to upper brain-
stem nuclei (e.g. superior colliculus and peduncolopon-
tine nucleus [16]) will be considered here, for the sake of
simplicity, as part of this descending system. The new
view of the basal ganglia networks assumes that there are
two segregated internal pathways that start in the striatum
and converge on the output structures of the basal ganglia
(the internal segment of the globus pallidus [GPi] and the
substantia nigra pars reticulata [SNr]). The ‘direct path-
way’ is a direct GABAergic inhibitory pathway, whereas
the ‘indirect pathway’ is a polysynaptic disinhibitory
pathway (see Glossary) through the external segment
of the globus pallidus (GPe) and the subthalamic nucleus
(STN). The projection striatal neurons in the direct
pathway express D1 dopamine receptors, whereas those
in the indirect pathway express D2 dopamine receptors
[25]. Midbrain dopamine (DA) has differential effects on
the two striato-pallidal pathways: it facilitates transmis-
sion along the direct pathway through the D1 receptors
and inhibits transmission along the indirect pathway
through the D2 receptors [25,26]. Note that in this sche-
matic description the crucial roles of both the cholinergic
and the dopaminergic innervation of the striatum on

Figure 1
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Schematic view of the recurrent connectivity among the cortex, basal
ganglia and muscle networks.
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plasticity and learning in the cortico-striatal synapse have
been neglected [27°°,28°°].

Recently, single axon tracing anatomical studies have
revealed an even more complex map of basal ganglia
connectivity. Striatal neurons projecting to GPi and SNr
send collaterals to GPe [29°%,30]. The physiological evi-
dence for the importance of the direct projections from the
motor cortex to the STN (the ‘hyper-direct pathway’ [31])
indicate that like the striatum, the STN is an input stage of
the basal ganglia [32]. Moreover, the recently described
feedback projections from the GPe to the striatum [33,34],
in addition to the GPe to GPi projection, strongly suggest
that the GPe is a central nucleus in the basal ganglia
circuitry, rather than a simple relay station in the indirect
pathway. Figure 2 summarizes the current view of the
complex connectivity among the basal ganglia nuclei.

Figure 2
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Detailed linear view of the connectivity of the cortex, basal ganglia and
muscle networks. Color coding as in Figure 1. The basal ganglia
inter-connectivity is shown in detail, with gray arrows representing
excitatory-glutamatergic projections and black round-head arrows for
inhibitory-GABAergic projections. Abbreviations: GPe, external
segment of the globus pallidus; GPi, internal segment of the globus
pallidus; STN, subthalamic nucleus.
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Physiological studies of the basal ganglia in
normal primates

Single unit recording and analysis of neuronal activity at
the level of single spikes of single cells are probably the
main ways to study a neuronal network. The different
nuclei of the basal ganglia have a diverse background
(during a quiet, awake state) spiking activity. The striatal
neurons are characterized by a low frequency discharge
rate (<1 spikes/s by the projection neurons and 4-
10 spikes/s by the tonically active neurons [TANs], the
cholinergic interneurons). This slow discharge is striking
in contrast to the high (50-80 spikes/s) frequency dis-
charge of the pallidal and SNr neurons. In all these
structures the firing rate is irregular (Poisson-like), and
neuronal oscillations are seldom observed in normal
awake subjects.

Studies exploring the relationship between spiking activ-
ity of basal ganglia neurons and body movements have
revealed even more unexpected results. The akinesia
associated with PD suggests that the basal ganglia play
a crucial role in movement initiation. Nevertheless, most
basal ganglia neurons change their firing rate after initia-
tion of movements (Putamen: [35,36], GP: [37-39], SNr:
[40]), and do not have any exclusive or consistent relation-
ship to movement parameters such as start and/or end,
velocity or amplitude [41]. Taken together with the minor
impairment of motor control following focal inactivation
and lesions of the output structures of the basal ganglia
[42—-44], the physiological results lead to the surprising
conclusion that the basal ganglia do not initiate move-
ments [42,45].

Physiological studies in the dopamine-
depleted basal ganglia networks

Early physiological studies of parkinsonian MPT'P-trea-
ted monkeys reported changes in the discharge rate
within the GPe, GPi [46,47] and STN [21]. Reversed
trends of pallidal discharge rates in response to dopamine
replacement therapy have been reported in both human
patients [48,49] and primates [23°,50,51]. The crucial role
of these rate changes in the pathophysiology of PD has
been verified by the subsequent findings showing that
inactivation of STN and GPi could improve the motor
symptoms in parkinsonian animals [52] and in human
patients [15°°].

