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ABSTRACT

Parkinson’s disease is the second most common neurodegenerative disease in the world. The
initial motor symptoms are well controlled with replacement therapy with levodopa. Slowly
over time the patients run into problems both due to the inexorable progression of the disease
and also due to complications of the drugs itself. The two most common disabling
complications that are difficult to treat are levodopa-induced-dyskinesias and dementia.
Although there have been extensive research, the pathophysiology of both these conditions

are still unclear. Unsurprisingly treatment options are limited for both these conditions.

From the dyskinesia research, studies with animal models of Parkinsonism have shown
abnormalities in glutamate neurotransmission but the role of glutamate in causing dyskinesias
in PD patients in still unclear. Using a novel PET tracer [11C]CNS-5161 we demonstrated in
vivo an increased activity of NMDA-glutamate receptors specifically in the motor areas when
levodopa was administered to dyskinetic PD patients. On the other hand non-dyskinetic PD
patients had the opposite effect i.e. reduction of glutamate channel opening with levodopa
administration. Our study implicates glutamate overactivity to be a major factor in causing

LID and supports the use of anti-glutamate agents in PD dyskinesias.

In PD Dementia patients the pathophysiological basis of the disease is still unknown.
Concomitant AD type amyloid pathology, cortical Lewy disease , inflammation and
biochemical neurotransmitter defects have all been thought to cause the disease. Using
specific PET tracers, [11C]-PIB which bind to amyloid , [11C]-PK11195 which bind to
activated microglia associated with inflammation and [18F] FDG which measure neuronal
dysfunction we showed increased cortical microglial activation and glucose utilisation in both
PDD and PD patients but more so in PDD patients implying ongoing disease activity with
inflammation playing an important role relatively early in the disease. The conspicuous
absence of [11C]-PIB uptake in the majority of PD patients makes amyloid pathology quite
unlikely in causing the disease. Our study favours treatment strategies to reduce microglial

activation relatively early in the disease compared to anti-amyloid therapy in PDD.

Thus this research provides a pathophysiological basis for both PD dyskinesias and dementia

and does open up avenues for further treatment strategies.
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MY CONTRIBUTION TO THE TWO STUDIES IN THIS RESEARCH

1. GLUTAMATE NEUROTRANSMISSION IN LEVODOPA-INDUCED
DYSKINESIA STUDY
A. Recruitment of all 18 patients from clinics
8 PD LID (Parkinson’s disease and dyskinesias)
10 PD NLID (Parkinson’s disease without dyskinesias)
2 healthy volunteers

B. Consent and clinical assessment

C. Scanning of each of the 8 PD LID patients (One MRI Brain and Two [11C]CNS5161
PET scans — One ‘off” and one ‘on’ levodopa)
Scanning of each of the 10 PD NLID patients (One MRI Brain and Two
[11C]CNS5161 PET scans — One ‘off” and one ‘on’ scan). Three PD NLID withdrew
consent and so had the MRI and ‘oft” scans only.
Scanning of two healthy volunteers (One MRI Brain and one PET scan each).

D. Analysis of all scans upto the end of kinetic modelling stage with determination of the
rate constants, Binding potential and VVolume of distribution.
(Rank-Shaping regularization of exponential spectral analysis (RS ESA) was done by

Subrata Bose in our group).
2. PARKINSON’S DISEASE DEMENTIA STUDY
Recruitment of 9 Parkinson’s disease dementia patients (PDD) from clinics

Consent and clinical assessment

Neuropsychology assessment

oo wp

Scanning of each of the 9 PDD patients
One MRI Brain, and three PET scans each — (one [11C] PIB, one [18]F
FDG and one [11C] PK11195)

E. Analysis of all scans upto Region of interest analysis.

F. Non-demented PD patients and contorls were studied by Dr P Edison in our
group.
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INTRODUCTION

Parkinson's disease (PD) is the second most common neurodegenerative disorder after
Alzheimer's disease. It is a slowly progressive disease and is a leading cause of disability
suffering worldwide. Parkinson's disease is named after James Parkinson who gave the first
detailed description of the disease in “An Essay on the Shaking Palsy” in 1817. The initial
presentation is usually with a motor disorder of bradykinesia, rigidity, tremor and postural
instability. It was not until the second half of the twentieth century that the pathological basis
of this disease came to light. The loss of the pigmented dopaminergic neurons of the
substantia nigra pars compacta was thought to be the neuropathological hallmark of
Parkinson’s disease and this led to the discovery of Dopamine replacement therapy with
levodopa . It was a revolutionary drug as it improved the motor symptoms dramatically.
Since its introduction in the late 1960s, levodopa has been the most widely used and most

effective drug for the symptomatic therapy of Parkinson’s disease.

However the benefits of this drug are short-lived and chronic treatment leads to
complications of involuntary movements termed 'dyskinesias'. One hand the underlying
disease progresses relentlessly leading to further dopaminergic neuronal cell death with
consequent increased need of dopamine and on the other hand replacement therapy with
levodopa leads to even more problems. All other treatment options with drugs and surgery

either have significant side effects or are invasive.

Another long-term complication of Parkinson's disease is dementia. This is a major non-
motor complication unlike dyskinesia and is not responsive to levodopa treatment. Most
importantly, these PDD patients have a significantly high morbidity and mortality compared
to PD patients without dementia.

Both these complications, dyskinesias and dementia, are very disabling for PD patients and
frustratingly the treatment options are very limited. Over the last two decades a number of
areas of research have been done in both dementia and dyskinesias but with very little

concrete answers.

From the research done in PD dyskinesias, animal studies in rodents and primates there has
been increasing evidence that non-dopaminergic mechanisms are involved in the

pathophysiology of dyskinesias. In particular abnormal glutamate neurotransmission have



been implicated by a number of studies. Using a novel tracer [11C] CNS 5161 PET it is
possible to study the glutamate receptor function. One aim of this dissertation is to investigate

glutamate neurotransmission in PD and study its significance in the causation of LID.

From the research in PD dementia a number of post-mortem studies have found Alzheimer's
type amyloid deposition in PDD brains. Moreover studies in Alzheimer’s disease have shown
that amyloid plaques can be imaged with a special tracer. In addition abnormal glucose
metabolism and inflammatory changes have also shown to be in Alzheimer’s disease and also
in Parkinson’s disease without dementia. These studies have been made possible by the use
of various PET tracers that specifically look at these processes. | also aim to find whether
amyloid load is high in Parkinson’s disease dementia and whether there is abnormal glucose

metabolism and inflammation are present in PDD.

The aims of this dissertation are to

(a) Study the glutamate and adenosine binding in PD LIDs using two novel PET tracers
[11C] CNS 5161 and [11C] SCH442416 which bind to the receptors of the above chemicals

respectively.

(b) Using PET to look at the amyloid binding in PDD and correlate it with glucose

metabolism and inflammation in the same areas.



1.1.1 POSITRON EMISSION TOMOGRAPHY (PET)

1.1.2.1 INTRODUCTION

PET is a powerful and versatile imaging tool which allows in vivo examination of brain
functions. It has made invaluable contribution to neuroscience research by giving us not only
functional information but also quantitative data of cerebral blood flow, metabolism, and
receptor binding. PET science has now gone beyond the boundaries of being used only in the
research context. Its use has overflowed into the clinical domain and is being increasingly
used to help with the diagnosis, monitoring and assessing response to treatment of a number
of neurological conditions. But it’s use in clinical neuroscience is restricted compared to
oncology because of the high costs and need of enormous support facilities of having a

cyclotron, PET scanner and radiochemical laboratories.

PET provides unbiased in vivo measurement of local tracer activity at a very high sensitivity.
This unique property is of this form of imaging gives a distinct and crucial advantage over the
others. When PET was introduced in medicine the first organ of major interest was the brain.
Since then brain PET imaging has been recognised as a powerful and versatile tool in
research whereas it’s potential for clinical use as a diagnostic tool remains unexploited. Brain
PET has been classified as a method of functional imaging. In this area it faces a tough
competition from SPECT and firm which are less expensive and easily available. PET is not
only functional but also quantitative. It provides measurement of physiological parameters
locally in the brain tissue at a spatial resolution far beyond the capabilities of other
techniques. Hence it’s enormous success in the research field. Although functional changes
that precede structural damage can be best demonstrated by PET it is important to note that
these changes are subtle and does depend upon the physiological state of the brain during the
time of the actual study. However when combined with a specific and detailed clinical

assessment this form of imaging can yield extremely valuable information.