These findings contributed to the formulation and the
popularity of the direct—indirect model of the basal gang-
lia (see Glossary) [26]. Nevertheless, several studies have
failed to find the expected significant changes of firing
rates in the pallidum [53], thalamus [54] or motor cortical
areas [55] of MPTP monkeys. This and other inconsis-
tencies with the assumptions and the predictions of the
direct—indirect rate model have attracted more attention
to the potential roles of other aspects of neuronal activity,
such as firing patterns and neuronal synchronization, in
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the pathophysiology of PD. MPTP monkeys show an
increase in the fraction of basal ganglia neurons that
discharge in bursts. These bursts are either irregular or
oscillatory and have been found in STN, GPe, GPi and
primary motor cortex [21,22,46,47,55,56,57°]. In most
cases, the cells tend to oscillate at the tremor frequency
or at double or even triple the tremor frequency [21].
Nevertheless, these studies repeatedly failed to reveal
neurons with oscillations that are consistently coherent
with the tremor [22,23°]. Both STN inactivation [58] and
dopamine replacement therapy [23°] ameliorate the 4-
7 Hz tremor and reduce the GPi 8-20 Hz oscillations,
supporting the crucial role of double rather than the
tremor frequency oscillations in tremor generation.

Physiological studies and cross-correlation analysis of the
activity of simultaneously recorded neurons in the basal
ganglia and cortex of monkeys before and after MPTP
treatment enable the assessment of the changes in neural
synchronization in these areas. These studies have been
conducted in the pallidum [22], as well as in the primary
motor cortex [55], among striatal TANs and between
TANs and pallidal neurons [59,60]. Cross correlation
functions become peaked and oscillatory following
MPTP treatments, suggesting that striatal dopamine
depletion induces abnormal coupling of basal ganglia
loops. The abnormal pallidal synchronization decreases
in response to dopamine replacement therapy [23°]. In
most cases, the maximal power of the synchronous oscil-
lations was at double the tremor frequency [22,23°,59,60].

As in the MPTP primate, single unit studies of the basal
ganglia of human PD patients (performed during electro-
physiological mapping of the target area for therapeutic
implantation of stimulating electrodes) report a high
fraction of GP1i cells oscillating at the tremor frequency
[61]. However, as in the primate, the human studies
[62,63°°] show that these oscillations are not fully coher-
ent with the simultaneous recorded tremor. The sharp
contrast between this transient, inconsistent pallidal-tre-
mor synchronization and the high synchronicity found
between thalamic Vim neurons and the tremor [64]
suggests that pallidal neurons cannot be viewed as the
tremor generators, or as reflecting the proprioceptive
feedback of the tremor.

Physiological studies of population neural
activity in the dopamine-depleted basal
ganglia networks

Synchronization of basal ganglia neuronal activity is also
evident in the local field potentials (LFPs) recorded in
the subthalamic region of PD patients by the macroelec-
trodes used for high-frequency stimulation of these
structures. These oscillations occur mainly in the 3 range
(15-30 Hz) and following treatment with levodopa shift
to higher frequencies in the gamma range [65°°]. Another
study found that a significant reduction of the B range

oscillations preceded the onset of the rest tremor [66°]. In
line with both the single unit and the LFP studies,
magnetoencephalographic (MEG) studies [67] of T'-type
PD patients have revealed a strong coherence between
the tremor and the activity in the motor and sensory
cortices and the cerebellum at tremor frequency, and
an even stronger coherency at double tremor frequency.
Spectra of coherence between thalamic activity and cer-
ebellum as well as between other brain areas have
revealed additional broad peaks around 20 Hz.

Studies of LFPs recorded from frontal cortex and STN of
rats following 6-OHDA lesions of midbrain dopamine
neurons [68] have revealed significant increases in the
power and coherence of B-frequency oscillatory activity.
Administration of apomorphine, the dopamine receptor
agonist, to these dopamine-depleted animals suppressed
the B-frequency oscillations, and increased coherent
activity at gamma frequencies in the cortex and STN.
"Thus, the pattern of synchronization between population
activity in the STN and that in the cortex in the 6-
OHDA-lesioned rodent model of PD is parallel to that
seen in the parkinsonian human.

Recordings of both LFPs and multi-neuronal activity
from microelectrodes inserted into STN in PD patients
during functional neurosurgery suggest that the dis-
charges of some of the neurons in STN are locked to B
oscillations in the LFP [69]. LFP probably represents the
synaptic input to a neural structure and its subthreshold
slow activity. The discrepancies between LEFP oscillatory
activity and neuronal activity (in their frequency domain,
prevalence and power) are probably due to the fact that
even quite strong synchronized inputs can lead to weak
neuronal correlations. Alternatively, correlations can be
very low at the single-unit level, but still sum and become
substantial at the population (ILFP) level [70,71].

On correlation, causality and harmonics in
spectral analysis

Basal ganglia researchers are aware that depletion of dopa-
mine in the striatum (the input stage of the basal ganglia) is
the major event leading to clinical symptoms, including
tremor, of PD. It is, thus, tempting to assume a causal
relationship between the neural oscillations that are found
in the STN and the globus pallidus (output stage of the
basal ganglia) and the tremor. However, the closed loop
structure of the cortex—basal ganglia—muscle networks
(Figure 1), including inputs from other structures (e.g.
cerebellum), suggests that basal ganglia oscillations are
the result of proprioceptive feedback to the basal ganglia.

T'he high-level energy at double the tremor frequency in
many single unit correlation studies [22,59] and MEG
studies [67] might suggest a 2:1 filtering mechanism
downstream of the basal ganglia output [72,73]. However,
there are important limitations to spectral analysis
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[66°,74-76]. In particular, any non-linear transformation
(e.g. the addition of a derivative or high-pass filtered
version of the original signal) might add higher harmonics
(see Glossary) to the original peak. The amplitude of
these higher harmonics can be larger than that of the
original peak (Figure 3). Amplitude fluctuation of the
tremor or neuronal analog signal (such as LLFP) could add
‘sidebands’ (see Glossary) both above and below the
central frequency peak. Moreover, if the amplitude and
the frequency fluctuation follow a complex pattern, and
enough spectra are averaged (as is the common practice),
the additional peaks can be distributed out over a broad
frequency domain [77]. Thus, although neuronal oscilla-
tions can be detected at several levels of the basal ganglia
network subsequent to dopamine depletion and the
emergence of clinical PD tremor, there is not enough

evidence to support the notion that the tremor follows the
basal ganglia oscillations.

Conclusions and future directions

In this review we have explored the possible relationships
between basal ganglia oscillatory activity and PD tremor.
PD is the result of dopamine depletion in the striatum —
the input stage of the basal ganglia. Akinesia and rest
tremor are two major symptoms of PD. Nevertheless,
cumulative clinical and experimental evidence support
the view that akinesia and rest tremor are not generated
by identical neuronal mechanisms. Following striatal dopa-
mine depletion, many basal ganglia neurons develop syn-
chronous oscillations at the tremor frequency and at their
higher harmonics in addition to in the (3 range. However,
the PD tremor does not strictly follow the basal ganglia

Figure 3
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Simulated analog signals and their power spectrums. The analog signal (left column) is composed of a pure sinus wave plus its derivative
(cosine function with the same frequency). K1 and K2 are scaling factors of the relative weights of the sinus and its derivate (cosine) function.
The scaling factors were chosen to normalize all peak-to-peak amplitudes to the same value.

Current Opinion in Neurobiology 2006, 16:629-637

www.sciencedirect.com



Basal ganglia oscillations and pathophysiology of movement disorders Rivlin-Etzion, Marmor, Heimer, Raz, Nini and Bergman 635

oscillatory activity. The recent demonstration of anatomi-
cal connections between the cerebellum and the basal
ganglia, at the cortical, striatal and brainstem levels might
suggest that the cerebellum is associated with the move-
ment disorders classically described as basal ganglia dis-
orders. The crucial role of cerebellar output in the
generation of PD tremor has been demonstrated by lesion
studies and the efficacy of Vim intervention in treatment of
PD tremor. These findings, along with the physiological
studies of the normal basal ganglia indicating that the basal
ganglia do not initiate movements, strengthen the supposi-
tion that the abnormal synchronous oscillations in the basal
ganglia provide noisy input to the frontal cortex, and hence
lead to PD akinesia. In contrast to the akinesia, we suggest
that PD tremor (Parkinson’s ‘shaking’) is the result of
compensation mechanisms generated downstream of the
basal ganglia in order to compensate for PD akinesia
(‘palsy’). This hypothesis is in accordance with the fact
that T-subtype PD is slower to progress than AR-subtype
PD, and with the late appearance of the tremor in the
MP'TP-treated monkeys. Moreover, the peripheral feed-
back from the tremulous body segments might interrupt
the noisy activity of the basal ganglia cortical networks in a
similar manner to subcortical DBS or lesions. Future
studies of the complex neural network of the basal ganglia
and their related neuronal structures will hopefully shed
more light on their role and function in health and disease.