PET can measure local physiological processes. It can cerebral blood flow and energy
metabolism which are the basis for using 18F-flouro-2-deoxy-D-glucose (FDG) and 15[O]-

water.

Molecular techniques are now not limited to the test tube and have made their way into the

domain of PET imaging. Many PET tracers bind specifically to certain receptors or
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metabolised by specific enzymes and therefore are well suited for quantifying their activity
and local expression. In the cyclotron facility, positron emitting radionuclides are
incorporated into naturally occurring chemicals, metabolites, pharmaceuticals, or analogs of
such compounds. The regional distribution of the positron-emitting compound is recorded by
PET as a function of time after tracer administration. By simultaneously measuring
radioactivity concentrations in arterial blood and in brain, the dynamic PET recording can be
converted into a parametric image, in which the magnitude of physiological variables in each
image element (voxel) is calculated by means of appropriate tracer kinetic modelling
methods. The studies in the present thesis focused on Parkinson’s disease dyskinesias and
dementia and hence the focus will be in the imaging techniques for these conditions after

going through few basic concepts in PET.

o) () (o)

STRUCTURE

PHYSIOLOGY

METABOLISM

DRUG DISTRIBUTION SPECT

MOLECULAR

PATHWAY S PET

hOLECULAR TARGETY/
RECEPTORS/
BINDING SITES '

Spectrum of medical imaging The sensitivity range covers from millimolar (top) to picomolar (bottom). X-ray, CT and MRI give accurate
structural information with high resolution. Nuclear imaging techniques (PET and SPECT) have lower resolution but offer pharmacokinetic
and pharmacodynamic information.CT, computed tomography; MRI, magnetic resonance imaging; US, ultrasound imaging; MRS,
magnetic resonance spectroscopy; PET, positron emission tomography; SPECT, single photon emission computerized tomography.
Adapted from: Price, P; PET as a potential tool for maging molecular mechanisms of oncology in man; Trends Mol. Med; 2001, 7(10):
442-446

The positron is the anti-particle of electron and its charge is positive. Positrons are emitted
from unstable nuclei which are proton-rich. The spontaneous decay of a positron emitter
produces a positron, which travels a certain distance (depending on its energy) to finally react
with one electron of a surrounding atom. This process is called annihilation; as a result, two
gamma rays are emitted (511 keV each, emitted at 180° to each other, see Figure below). The
generation of these gamma rays is the basis of positron emission tomography. When a tracer
containing a positron emitter is administered to an organism, the high-energy gamma rays
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produced, which have a high penetration power, escape from the body and are detected by
scintillation crystals.

Scintillation is a process by which the energy deposited by the gamma ray is converted to
optical photons. These scintillation photons are collected at the rear base of the crystal and
then converted to an electrical signal and amplified by the photomultiplier tubes.

’/’//
Unstable parent %,
nucleus ”

Proton decays to
neutron in nucleus

¢

PET detector

Neutrino emitted

Positron annihilation reaction

Diagram to show a Positron annihilation reaction - A positron(e+ ) and a neutrino v ¢ are
emitted from the nucleus by the f+ decay
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Picture of the ECAT+ scanner with the flat panel removed

The state of the art positron camera is a complex radiation detection technology product
combined with a relative large computing power for data acquisition and image
reconstruction.

The basic detector in a modern PET camera is a BGO detector block divided into 8x8 sub-
detectors and read out by 4 photomultiplier tubes (PMT). By adding and subtracting the
individual signals of the PMT's the scintillating sub-detector in the BGO block can be
identified.

Around 70 blocks will form a ring and 4 of these rings can be added to get an axial field of
view of approximately 15-16 cm. In this way 31-63 planes are imaged simultaneously with a
spatial resolution of 4-7 mm FWHM depending on the specific design of the tomograph. The
septa between the adjacent sub-detector rings can also be retracted creating a much higher
sensitivity in this 3-D mode at the cost of a larger scatter fraction. With the present generation
of positron cameras the singles count rates that can be managed are in the order of over
50,000,000 counts per second resulting in coincidence count rates of over 500,000 per
second.

13



1.1.2.2 BASIC CONCEPTS OF POSITRON EMISSION TOMOGRAPHY
SPATIAL RESOLUTION :

The spatial resolution depends on the actual detection of the exact LOR along which a
positron emitting radionucleotide can be found. The spatial resolution depends upon the
Positron range, non-colinearity, crystal dimensions and block effects.

a) Range

The range of the emitted positrons is different for each radionuclides. The maximum energy
of the positron emitted is typical for each radioisotope. Since the surplus in energy has to be
divided between the positron and the neutrino there is a continuous energy spectrum for the
positron up to the maximum energy. The mean energy of the positron is roughly 40% of the
maximum energy. So there is always a finite distance between the place of decay and place of
annihilation. For a radionuclide like 18F, with a low maximum energy of 0.635 MeV, the
maximum positron range in tissue (water) is 2.3 mm. The mean range in water is 0.6 mm.
Nearly all other positron emitting radionuclides have a larger maximum energy. It is the
direct distance travelled by the positron from the decaying atom to the location of the
annihilation event. The range is directly proportional to the energy of each emitted positron.
As shown in the graph 18F and 11C are at the lower end of the spectrum of ranges. The mean
range may vary by millimetres but it may be enough to cause a significant error in the
resolution. For 18F contribution of positron range to spatial resolution is ~ 0.15 mm

b) Non-colinearity

Non-colinearity is independent of the PET radionuclide. The two annihilation photons may
deviate from the LOR depending on their momentum as shown in the diagram. The
magnitude of error increases linearly with the diameter of the scanner.

c) Crystal dimensions

The crystals used to detect the incident gamma rays have unique properties that can alter the
resolution of the PET scanner. A better resolution is possible with crystals having these
characteristics

e Higher density

e Higher atomic number
e Shorter decay time

e Higher light output

e (Good energy resolution

14



d) Block effects depend on

Multicrystal response

Two uncorrelated photons are contemporarily detected in two crystals
Scatter inside crystals

The incoming photon is scattered in neighbouring scintillators
Crystal dimensions and depth of interaction

A photon may not be confined and lose its energy also in neighbouring crystals

Spatial resolution is measured as Full width half maximum (FWHM)

FWHM = kg VvFWHMp~ + FWHMy” + FWHM;p” + FWHMp”
FWHM y = Non-colinearity ~1 - 2 mm

FWHM p = Finite dimensions of the crystal ~ 2 - 4 mm

FWHM p = Positron range ~ 0.5—-2 mm

FWHM g = Block effects ~ 2- 3 mm

Characteristics of the scanner used in this research

System Det Axial Res Sens-2D  Sens 3D
(cm) (mm) (kcps/kBg/ml)
ECAT HR+ BGO 15.5 4.6 5.4 24.3

15



The imaging volume is surrounded by a ring (commonly a series of rings) of detectors which
consist of scintillating crystals coupled to photomultiplier tubes (PMTSs). With all PMTs
connected to an annihilation coincidence detection circuit, an annihilation event is endorsed if

two detectors provide signals within a set coincidence time window. For conventional
scanners based on bismuth germanate (BGO) scintillators, a typical time window is 12 ns
(Bushberg et al., 2002) . This length in window is due to a long light decay, which has been

surpassed by a new candidate:LSO (with a decay time 7x shorter and 4x light output).

Dead time

In PET systems there is a minimum amount of time that the system takes to process one piece
of information before going onto the other. This is known as the ‘dead’ time.Since
radioactive decay processes are random it is likely that successive events will occur and these
may not be detected by the system. The dead time will vary between different systems
according to their design and architecture. There are different sources of dead time. One is
the integration time that is the time spent in integrating the charge from the photomultiplier
tubes. So there may be a pulse pile up if the new photon deposits energy in the detector
crystal while the charge from the previous event is being integrated. This might lead to either
a rejection of both events or an altered summation of both. There is also a 'reset' time when
the sub-system is unable to accept any further information. Multiple coincidences occurring
at the same time window may be rejected contributing to the dead time. Processing the
coincidence may also take time during which no new coincidences will be registered leading

to increases in the dead time.

Dead time measurement for a particular scanner can be done by linear extrapolation from the
data of repeated count rate measurements of simple, prompts and randoms with a decaying
source. The simplest technique for dead time correction is by creating a look-up table of
dead time correction factors. But, dynamic spatial variations in source distribution in the
subsets of the scanner preclude the use of this method. Therefore, other sophisticated

methods have been implemented. Dead time correction is done in practice by schemes
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measuring for each sub-system where the "live time" = (acquisition time x [1- fractional dead
time]).

true(extrapolated)

counts —»

true(measured)

activity/ml —»

Diagram to show a method of measuring dead time

% DT : percent dead time
T : measured true events

T extrap : €Xtrapolated true events from low count rate data

NOISE EQUIVALENT COUNT RATE

NEC is the overall ability of the scanner to detect the true events count rate. It defines the true
count rate by accounting for the additional noise from scatter and random events.

RANDOMS AND SCATTERS

True coincidences occur when both photons from an annihilation event are detected by
detectors in coincidence, neither photon undergoes any form of interaction prior to detection,
and no other event is detected within the coincidence time-window.

A scattered coincidence is one in which at least one of the detected photons has undergone at
least one Compton scattering event prior to detection. This results in incorrect positioning of
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the coincidence line. They add statistical noise to the signal. The number of scattered events
detected depends on the volume and attenuation characteristics of the object being imaged,
and on the geometry of the camera.

Random coincidences occur when two gamma rays from two different annihilation reactions
are detected by a detector pair. As with scattered events, the number of random coincidences
detected also depends on the volume and attenuation characteristics of the object being
imaged, and on the geometry of the camera. Random coincidences also add statistical noise
to the data.

In 3D mode the amount of scatter in the signal can become extremely large (Cherry et al
1991, Badawi et al 1996), and accurate scatter correction methods are required.

True coincidences Random coincidences Scattered coincidences

Attenuation correction

Attenuation is the loss of detection of true coincidence events because of their absorption in

the body or due to their scattering out of the detector field of view.

The detected photon pairs are less than the emitted ones due to absorption along the flight. By
using an external positron source the individual attenuation can be measured. From a blank

scan and a transmission scan an attenuation map can be calculated.

The transmission scan can be performed by external sources because of the coincidence
measurement the measured attenuation is independent of the position of the source. To
correct for attenuation a transmission scan is performed with the patient in the scanner prior
to injection of the radiotracer. Rotating 68Ge/68Ga annihilation source of half life 270 d. can
be used as the positron emitting source for the transmission scan which lasts10 minutes. The
count rate is measured for all possible lines of response (LOR), the line along which the

coincidence event occurred. A blank scan is performed on a daily basis prior to any patient

18



scans, and the ratio of blank counts to the transmission counts is yields a correction factor

which can be applied to each line of response.

Attenuation Correction

Blank scan Transmission scan Emission scan

ﬁ LA A

LB\_/

[
External Positron Injected Positron
source Emitter
Measured blank counts Measured trans. Counts Measured Emission counts

{Bm) (Tm}) (Em}

True emission counts= Emx Bm / Tm

Image reconstruction
Corrections for the above are integrated into reconstruction procedures with reasonable

accuracy.

The basis for data normalization is provided by acquisition of a very large number of events
from a phantom filled with radioactivity. The attenuation correction for each LOR is constant
and can be estimated directly by thresholding to determine the head contour or by fitting

transaxial ellipses to the head, which yields reasonable results in brain scanning.
Image reconstruction can be achieved by two approaches- analytical and iterative.
Analytical

Analytical approach is by filtered back projection which is essentially inverting the physical
process of projection of the original events into LOR's. It is commonly implemented by the

use of Fournier transforms and filtering in frequency space. A more advanced and accurate
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technique is Fournier rebinning (FORE) with its relative algorithms which is more
appropriate for 3D image processing. Filtered back projection is a linear method of image

reconstruction.

Iterative processing

A commonly used algorithm is called ordered subsets expectation maximization (OSEM).
OSEM is a non-linear form of image reconstruction. Prior anatomical information with MRI
is used to sharpen contrasts between anatomical compartments. Image noise typically
increases during iterations together with improvements in image contrast, and can lead to
degradation of the quality of image reconstruction. Analysis of statistical image properties
may help to optimise the signal-to-noise ratio in reconstructed images (Buvat et al., 2002).
Iterative reconstruction can optimize spatial resolution by implementing a statistical
maximum a posteriori probability algorithm (MAP) without an increase in noise
(Chatziioannou et al., 2000) .

Motion detection and correction

Head motion is a practical problem for even normal volunteers when scanned for long times
as in our case for 60 - 90 minutes. It reduces image resolution and correction of this problem
is essential in high resolution studies. There are several software packages providing motion
correction for coregistration of multiple frames in kinetic and functional activation studies
(Bloomfield et al.,2003).

Spatial Normalization

Spatial normalisation is a process of matching individual brain anatomy to a template. Brain
atlases based on CT or MRI obtained from normal subjects and registering them in a
common co-ordinate space have been developed by several groups. As there are significant
differences amongst individual groups it is preferable to have atlases based on multiple
subjects rather than single ones. Automatic matching of individual brains to atlas templates is

usually achieved by coregistration procedures that allow for translation and rotation (defined
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by six independent transformation parameters) , scaling along three dimensional axes (adding
three more parameters) and also allowing for linear distortion (affine transformation with 12
more parameters). Non-linear transformations can also be applied to improve coregistration
of cortical landmarks (Grachev et al.,1999). A standard brain that is close to the Talairach
brain atlas and coordinate system was generated from 305 normal MRI brain scans at the
Montreal Neurological institute (MNI). It has then been accepted internationally and is
known as the MNI standard brain and can be used as a template on spatially normalised

brains.
Standardized uptake rate (SUV)

SUV, (also referred to as the dose uptake ratio, DUR) is a widely used, simple PET
quantifier, calculated as a ratio of tissue radioactivity concentration (e.g. in units kBg/ml or
pCi/g) at time T, Cper (T) and injected dose (e.g. in units MBq or pCi/g) at the time of
injection divided by body weight (kg).

Crer (T)
Injected dose/

weight

Instead of body weight, the injected dose may also be corrected by the lean body mass, or
body surface area (BSA)

Advantages - Calculation is simple and does not require blood monitoring
Disadvantages- Use for quantitative studies is limited because of major sources of

variability and unpredictability (Hamberg et al., 1994; Keyes 1995)
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Shortalgorithm for the acquisition of PET data
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Physiological modelling

Quantitative measurement of local tracer activity is done by mathematical modelling of tracer
transfer between compartments. These are done to relate local tracer activity to physiological
and biochemical procedures. Quantitative models usually require data on the arterial tracer
concentration that is available to the brain for uptake — input function. This is done by
continuous arterial blood sampling. This includes insertion of an arterial cannula in the radial
artery. Blood samples of tracers with low peripheral extraction, such as FDG, can be
sampled from a heated dorsal hand vein which provides tracer concentrations close to the

arterial ones but in a much less invasive way.

Tracer concentration within each compartment are denoted by Cx where x denotes the
compartment (commonly used indices are a: arterial, v: venous). The speed of transfer

between compartments are described by transfer rate constants Ki.
K1

It is a composite rate constant which incorporates f1, the flow of plasma to and fro the
capillary bed, the passage across the blood-brain-barrier and the concentration profile of the
tracer in the capillaries. k 2 is also related to blood flow in the same way as K1. It is
reasonable to assume that the ratio of K1/k2 is insensitive to blood flow and also that it is
regionally constant.

k 3 incorporates the concentration of available binding sites and depends on the local BMAX
of the receptor and the concentration and affinity of competing exogenous and endogenous

ligands.
k4 is the dissociation rate constant of the receptor — ligand complex.