Acknowledgements

This research was supported in part by a Center of Excellence grant from
the Israel Science Foundation (ISF) and the ‘Fighting against Parkinson’
Foundation of the Hebrew University Netherlands Association (HUNA).
We thank E Singer for critical reading and language editing.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Parkinson J: An essay on the shaking palsy. London: Sherwood,
Neely and Jones; 1817.

2. Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD,
Leimpeter A, Bloch DA, Nelson LM: Incidence of Parkinson’s
disease: variation by age, gender, and race/ethnicity.

Am J Epidemiol 2003, 157:1015-1022.

3. Farrer MJ: Genetics of Parkinson disease: paradigm shifts and

e  future prospects. Nat Rev Genet 2006, 7:306-318.

An excellent review of the current view of the complex, multi-factorial
heritable basis of PD.

4. Benmoyal-Segal L, Soreq H: Gene-environment interactions in
sporadic Parkinson’s disease. J Neurochem 2006, 97:1740-
1755.

5. Jellinger KA: Pathology of Parkinson’s disease. Changes other
than the nigrostriatal pathway. Mo/ Chem Neuropathol 1991,
14:153-197.

6. Elble RJ, Koller WC: Tremor. The Johns Hopkins University Press;
1990.

7. Deuschl G, Raethjen J, Baron R, Lindemann M, Wilms H, Krack P:
The pathophysiology of parkinsonian tremor: a review.
J Neurol 2000, 247(Suppl 5):V33-V48.

8. Jankovic J, McDermott M, Carter J, Gauthier S, Goetz C, Golbe L,
Huber S, Koller W, Olanow C, Shoulson | et al.: Variable
expression of Parkinson’s disease: a base-line analysis of the
DATATOP cohort. The Parkinson Study Group. Neurology 1990,
40:1529-1534.

9. Rajput AH: Clinical features of tremor in extrapyramidal
syndromes. In Handbook of Tremor Disorders. Edited by Findley
LJ, Koller WC. Marcel Dekker, Inc.; 1995:275-291.

10. Tolosa ES, Marin C: Medical management of parkinsonian
tremor. In Handbook of Tremor Disorders. Edited by Findley LJ,
Koller WC. Marcel Dekker, Inc.; 1995:333-350.

11. Paulus W, Jellinger K: The neuropathologic basis of different
clinical subgroups of Parkinson’s disease. J Neuropathol Exp
Neurol 1991, 50:743-755.

12. Hunker CJ, Abbs JH: Uniform frequency of parkinsonian resting
tremor in the lips, jaw, tongue, and index finger. Mov Disord
1990, 5:71-77.

13. Raethjen J, Lindemann M, Schmaljohann H, Wenzelburger R,
Pfister G, Deuschl G: Multiple oscillators are causin
parkinsonian and essential tremor. Mov Disord 2000, 15:84-94.

14. Ben-PaziH, Bergman H, Goldber JA, Giladi N, Hansel D, Reches A,
Simon ES: Synchrony of rest tremor in multiple limbs in
Parkinson’s disease: evidence for multiple oscillators.

J Neural Transm 2001, 108:287-296.

15. Machado A, Rezai AR, Kopell BH, Gross RE, Sharan AD,
ee Benabid AL: Deep brain stimulation for Parkinson’s disease:
Surgical technique and perioperative management.
Mov Disord 2006, 21:5247-S258.
An updated description of surgical techniques and patient management
during deep brain stimulation (DBS) surgery for advanced PD. Since
1993, there have been more than 35 000 DBS implants at more than 500
medical centers worldwide. This is part of a comprehensive review
composed of nine manuscripts written by international experts in the
field, published as Supplement 14 to volume 21 of Movement Disorders.

16. Stein JF, Aziz TZ: Does imbalance between basal ganglia and
cerebellar outputs cause movement disorders? Curr Opin
Neurol 1999, 12:667-669.