Total Volume of Distribution Vp is not affected by the blood flow and can be linearly related

to BP as shown below.

K1
Vo = o

KI ks
VoF+ns) = - (1 +2)

K1

k3 k5)
k2

(1+ 25+

Vb (total) = 't e
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Vb (total)y = Vb F+ns) (1 + T2 BP)

—  Vogow)
fz BP = Vb (F+xs) 1

Plasma Input Models

Plasma input models in PET are often treated as a gold standard (Kety and Schmidt et
al.,1948; Mintun et al., 1984). The impulse response function is a sum of exponentials, with
the rate of delivery from the plasma, K3, given by the initial value of the impulse response
function. For reversible tissue kinetics the total volume of distribution, VD, is given by the

integral of the impulse response function.

For irreversible tissue kinetics the irreversible uptake rate constant from plasma, K, is given
by the final value of the impulse response function. It may be noted that the final value of the
impulse response function is equal to the limiting slope of a Patlak plot (Patlak et al., 1983).
This result, as with the Patlak analysis, is independent of the number of intermediate

reversible tissue compartments.
Reference Tissue Input Models

Reference tissue models have the advantage that no blood measurements are required and
parameters are derived purely from the tomographic tissue data. For reference tissue input
models the general form of the impulse response function (IRF) is a sum of exponentials plus
a delta function term. When there is no significant blood volume contribution to either the
target or reference tissue, the coefficient of the delta function is equal to the relative delivery
of tracer to the target versus the reference tissue . For reversible models in both the reference
and the target tissues the integral of the impulse response function is equal to :}% . If the
target tissue is irreversible and the reference tissue is reversible, the normalised irreversible
uptake rate constant from plasma, V‘% , Is given by the final value of the IRF. If both the

target and and reference tissues are irreversible then the ratio of the uptake rate constants

between the target and reference , X

K'l

, Is given by the integral of the IRF.
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There are few similarities between the reference tissue models and plasma input models but
the most important is to note that, the integral of the IRF is the VD (volume of distribution) in

the input function models whereas for the reference tissue models it is the relative volume of

. . . VD
distribution VD

BP (Binding Potential)

The original definition of binding potential was introduced by Mintun (1984) as the ratio of
Bmax (the maximum concentration of available receptor sites) to the apparent Kp (affinity) of
the free radioligand.

Bp= &
k4

One tissue compartment model

K1 is the speed of transfer of the tracer from blood to the brain tissue which depends on the
property of the transport process and the concentration of the tracer in the arterial blood Ca (t)
which is the input function. It is important to note here that it is the input function of the
plasma which is important and the tracer is not usually taken up by the red cells and if it is
taken up it does not transfer it to the brain tissue. Plasma input function is determined by
centrifugation of the blood sample immediately. From blood to brain tissue the actual tracer
transfer is calculated by the product of k; and C, (t). The same is true for reverse transport
which is the product of k, and Ct (t) (tracer concentration in tissue).

dCt_ 1 ca- k2.t

dt

The simplest compartmental model is the model which has only one tissue compartment. The
most popular application of the single-tissue compartment is blood flow measurement by
310] labeled water and PET based on the Fick principle (Kety et al., 1951).

The single-tissue compartmental model is sometimes enough for many radioligands to

describe their kinetics. The neuroreceptor ligand actually behaves under the two or three
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tissue compartmental model; however, practically one tissue compartmental model is

sufficient to describe the kinetics of the ligand in some cases.

(Koeppe et al., 1991; Watabe et al., 2000)

K1l
Arterial blood Tissue

L J

Cp Cre NS+ 5P

F

k2

One tissue compartmental model

K1
k2

The two tissue compartmental model fits many radioligand tracers well. [**F]JFDG is a typical
example of the two tissue compartmental model. For many neuroreceptor radioligands, rapid
equilibrium between the nonspecific-binding and free compartments can be assumed and the
two tissue compartmental model is enough to interpret the kinetics of the ligand (Watabe et
al.,2006).

Specific
K1l k3 -
binding
Arterial blood —_— Cr+ ns _—
- — <« Csp
k2 k4

Two tissue or three compartmental model

Two tissue or three compartment model (Reversible). This model consists of plasma, free
ligand plus non-specific binding in tissue and specific binding and rate constants k1- k4.
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VD = K1 (1 + k3)
k2 k4

Specific bindin
K1l k3 - =
Arterial blood _— Ck —_— Cxp
C
p
k2 k4
ks k6
Cus

Three tissue or four compartmental model

Three tissue compartmental model or four compartment model (reversible). This consists of
plasma, free ligand in tissue, specific binding and non-specific binding and six-rate constants
(k1 - k6).

K1 k3 k5
vp == )

"2\t ke

To simplify the complex equation in the three compartment model the Cr and the Cys are
often combined together into one compartment on the basis of the assumption that the
equilibrium between the free and non-specific bound tracer is faster compared to the kinetics
of the specific binding. The free fraction (f2) therefore is the fraction of the total tracer (i.e. in
Cr & Cys) in the free state.

Similarly the equilibrium between the free tracer in the plasma and the tracer bound to the
plasma proteins is also rapid. The fraction of the total free tracer in the plasma is denoted as
‘f1°. Also important to note is that both K1 and k2 are dependent on the blood flow and
permeabilily across the blood-brain-barrier (Frey et al., 1987; Gjedde and Wong et al., 1990).

27



Distribution of volume (V7)

The distribution of volume of a radioactive tracer is a factor by which the volume of the
tissue of interest would need to change to maintain the same mass of tracer in the tissue but at
a concentration equal to that in the arterial plasma. In simpler words it is the ratio of the
tissue concentration to the plasma concentration at equilibrium state. At equilibrium state
there is no net transfer of the tracer in between the tissue and blood compartment (Frankle et
al., 2005).

For the three compartment models

V(|: +NS) = %

Also V(|:+ NS) = %

Visp - flci:Pp

Also V sSp = flKl]<—2k1;

The total distribution of volume V7 is the total of Vg+ns) + V sp

T Cad B Gy

(Frankle et al., 2005)

In a receptor-free tissue (i.e. reference region) DV= % . The distribution volume ratio of
2
receptor containing and receptor free regions is, assuming that K1/k2 is equal in both regions.

2 =1+ BP

Kp

DVR= 1+

Unlike DV , the DVR has more applications, since it correlates with the concentration of
available receptors (binding potential BP) and is not dependent on the non-specific binding in

tissue or binding to plasma proteins,

If the metabolite corrected plasma data is available the DV’s can be calculated as described
above from the region of interest and from reference region and then the ratio DVR can be
calculated (Logan et al., 1990)

Irreversible tissue compartmental model
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Specific bindin
K1l k3 - <
Arterial blood — Crs+ns — Csp
A —
Cp
k2

Figure showing anirreversible two tissue model

K1 k3
k2+k3

Reference tissue input models

Many radioligands for neuroreceptor studies use the reference tissue model (Lammertsma.
1996) or its extensions (Edres et al., 2003). These are primarily to avoid the invasive arterial
monitoring. The downside being more assumptions compared to the ones using arterial blood
monitoring. For example, the existence of the specific binding in the reference region result
in an underestimation of specific binding in the target region (Watabe et al., 2006). The target
region and the reference region have the same plasma input function. It uses the C'f, time

activity curve of the reference region as an indirect input function.
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Simple reference tissue input model

Lammerstma and Hume et al., 1996

Cp

CF+ NS +5P

C F+nNs

Full reference tissue model

Cp

Crens

K3

k4

Csp

CFrens

BP.f2=

mk)

K'1

k2
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Irreversible reference tissue model

Target
K1l 3
_— Crens N Csp Ussie
Af——
k2
Cp
Reference
K'1
— CFsns tissue
.‘_
k'2
K1 k3
Kl _ eis
VD K1

Non- compartmental models

There are several methods of analysis of PET data which do not require assumption of the
number of compartments. Instead, they estimate the macro parameters such as the
distribution volume based on common properties among the compartmental models.
Graphical approaches by (Patlak et al., 1983) and ( Logan et al., 1990) estimate the macro
parameter by graphically fitting a straight line to the transformed experimental data.
Graphical methods can be applied to both reversible and irreversibly binding tracers. They
provide considerable ease of computation compared to the optimization of individual model
parameters in the solution of the differential equations generally used to describe the binding
of tracers (Logan et al.,2000). Patlak plot should be applied for irreversible tracer and Logan

plot for reversible tracer (Watabe et al., 2006).