17. Jenner P, Marsden CD: Neurochemical basis of parkinsonian
tremor. In Movement disorders: tremor. Edited by Findley LJ,
Capildeo R. Oxford University Press; 1984:305-319.

18. Wilms H, Sievers J, Deuschl G: Animal models of tremor.
Mov Disord 1999, 14:557-571.

19. Burns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM,
Kopin IJ: A primate model of parkinsonism: selective
destruction of dopaminergic neurons in the pars compacta of
the substantia nigra by N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Proc Natl Acad Sci USA 1983, 80:4546-4550.

20. Pifl C, Schingnitz G, Hornykiewicz O: Effect of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine on the regional distribution
of brain monoamines in the rhesus monkey. Neuroscience
1991, 44:591-605.

21. Bergman H, Wichmann T, Karmon B, DeLong MR: The primate
subthalamic nucleus. Il. Neuronal activity in the MPTP model
of parkinsonism. J Neurophysiol 1994, 72:507-520.

22. Raz A, Vaadia E, Bergman H: Firing patterns and correlations of
spontaneous discharge of pallidal neurons in the normal and
the tremulous 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
vervet model of parkinsonism. J Neurosci 2000, 20:8559-8571.

23. Heimer G, Rivlin-Etzion M, Bar-Gad |, Goldberg JA, Haber SN,

. Bergman H: Dopamine replacement therapy does not restore
the full spectrum of normal pallidal activity in the 1-methyl-4-
phenyl-1,2,3,6-tetra-hydropyridine primate model of
parkinsonism. J Neurosci 2006, 26:8101-8114.

A recent study of the tremor, synchronous oscillations and bursts in the

GPe and GPi of normal and MPTP-treated rhesus and vervet monkeys.

24. Hoshi E, Tremblay L, Feger J, Carras PL, Strick PL:
ee The cerebellum communicates with the basal ganglia.
Nat Neurosci 2005, 8:1491-1493.
Using the novel technique of transneuronal transport of the rabies virus,
this manuscript describes a newly discovered communication pathway

www.sciencedirect.com

Current Opinion in Neurobiology 2006, 16:629-637



636 Motor Systems

from the cerebellum to the input stage of the basal ganglia. Previous
studies by the same group revealed interactions between the cerebellum
and the basal ganglia output at the level of the frontal cortex, and other
studies have suggested such an interaction at the level of the brainstem.
The novel findings of this study reveal that close association between the
basal ganglia and the cerebellum also exists at the level of the input stage
of the basal ganglia — the striatum.

25. Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN,
Monsma FJ Jr, Sibley DR: D1 and D2 dopamine receptor-
regulated gene expression of striatonigral and striatopallidal
neurons. Science 1990, 250:1429-1432.

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

27. Wang Z, Kai L, Day M, Ronesi J, Yin HH, Ding J, Tkatch T,
ee Lovinger DM, Surmeier DJ: Dopaminergic control of
corticostriatal long-term synaptic depression in medium spiny
neurons is mediated by cholinergic interneurons. Neuron 2006,
50:443-452.
Many previous studies have shown that activation of dopamine receptors
can induce long-term potentiation (LTP) or long-term depression (LTD) in
the cortico-striatal synapses. However, the role of dopamine D1 and D2
receptors in cortico-striatal plasticity was considered incompatible with
their differential distribution to the direct and indirect pathway striatal
neurons. Wang et al. show that the D2 dependence of LTD is not
mediated by dopamine receptors of the striatal projection medium-spiny
neurons. Rather, this plasticity is achieved through dopamine-induced
changes in the release of acetylcholine by the cholinergic interneurons of
the striatum. Besides providing a coherent hypothesis for the role of D1
and D2 dopamine receptors in cortico-striatal plasticity, this paper high-
lights the crucial role played by the cholinergic interneurons in the
physiology of the striatum.

28. Graybiel AM: The basal ganglia: learning new tricks and loving
ee it. Curr Opin Neurobiol 2005, 15:638-644.

An excellent review of the current models and views on the role of the
basal ganglia in reinforcement learning. A short review of current models
of the basal ganglia is followed by a series of queries facing this field.