Spectral analysis (Cunnigham et al.,1993; Murase et al., 2003), assumes that the observed

PET data can be described by sets of exponentials as IRF and employs non-negative least
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squares fitting to estimate exponential basis functions. The spectral analysis also supplies

information on the number of compartments.

The basis pursuit denoising (Gunn et al., 2002) extends the concept of the spectral analysis
and permits negative coefficient for the basis functions, facilitating adaptation for the

reference tissue model.
Rank-shaping regularization of exponential spectral analysis (RS ESA)

ESA process uses a non negative algorithm and does not need a defined compartmental
structure. Howebver the disadvantage is that it cannot be used for reference region modeling
because of its positivity constraints. Within Spectal analysis, RS ESA is an Bayesian
development which does take into account the negative frequencies which would have been
otherwise discarded. therefore, it can be be used with a reference input (Turkheimer et al.,
2003, 2007). RS-ESA bridges the gap between the reliability of the estimates obtained by
compartmental models and the flexibility of SA that is computed from non-compartmental
models.

Whereas Reference tissue modeling approaches such as STRM and Reference tissue Logan
plot are used for monocompartmental reference regions, RS ESA can be useful in
situations where the refernce region is multicompartmental (Turkheimer et al., 2012).
RS-ESA can be estimated using it’s implementation in CLICKFIT, an in-house software

toolbox for Matlab (version 6.5, The Mathworks, Natick, MA, USA).( Turkheimer et al.,
2012)

Abbreviations used in this chapter:
VD= Total volume of distribution of the target tissue (mL plasma).(mL tissue) ™
V1 = Total distribution of volume

K1 = Plasma to brain transport constant (mL plasma).min—1(mL tissue). *
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BP = Binding potential (mL plasma).(mL tissue) *

BP.f2 = Product of binding potential and the tissue ’free fraction’ Unitless
KI = Irreversible uptake rate constant from plasma for target tissue (mL plasma).min*
(mLtissue). *

k2 = Brain to plasma transport constant min

k3 = First order association rate constant for specific binding min >
k4 = Dissociation rate constant for specific binding min >
k5 = Association rate constant for non-specific binding min™*

k6 = Dissociation rate constant for non-specific binding min *
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1.1.2.3 PET ISOTOPES

Most commonly used isotopes are carbon-11, nitrogen-13, fluorine-18 and oxygen-15.
Fluorine-18 has a small positron range and its half-life is relatively long (109.8 min) allowing
the preparation of complex molecules with acceptable radiochemical yields. Isotopes like
Carbon-11 because of their shorter half-lives need to have a cyclotron on-site. Carbon-11 can
be obtained from a cyclotron in different chemical forms, depending on the irradiated
material and the environment during irradiation; however, two chemical forms are, by far, the
most commonly used radioactive precursors for labeling molecules: [11C]CO2 (obtained by
irradiating N2/0O2 mixtures) and [11C]CH4 (obtained by irradiation of N2/H2 mixtures).
Nitrogen-13 is obtained by irradiation of water solutions and is usually produced as

[13N]NH4" after irradiation of diluted ethanol aqueous solutions.

Radionuclide Half- Specific Decay Decay Max. Most Max.
life activity mode Product Energy Probable Range
(min) (Ci/mmol) (MeV)  Energy (mm)
min
MeV
x 10° (MeV)
Fluorine-18  109.8 1.71 97 % B* Oxygen- 0.69 0.202 2.4
18
3%EC
Carbon-11 204 9.22 100 % Boron-11  0.96 0.326 4.1
B+
Nitrogen-13  9.98  18.9 100 % Carbon-  1.19 0.432 5.4
B 13
Oxygen-15 205 90.8 100 % Nitrogen- 1.70 0.650 8.0
B 15

Table showing the Physical characteristics of fluorine-18, carbon-11, nitrogen-13 and
oxygen-15. EC: Electronic capture. Adapted from: Welch, M.J; Redvanly, C.S; Handbook of
radiopharmaceuticals: Radiochemistry and applications; Wiley, 2005.
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A radiotracer can be defined as a substance containing a radioactive atom to allow easier
detection and measurement. The physical properties of the radiotracer attributed by the
radioactive atom while the biological profile is determined by the chemical structure of the
molecule attached to the radioisotope.

An ideal PET radioligand needs to have a selected criteria which includes

e high selectivity

e high affinity

e minimal lipophilicity

e good blood-brain-barrier penetration
¢ insignificant metabolism

e lack of pharmacological effect

o safe

e amenability to labelling
Quiality requirements for radiotracers

This includes radionuclidic purity (absence of contamination by other nucleotides), chemical
purity (absence of toxic organic solvents) and radiochemical purity. The pharmacological
quality encompasses sterility, apyrogenicity and, a stable pH and osmolaltiy. If all these
quality requirements are fulfilled then the chances of side-effects related to tracer injection

will be extremely rare.
Specific activity

This parameter is critical for the accurate measurement of saturable biochemical processes. It
indicates the amount of labelled pharmaceutical relative to the total amount of
pharmacologically active (labelled and unlabeled) pharmaceutical (Hume et al.,1998). For
most radiotracers measuring metabolism a specific radioactivity of at least 10 GBg/pumol is
considered standard. For higher affinity receptor ligands this may not be sufficient as even
small amount of the binding drug may occupy a major proportion of the receptors leaving

very little for the labeled drug.
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1.1.2 CLINICAL CONSIDERATIONS : EXTENT OF THE PROBLEM

Parkinson’s disease is the second most common neurodegenerative disease. It is
associated with a significant morbidity and mortality . After fifteen years of disease
duration, more than 70 % would have died and half of those surviving would require

nursing home care (Hely et al., 2005).

Disease Progression and effect of levodopa

Annual rates of deterioration in UPDRS scores in untreated PD as extrapolated from
multiple randomized controlled intervention trials, are between 8- 10 points for the
total UPDRS score and 5 - 6 points for the motor section of this scale (Poewe et
al.,2009). The mean deterioration of motor and disability scores ranged from 2.4 to
7.4% of the maximum possible score per year (Schrag et al., 2007).

But with levodopa treatment there is a degree of improvement particularly in the
early phases of the disease. One group found an annual decrease of UPDRS motor
scores of 3.3 score points in 145 levodopa treated PD patients (Schrag et al., 2007).
One year follow up data showed that the improvement in motor scores were 5.1% in
the patients who were at the early stage of the disease (Hoehn and Yahr, 1-2.5)
compared to a meagre 0.35% for those in the later stage (Hoehn and Yahr stage 3-5)
(Schrag et al., 2007). Earlier studies have also described faster rates of decline of
UPDRS motor scores in the first versus later years of disease. (Bonnet et al., 1987,
Lee et al., 1994). Although this may well represent ceiling effects of the UPDRS,
faster progression of motor impairment in early versus later years would seem
consistent with pathological reports on exponential declines of nigral cell counts in
PD over time. (Greffard et al.,2006; Fearnley et al.,1991).

Mortality in PD

In their seminal article, Hoehn and Yahr found an excess mortality in PD patients
over the age-matched normal population of about three-fold and concluded that
“...the state of parkinsonism severely limits life expectancy.” (Hoehn et al.,1967).
Most studies in the post-levodopa era have found a little improvement but mortality

ratios were still high, ranging between 1.5 and 2.5 (Poewe et al.,1986).
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These studies show the extent and course of Parkinson's disease. It also shows that
levodopa treatment brings some improvement in the symptoms but the underlying
pathology continues.

Complications of levodopa - dyskinesias

In the late 1960°s Yahr et al. wrote that chronic levodopa treatment led two common
motor complications, namely fluctuations and levodopa-induced dyskinesias (Yahr et
al., 1968). Since then a number of clinical studies were undertaken to show the
epidemiology and to some extent the predisposing features of such complications.
The dyskinesias could be best predicted by duration of treatment (Miyawaki et al.,
1997 , Schrag and Quinn, 2000). However, other predisposing factors include
shorter time from symptom onset to initiation of levodopa , younger age of onset
(Kostic et al., 1991; Schrag and Quinn et al.,2000) , longer disease duration,

greater disease severity (Lesser et al., 1979; Tanner, 1996; Parkinson Study Group,
1996 ) and higher doses of levodopa (Barbeau, 1969; Lees and Stern et al., 1981;
Tanner et al., 1985) .

In a study by Schrag and Quinn, a third of the patients receiving levodopa developed
dyskinesias. (Schrag and Quinn,2000). It has been estimated that after initiation of
treatment with levodopa about 10% of patients per year develop motor complications
(Marsden and Parkes, 1977), and about 50% suffer these complications after 5 years
of treatment (Sweet and McDowell, 1975; Dupont et al et al., 1996 ; Lang and
Lozano, 1998). Rates of these complications on levodopa treatment reported in the
literature vary greatly, ranging from 0 to 66% developing dyskinesias during the first
year of treatment (Barbeau, 1969; Brannan and Yahr, 1995), 30% within 2 years
(Parkinson Study Group, 1996), 19 to 80% of patients experiencing fluctuations after
5 or 6 years of treatment with levodopa (Poewe et al et al., 1986; Brannan and Yabhr,
1995) and upto 90% (Rascol et al., 2000). Peak-dose dyskinesias were present in
11% of patients with a treatment duration of 5 years or less, 32% with a treatment
duration of 6-9 years, and 89% of patients with a treatment duration of 10 or more
years. (Schrag and Quinn, 2000). Similar results of have been published by of about
50 series of around 4000 patients in a cumulative study (Table below) (Ahlskog
and Muenter, 2001). Of them few had reported 90 % dyskinesias in more than nine

years of treatment with Levodopa (Hoehn et al.,1983; Cedarbaum et al.,1991)
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Years of levodopa 7-12 13-24 25-35 4-6 9 - 15+

treatment months years years
months years

Weighted by N in each
series (%) 7.0 28.7 26.9 36.2 87.8

Table - Dyskinesias: Median percent of levodopa-treated Parkinson's disease (PD)
patients who experienced dyskinesias after defined intervals of therapy (Ahlskog
and Muenter , 2001)

Dyskinesia prevalence

Schrag &

Cluinn;
100 + Ahlslkog;
a0 1 Rascol;
80 +

Schrag&  Schrag &
70 T+ CR Schrag  Lang & Quinn; Quinn;
60 | DATATOR F”'_"ET & IZJLIIHH anann Ra]put Ahlslkug Ah|5|kgg

40 1

30 1

20 +

10 + I
0

Years after levodopa treatment

Figure 1.1.2 Showing the prevalence of LID from different studies

The mean time from symptom onset to development of fluctuations, as reported by
the patients, was 6.5 (SD = 4.1) years and development of dyskinesias was 6.7 (SD
= 3.1 ) years (Schrag and Quinn ,2000). Longer term follow up studies showed
an initial benefit was followed by a plateau of about 3 years and then a further
period of decrease in function, occurring more rapidly in the later phases (Barbeau

,1969). A very similar result has been reported after 40 years by Lopez et al., 2010
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who observed a significant improvement in UPDRS scores during the first year, then
a progressive decline, more evident after the third year. Motor complications
increased after the third to fourth year from about 50 % to 85 % at the end of the
survey (tenth year ). Yet another clinicopathological study by Rajput reported a 9.8
year old follow-up of 42 patients receiving on an average a meagre 500mg /day of
levodopa had motor complications in 71.4 % of the cases most commonly
dyskinesias in 62% after 6.4 years of treatment (Rajput et al 2002).

In a 6 year follow up study with suboptimal doses of levodopa (less than 500mg/
day) (Poewe et al.,1988) still found 54% patients having dyskinesias proving that
additional mechanisms other than high doses of levodopa are likely to be involved in
causation of LID.

Also important to note is that poor or moderate response to levodopa was associated
with lower quality of life in patients with a disease duration of <5 years or > 10
years (Schrag and Quinn, 2000).

What is striking from the clinical point of view is a distinct pattern of good
response to levodopa , followed by a plateau period of gradual decline and then
complications of LID catapulted to a significantly high level from around the fourth
to seventh year onwards and this is being reproduced by different studies over and

over again.

Expression of dyskinesias

Dyskinesias are broadly divided into two types. The 'on' type is when levodopa is
exerting its antiparkinsonian effect and this includes peak dose chorea, peak dose
dystonia and diphasic type . The 'off' type is when the anti parkinsonian effect of the
drug is no longer active and this type include off dystonia. Peak dose dyskinesias are
the most common type. These are usually choreiform and tend to be less disabling
and less painful. Dyskinesias typically occur in association with high concentrations
of levodopa in the plasma and at a time when the maximum benefit of the drug
happens. Diphasic dyskinesias on the other hand can appear at or just before the
onset of the on response, disappear during the on period and re-emerge as the off
period begins (Olanow,2009). These are typically comprised of large amplitude

stereotypic, rhythmic, and repetitive movements that usually predominate in lower
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limbs, tend to be dystonic or ballistic and sometimes painful, while peak dose
dyskinesias involve more the upper limbs, have a choreic phenotype. Patients can
also experience off-period dystonia's which are usually localised in the legs or
commonly toes (Vidialhet et al.,1999). These are usually painful. It is important to
note that in all forms of 'on’ LID the key abnormality in the basal ganglia circuitry is
enhanced direct pathway related inhibitory influence on the GPi and SNr (Brotchie ,
2005).

LID and Parkinsonian motor signs do not always start in the same body region
(Fabbrini et al., 2009) unlike other reports ( Mones et al.,1971; Horstink et
al.,1990,Vidailhet et al.,1997; Poewe 1998; Grandas et al.,1999).This finding could
reflect that the pathophysiology of LID may be different to PD and could include
mechanisms in adddition to loss of nigrostriatal dopaminergic neurons ( Fabbrini et
al., 2009).
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1.1.3 BASAL GANGLIA ANATOMICAL AND FUNCTIONAL ORGANISATION

Basal ganglia are a group of interconnected nuclei located at the base of the cerebral
hemispheres. The parts belong to the forebrain, diencephalon and the midbrain. The
nuclei comprise of the striatum (caudate and putamen), the globus pallidus externa
(GPe) and pars interna GPi, subthalamic nucleus and the substantia nigra (( pars

compacta ( SNc ) and pars reticulata (SNr)). As shown in the diagram

The classic box and arrow basal ganglia model ( Crossman 1987; Albin et al.,1989;
DeLong et al.,1990) proposes a motor circuit with two output nuclei GPi and SNr
and two input nuclei the striatum and STN. Along with these there are two intrinsic

structures GPe and SNc.

Although some uncertainty remains regarding the degree of segregation between
circuits and whether the circuits are truly closed or partially open, the overall
scheme has been accepted by most researchers and has provided a framework for
understanding the diverse behavioural disturbances clinically evident in disorders of
the basal ganglia and a rational basis for new surgical treatments for some of these
disorders (Delong et al., 2007) .

The striatum and SNc receive topographically organised input from the cerebral
cortex whereas the two output nuclei feed the information back to the cortex via the
thalamus. There is a clear consensus in considering that input to the basal ganglia
from different cortical areas terminates within specific basal ganglia territories,
which are connected to similarly specific portions of the thalamus. These thalamic
nuclei in turn feedback to the specific areas in the cortex from where the cycle
originated (Alexander et al., 1986; Kelly and Strick, 2004; DeLong and Wichmann,
2007).