29. Levesque M, Parent A: The striatofugal fiber system in
ee primates: a reevaluation of its organization based on
single-axon tracing studies. Proc Natl Acad Sci USA 2005,
102:11888-11893.
Neurons located in either striosomes or the extrastriosomal matrix in
squirrel monkeys were injected with biotin dextran amine, and their labeled
axons were entirely reconstructed with a camera lucida. 24 of 27 recon-
structed axons arborized into the three main striatal targets (GPe, GPi and
SNr), in sharp contrast with the predictions of the direct-indirect model of
the basal ganglia circuitry. Future studies should reveal whether or how the
key concept of the direct or indirect basal ganglia, originally described in
rodent studies, should be incorporated with these new primate findings.

30. Nadjar A, Brotchie JM, Guigoni C, Li Q, Zhou SB, Wang GJ,
Ravenscroft P, Georges F, Crossman AR, Bezard E: Phenotype of
striatofugal medium spiny neurons in parkinsonian and
dyskinetic nonhuman primates: a call for a reappraisal of the
functional organization of the basal ganglia. J Neurosci 2006,
26:8653-8661.

31. Nambu A: A new dynamic model of the cortico-basal ganglia
loop. Prog Brain Res 2004, 143:461-466.

32. Feger J, Bevan M, Crossman AR: The projections from the
parafascicular thalamic nucleus to the subthalamic nucleus
and the striatum arise from separate neuronal populations: a
comparison with the corticostriatal and corticosubthalamic
efferents in a retrograde fluorescent double- labelling study.
Neuroscience 1994, 60:125-132.

33. Bolam JP, Hanley JJ, Booth PA, Bevan MD: Synaptic
organisation of the basal ganglia. J Anat 2000, 196:527-542.

34. Koos T, Tepper JM: Inhibitory control of neostriatal projection
neurons by GABAergic interneurons. Nat Neurosci 1999,
2:467-472.

35. Crutcher MD, DeLong MR: Single cell studies of the primate
putamen. ll. Relations to direction of movement and pattern of
muscular activity. Exp Brain Res 1984, 53:244-258.

36. Alexander GE, Crutcher MD: Preparation for movement: neural
representations of intended direction in three motor areas of
the monkey. J Neurophysiol 1990, 64:133-150.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Delong MR: Activity of pallidal neurons during movement.
J Neurophysiol 1971, 34:414-427.

Anderson ME, Horak FB: Influence of the globus pallidus on arm
movements in monkeys. lll. Timing of movement-related
information. J Neurophysiol 1985, 54:433-448.

Mink JW, Thach WT: Basal ganglia motor control. Il. Late
pallidal timing relative to movement onset and inconsistent
pallidal coding of movement parameters. J Neurophysiol 1991,
65:301-329.

Schultz W: Activity of pars reticulata neurons of monkey
substantia nigra in relation to motor, sensory, and complex
events. J Neurophysiol 1986, 55:660-677.

Mink JW, Thach WT: Basal ganglia motor control. I.
Nonexclusive relation of pallidal discharge to five movement
modes. J Neurophysiol 1991, 65:273-300.

Horak FB, Anderson ME: Influence of globus pallidus on arm
movements in monkeys. l. Effects of kainic acid-induced
lesions. J Neurophysiol 1984, 52:290-304.

Mink JW, Thach WT: Basal ganglia motor control. lll. Pallidal
ablation: normal reaction time, muscle cocontraction, and
slow movement. J Neurophysiol 1991, 65:330-351.

Kato M, Kimura M: Effects of reversible blockade of basal
ganglia on voluntary arm movement. J Neurophysiol 1992,
68:1516-1534.

Mink JW: The basal ganglia: focused selection and inhibition of
competing motor programs. Prog Neurobiol 1996, 50:381-425.

Miller WC, DeLong MR: Altered tonic activity of neurons in the
globus pallidus and subthalamic nucleus in the primate MPTP
model of parkinsonism. In The Basal Ganglia Il. Edited by
Carpenter MB, Jayaraman A. Plenum Press; 1987:415-427.

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

Hutchinson WD, Levy R, Dostrovsky JO, Lozano AM, Lang AE:
Effects of apomorphine on globus pallidus neurons in
parkinsonian patients. Ann Neurol 1997, 42:767-775.

Merello M, Balej J, Delfino M, Cammarota A, Betti O, Leiguarda R:
Apomorphine induces changes in GPi spontaneous outflow in
patients with Parkinson’s disease. Mov Disord 1999, 14:45-49.