The striatum receives massive cortical excitatory inputs and is densely innervated by
dopamine from the SNc. Additional input to the striatal direct pathway neurons
comes from the intralaminar nuclei of the thalamus (i.e. the centromedian and

parafascicular nuclei)

In the striatum, the major neuronal population is represented by medium spiny
neurons (MSNs), accounting for almost 95% of total striatal cells (Kemp and Powell,

1971). MSNs use y-amino-butyric acid (GABA) as a inhibitory neurotransmitter
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(Kita and Kitai, 1988).The striatum forms two major populations of projection
neurones - the direct pathway and the indirect pathway which differ in the
expression of the receptors that mediate the effect of dopamine. The striatonigral
MSN's that project to the GPi and SNr express D1 receptors and form the direct
pathway whereas the striatopallidal neurons projecting to the GPe and STN express
D2 receptors and form the indirect pathway. The former pathway is monosynaptic,
GABA ergic and is inhibitory and the latter is polysynaptic and provides a net
excitatory effect. The GPi and SNr neurons give rise to GABAergic projections,
which because of their high discharge rate tonically inhibit thalamocortical
projection neurons in the ventral anterior, ventrolateral, and intralaminar nuclei of

the thalamus, as well as brainstem neurons.

The STN is an important control structure of the basal ganglia circuits , being the
only glutamatergic nucleus of the network (DeLong and Wichmann, 2007). It sends
excitatory inputs to the GPe , the two output nuclei (GPi and SNr), the ventral
thalamic nuclei nuclei (Nauta and Cole, 1978; Rico et al et al., 2010). It has
reciprocal connections with the PPN and cerebral cortex. With inputs from the
cortex and the thalamus (Wilson et al., 1983; Sadikot et al., 1992; Feger et al., 1994;
Lanciego et al., 2004; Castle et al.,2005) , the STN is increasingly recognised as a
prime entry point to the basal ganglia circuit probably at par with the striatum itself
(Barroso-Chinea and Bezard , 2010).

In simplistic terms the tonic output arising from this circuit arising from the GPi and
SNr may modulate a particular movement. Increased output from the basal ganglia
circuit could express itself into less movement through inhibition of the thalamo-
cortical pathway whereas decreased basal ganglia output could result in more
movement by disinhibiting the these neurons ( De long et al.,2007). The thalamo-
cortical pathway and the basal ganglia projections can be described metaphorically
as the reins of a horse. If there is increased activity arising from the circuit (i.e.
more pulling force on the reins) the net effect is less movement and vice versa. The
overall orchestration of movement is done by striking a balance between the direct
and indirect pathway . Dopamine does this by regulating it's differential actions via
D1 and D2 receptors. Kravitz et al. have very recently demonstrated the above
function of direct and indirect-pathways using optogenetic approaches (Kravitz et
al., 2010).
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NORMAL STATE BASAL GANGLIA
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Akinetic Parkinson's disease model

Fig_2 AKINETIC_PD_Basal_ganglia_circuits
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In physiological conditions, dopamine exerts a predominantly inhibitory effect on the indirect
pathway and the converse is true for the direct pathway. Therefore when there is dopamine
depletion, the indirect pathway is more active leading to an increased inhibition of the
GABAminergic pathways to the STN which gets disinhibited and leads to increased

inhibition of the thalamocortical drive resulting in less movement.

One important point to note here is that the STN has reciprocal connections with the motor
cortex (Jackson and Crossman., 1981; Nambu et al., 2002; Degos et al.,2008) which keeps
on the barrage of inputs to the MSN's via the corticostriatal pathway (Jellinger, 2000).
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Dyskinetic PD model

DYSKINETIC PD

- CORTEX
STRIATUM
y—
I . =
[ |
D2 O D1=
* OL-dopa =
. | |
GPe O =
i “SNe ™ =
Vv e = THAL
~ -
> sTN - K
= |
| = | DA —
| |
| GABA —
! Yy o
Brainstem |
Spinal cord | GPi/SNr |

Dyskinesia in PD seems to be mediated by alterations in basal ganglia activity that
are the opposite of those occurring in PD (Vidailhet et al., 1999; Obeso et al., 2000;
Boraud et al., 2001).The sequence of events leading to dyskinesias seem to be
overactivity of the direct D1 receptor stimulation followed by excessive inhibition of
the GPi activity which in turn increases the cortical drive ( Wichmann and Delong

et al., 1996, Bezard et al.,2001, Brotchie, 2005).

The basal ganglia circuitry model also predicts that involuntary movements would
result from reduced firing in the GPi. Recording studies have demonstrated that GPi
activity is reduced in monkeys and in patients with PD who have ongoing drug-
induced dyskinesias(De long and Wichmann ,2007).

However, there are few important questions that this model cannot answer. For
instance, lesions of the thalamus do not lead to significant bradykinesia or

akinesia,and lesions of the GPi do not result in dyskinesias, as one would expect if
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reduced pallidal output was sufficient to induce involuntary movements (De long
and Wichmann,2007). These inconsistencies may point towards other mechanisms

involved in basal ganglia function.
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1.1.4 MEDIUM SPINY NEURONES ( MSN )

From the basal ganglia circuitry it is known that there is an increased cortico-striatal drive
resulting in dyskinesias. Medium spiny neurones at the striatum are the receiving end of these
excitatory glutamatergic inputs and play a vital role in LID.

Localisation of the lesion

Recently an experimental study showed levodopa administration in the striatum but neither
GP nor SnR triggered dyskinesias in rodent PD model that were already rendered dyskinetic
following chronic levodopa treatment. Also interesting to note in this study is that simple
addition of GABA or glutamate failed to provoke dyskinesias (Buck et al., 2010). This study

illustrates that the striatum is the main structure involved in the pathogenesis of dyskinesias.

The interface between dopamine and glutamate — Medium spiny neurones (MSN) and

their significance in PD and dyskinesias

The MSN is the primary cell type in the striatum, accounting for 95% of total striatal cells,
and is the major target of inputs from the cortex and thalamus. These MSN's have radially
projecting dendrites which are profusely populated with spines (Wilson & Groves, 1980).In
rats, each MSN has approximately 5000 dendritic spines (Wickens et al., 2007). The nigro-
striate dopamine axons synapse onto the striate MSN's and it is here that they converge with
glutamatergic input from the thalamus and cortex. Most dopaminergic inputs are at the neck
of the dendritic spine and make symmetric points of contact whereas glutamatergic synapses
are made on the heads of these structures and form asymmetric contacts. This convergence of
the dopaminergic and glutamatergic synapses on the MSN spine forms a ' synaptic triad' and
acts like a coincidence detector by which activation of the DA terminal selectively influences
the simultaneously active converging glutamatergic input at the level of individual spines

(Yao et al., 2008). These dendritic spines are remarkably plastic structures and can change
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their shape and number in a timescale ranging from seconds to years (Harms & Dunaevsky
2007; Chen et al., 2009). In patients and animal models of PD a marked decrease in MSN
spine density has been reported (McNeill et al.,1988; Ingham et al., 1989, 1993, 1998;
Arbuthnott et al., 2000; Stephens et al.,2005; Zaja-Milatovic et al.,2005; Day et al., 2006;
Villalba et al.,2009) although there is still controversy whether D2 containing striato-pallidal
neurones are exclusively involved (Villalba & Smith et al., 2010). Spine loss has been shown
to be dependent on Cav1l.3 L-type Ca2+ (Day et al., 2006).

Striatal spine pruning of MSN's in response to dopamine denervation is reversed by
decortication at the M1 primary motor cortex (Garcia et al., 2010). In the same study an
mGIuR2/3 agonist also reversed the spine loss (Garcia et al., 2010), suggesting that

glutamatergic cortical inputs are essential to mediate striatal spine loss in parkinsonism.

In the context of LID two recent studies have shown benefit of anti-glutamate agents in
controlling LID and MSN spine loss (Schuster et al.,2009 ; Soderstrom et al., 2010) and a
correlation of LID with the severity of spine loss (Soderstrom et al., 2010).