Filion M, Tremblay L, Bedard PJ: Effects of dopamine agonists
on the spontaneous activity of globus pallidus neurons in
monkeys with MPTP-induced parkinsonism.. Brain Res 1991,
547:152-161.

Papa SM, DeSimone R, Fiorani M, Oldfield EH: Internal globus
pallidus discharge is nearly suppressed during levodopa-
induced dyskinesias. Ann Neurol 1999, 46:732-738.

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

Boraud T, Bezard E, Bioulac B, Gross CE: From single
extracellular unit recording in experimental and human
Parkinsonism to the development of a functional concept
of the role played by the basal ganglia in motor control.
Prog Neurobiol 2002, 66:265-283.

Pessiglione M, Guehl D, Rolland AS, Francois C, Hirsch EC,
Feger J, Tremblay L: Thalamic neuronal activity in dopamine-
depleted primates: evidence for a loss of functional
segregation within basal ganglia circuits. J Neurosci 2005,
25:1523-1531.

Goldberg JA, Boraud T, Maraton S, Haber SN, Vaadia E,
Bergman H: 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 2002,
22:4639-4653.

Boraud T, Bezard E, Bioulac B, Gross CE: Dopamine agonist-
induced dyskinesias are correlated to both firing pattern and
frequency alterations of pallidal neurones in the MPTP-treated
monkey. Brain 2001, 124:546-557.

Current Opinion in Neurobiology 2006, 16:629-637

www.sciencedirect.com



Basal ganglia oscillations and pathophysiology of movement disorders Rivlin-Etzion, Marmor, Heimer, Raz, Nini and Bergman 637

57. Wichmann T, Soares J: Neuronal firing before and after burst
e discharges in the monkey Basal Ganglia is predictably
patterned in the normal state and altered in parkinsonism.
J Neurophysiol 2006, 95:2120-2133.
It is known that burst discharges in basal ganglia neurons are more
common in PD than under normal conditions, but this study reveals
significant changes in the structure of burst or peri-burst discharge in
the STN, GPe and GPi of MPTP-treated macaque monkeys. Thus,
complex changes in the burst structure, and in burst frequency, might
contribute to abnormal information processing in PD.

58. Wichmann T, Bergman H, DeLong MR: The primate subthalamic
nucleus. lll. Changes in motor behavior and neuronal activity
in the internal pallidum induced by subthalamic inactivation
in the MPTP model of parkinsonism. J Neurophysiol 1994,
72:521-530.

59. Raz A, Feingold A, Zelanskaya V, Vaadia E, Bergman H: Neuronal
synchronization of tonically active neurons in the striatum of
normal and parkinsonian primates. J Neurophysiol 1996,
76:2083-2088.

60. Raz A, Frechter-Mazar V, Feingold A, Abeles M, Vaadia E,
Bergman H: Activity of pallidal and striatal tonically active
neurons is correlated in MPTP-treated monkeys but not in
normal monkeys. J Neurosci 2001, 21:RC128.

61. Hutchison WD, Lozano AM, Tasker RR, Lang AE, Dostrovsky JO:
Identification and characterization of neurons with tremor-
frequency activity in human globus pallidus. Exp Brain Res
1997, 113:557-563.

62. Lemstra AW, Verhagen ML, Lee JI, Dougherty PM, Lenz FA:
Tremor-frequency (3-6 Hz) activity in the sensorimotor arm
representation of the internal segment of the globus pallidus
in patients with Parkinson’s disease. Neurosci Lett 1999,
267:129-132.

63. Hurtado JM, Rubchinsky LL, Sigvardt KA, Wheelock VL,
ee Pappas CT: Temporal evolution of oscillations and synchrony
in GPi/muscle pairs in Parkinson’s disease. J Neurophysiol
2005, 93:1569-1584.
Advanced time-dependent phase correlation techniques were applied to
27 pairs of tremor-related GPi single units and EMG of PD patients
undergoing stereotactic neurosurgery. Analysis using short (2s) sliding
windows shows that oscillatory activity in both GPi oscillatory units and
muscles occurs intermittently over time. There was partial overlap in the
times of oscillatory activity but, in most cases, no correlation was found
between the times of oscillatory episodes in the two signals. Phase-
locking analysis revealed that pallidal oscillations and tremor are punc-
tuated by phase slips, which were classified as synchronizing or desyn-
chronizing. The results of this high-level quantitative characterization of
parkinsonian tremor and pallidal oscillations can be explained by either a
dynamical connectivity structure from the basal ganglia to the periphery
or tremor generators downstream of the basal ganglia.

64. Lenz FA, Tasker RR, Kwan HC, Schnider S, Kwong R,
Murayama Y, Dostrovsky JO, Murphy JT: Single unit analysis of
the human ventral thalamic nuclear group: correlation of
thalamic ‘“tremor cells” with the 3-6 Hz component of
parkinsonian tremor. J Neurosci 1988, 8:754-764.

65. Kuhn AA, Kupsch A, Schneider GH, Brown P: Reduction in

ee subthalamic 8-35 Hz oscillatory activity correlates with clinical
improvement in Parkinson’s disease. Eur J Neurosci 2006,
23:1956-1960.

Previous studies by this group revealed strong 8-35 Hz LFP oscillations in

the subthalamic nucleus (STN) of PD patients. In this study, they report a

reduction in peak activity in the 8-35Hz band with levodopa that is

positively correlated with the improvement in the contralateral akinesia
and rigidity (but not with tremor). A trend towards negative correlations
was found between gamma band LFP power and PD symptoms, sug-
gesting that positive correlations were relatively frequency-specific

66. Wang SY, Aziz TZ, Stein JF, Liu X: Time-frequency analysis
o of transient neuromuscular events: dynamic changes in
activity of the subthalamic nucleus and forearm muscles
related to the intermittent resting tremor. J Neurosci Methods
2005, 145:151-158.
This study implemented a highly advanced dynamic analysis (short-time
Fourier transform and continuous wavelet transform) of the functional
correlation between both neural and muscular activity and the STN LFP
over several episodes of transient resting tremor from a PD patient. A
significant suppression in the power of the STN LFPs in the 8 band (10-
30 Hz) preceded the onset of resting tremor. During the tremor episode
the power at the tremor frequency (3.0-4.5 Hz) in STN LFPs increased
significantly.

67. Timmermann L, Gross J, Dirks M, Volkmann J, Freund HJ,
Schnitzler A: The cerebral oscillatory network of parkinsonian
resting tremor. Brain 2003, 126:199-212.

68. Sharott A, Magill PJ, Harnack D, Kupsch A, Meissner W, Brown P:
Dopamine depletion increases the power and coherence of
beta-oscillations in the cerebral cortex and subthalamic
nucleus of the awake rat. Eur J Neurosci 2005, 21:1413-1422.

69. Kuhn AA, Trottenberg T, Kivi A, Kupsch A, Schneider GH, Brown P:
The relationship between local field potential and neuronal
discharge in the subthalamic nucleus of patients with
Parkinson’s disease. Exp Neurol 2005, 194:212-220.

70. Goldberg JA, Rokni U, Boraud T, Vaadia E, Bergman H: Spike
synchronization in the cortex-Basal Ganglia networks of
parkinsonian primates reflects global dynamics of the local
field potentials. J Neurosci 2004, 24:6003-6010.

71. Schneidman E, Berry MJ, Segev R, Bialek W: Weak pairwise
correlations imply strongly correlated network states in a
neural population. Nature 2006, 440:1007-1012.

72. Pare D, Curro’Dossi R, Steriade M: Neuronal basis of the
parkinsonian resting tremor: a hypothesis and its implications
for treatment. Neuroscience 1990, 35:217-226.

73. Tass P, Rosenblum MG, Weule J, Kurths J, Pikovsky A,
Volkmann J, Schnitzler A, Freund H-J: Detection of n:m
phase locking from noisy data: application to
magnetoencephalography. Phys Rev Lett 1998,
81:3291-3294.

74. Halliday DM, Rosenberg JR, Amjad AM, Breeze P, Conway BA,
Farmer SF: 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 Mol Biol 1995, 64:237-278.

75. Mehta MR, Bergman H: Loss of frequencies in autocorrelations
and a procedure to recover them. J Neurosci Methods 1995,
62:65-71.

76. Rivlin-Etzion M, Ritov Y, Heimer G, Bergman H, Bar-Gad |: Local
shuffling of spike trains boosts the accuracy of spike train
spectral analysis. J Neurophysiol 2006, 95:3245-3256.

77. Gresty M, Buckwell D: Spectral analysis of tremor:
understanding the results. J Neurol Neurosurg Psychiatry 1990,
53:976-981.

www.sciencedirect.com

Current Opinion in Neurobiology 2006, 16:629-637