Summary

The structural loss of the dendritic spines in the striatal MSNs compromises their filtering
capacity to contain the increased cortico-striatal inputs. The reversibility of the dendritic
spine loss to removal of these afferent inputs and the correlation of LID with the severity of

spine loss shows the importance of the cortico-striatal inputs in LID.
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1.1.5 INDUCTION OF LID AND INTERACTION OF DOPAMINE AND

GLUTAMATE RECEPTORS

Induction process of LID

LID induction or priming is a process by which the brain becomes sensitized in way such that
the initial administration of dopaminergic therapy modifies the response to subsequent
dopamine treatment (Brotchie, 2005). Over time with repeated dopaminergic stimulation the
chances of eliciting LID becomes higher. Although variable most patients go through a curve
of a distinct pattern of good response to levodopa, followed by a plateau period of gradual
decline and then complications of LID catapulted to a significantly high level from around
the fourth to seventh year onwards. The time course of these complications may suggest a
chronic induction process. However the striatum is extremely susceptible to acute doses of
levodopa and hence reports of dyskinesias after a high dose of levodopa (Nadjar et al 2009;
Scholz et al., 2008) are not uncommon in animal models or humans. Anecdotal reports of
temporary dyskinesias have been reported in dopamine agonists when taken in high doses
(Ahmed, 2007).

Following nigral cell degeneration there is failure of exogenous levodopa to keep up a
constant supply of levodopa. This widely viewed concept was the basis for continuous
dopaminergic stimulation (CDS). Although CDS clearly is important in dyskinesia induction
and it does delay the onset of dyskinesias but eventually these complications do evolve (Nutt
et al., 2007; Constantinescu et al., 2007; Hauser et al., 2007). The failure of exogenous
dopamine to maintain a constant dopaminergic level is due to combination of factors
including dopaminergic neuronal cell loss, abnormal pharmacokinetic profile of levodopa in
terms of its short half-life and absorption characteristics and abnormal mechanisms in the
storage and clearance of dopamine in the synaptic cleft. This leads to a fluctuating dopamine
level in the system which leads to LID. It is important to note here that dopamine
transmission involves volumetric as well as synaptic and is slower compared to glutamate
which is predominantly synaptic and exhibits faster kinetics. (Rice. & Cragg et al., 2008).
Therefore, exogenous administered levodopa leads to sudden boosts in dopamine levels but
fails to maintain the tonic level. Both dopaminergic denervation and a pulsatile dopamine

stimulation are prerequisites for LID.
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The priming process of LID has now been thought to involve significant alterations of
dopamine D1 and glutamate receptors which are considered essential in addition to the above.
The increased sensitivity of post-synaptic dopamine receptors (predominantly D1), which are
stimulated along with increased glutamatergic input, leads to changes in a number of
processes which predispose to LID (Calabresi et al., 2010). These processes include changes
to the dopamine and glutamate systems, downstream signalling processes etc that are detailed
in the later sections. In particular striatal glutamatergic system take the centre stage,
following dopamine denervation, in driving the induction process of dyskinesias (Jellinger et
al., 1999; Jenner et al., 2008).

Dopamine receptors

These are of two main classes D1 like dopamine receptors (D1,D5) and D2 Like dopamine
receptors (D2, D3, D4). They are all the dopamine receptors are G protein -coupled receptors
(GCPR's) whose signaling is primarily mediated by interaction with and activation of GTP
binding proteins. These two classes of dopamine receptors may a significantly important part
in the modulation of neurones as they potentially have reciprocal functions. .

Glutamate receptors

These are of two types inotropic and metabotropic. The inotropic glutamate receptors include
the alpha- amino-3 hydroxy-5-methyl-4-isoxazoleproprionic acid receptors (AMPARS),
kainate and N-methyl-D-aspartate receptors (NMDARS). NMDARs are tetramers typically
composed of two obligatory NR1 subunits and two NR2 subunits (NR2A-D) and, less
commonly, include a NR3 (NR3 A & B) subunit. (Cull-Candy and Leszkiewicz, 2004; Liu et
al., 2004; Morishita et al., 2007). NR2 subunits are key determinants of NMDAR channel
properties and signaling. NR1/NR2A di-heteromers have higher peak open probability upon
activation and possess shorter rise and decay times than receptors containing NR2B (Erreger
et al., 2005). Conversely, NR1/NR2B di-heteromers have slower decay kinetics and exhibit a
strong interaction with Ca2+/calmodulin-dependent protein kinase type 11 (CaMKII) (Barria
and Malinow, 2005). LTP being closely linked to NMDAR-dependent Ca2+ influx and
CaMKII is probably more associated with NR2B (Shepherd and Huganir, 2007).

NMDAR are the only ligand-gated ion channels which have a voltage -dependent blockade

by magnesium ion. The NMDAR require two agonists, glycine and glutamate, for activation
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(Paoletti et al., 2007). When this double channel activation occurs together with a significant
depolarising current, the ion channel opens after the magnesium ion is expelled and permits
the calcium channel into the cell (Scheggenburger ,.1993, Skeberdis et al.,2006). The
calcium then functions as a second messenger to modulate synaptic strength and alters

neuronal function.

NMDAR activation leads to an excitatory post synaptic potential which is slow in both its
rise and decay compared to AMPAR. So glutamate neurotransmission begins with a fast
response generated by AMPAR ( sodium influx ) followed by a membrane depolarization
which changes the membrane potential to allow NMDAR channels to open and permit
calcium into the neuron to elicit long-term changes. During basal excitatory synaptic
transmission AMPAR's provide the excitatory postsynaptic excitatory potentials (EPSPs).
NMDAR's contribute to the EPSP only when the membrane is significantly depolarised by
repeated activation by AMPARs which relieves the magnesium block.

Metabotropic glutamate receptor family (mGIuRs); these G protein-coupled receptors
(GPCRs). mGIuR's have dual role of inhibitory as well as facilitatory functions and are
located both pre and post-synaptically. There are eight subtypes of mGIuRs, which are
divided into three groups according to their sequence homology, ligand-binding profile, and
G protein-coupling specificity (Conn and Pin, 1997, Pin and Acher, 2002) . Group | mGluRs
are mGIuR1 and 5, which couple to Gq to activate phospholipase C, raise intracellular Ca2+
levels, and activate protein kinase C. Group Il consists of mGIuR2 and 3, which are coupled
to Gi/o, and mediate the inhibition of adenylyl cyclase. Group 111 mGIluRs consists of
mGIluR4, 6, 7, and 8. These also signal through Gi/o, are located presynaptically and

function principally to inhibit neurotransmission.

AMPA receptors are ionotropic glutamate receptors comprised of 4 different subunits
GluR1-4 (or GIuR-A through D) that assemble to form a functional receptor channel
(Nakanishi et al., 1990; Wenthold et al., 1992, 1996). These receptors are the major mediators

of fast glutamatergic excitatory synaptic transmission in the central nervous system.
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Changes in dopamine system

There are changes in dopamine system in an attempt to increase its availability but the

underlying neurodegenerative process continues. These changes are listed below:
Presynaptic

e Increased dopamine synthesis by surviving neurones (Zigmond et al., 1990) as well
as by serotonergic systems (Carlsson et al., 2009; Carta et al., 2007)

¢ Involvement of other neurotransmitters endocannabinoid systems, cholinergic systems
(Kopin, 1993) and Adenosine (A2A)*

e Reduced transporter uptake (discussed in later sections)

e D2 inhibition

Post synaptic

e Decreased internalization of D1 receptors (Guigoni. 2007; Gainetdinov. 2004)

e Increased expression of dopamine D1 receptors (Aubert. 2005; Guigoni, 2007;
Berthet et al., 2009) and glutamate receptors

e Increased sensitivity of dopaminergic receptors (Nutt et al., 1990; Aubert et al., 2005)

e Increased both canonical and non-canonical DA signaling (Cenci & Konradi et
al.,2011)

e Increased NMDA stimulation * (discussed in later sections)

e Reduced expression of negative signaling modulators (Guigoni 2007 et al., Guigoni et
al.,2009)

e Altered Synaptic plasticity

e Altered basal ganglia output

*both (pre& post-synaptic)

Internalization of dopamine receptors and importance in LID

Dopamine receptor inactivation includes phosphorylation by G protein coupled kinases

(GRK) followed by binding to arrestin which blocks further G protein mediated signaling
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and subsequently leads to receptor internalization. Following internalization these receptors
can be trafficked to lysosomes, where they are ultimately degraded, or to recycling
endosomes for recycling back to the cell surface in the functional process of resensitization
for another round of signaling. (Stephanie et al., 2009). Increased internalization of D1
improves dyskinesias by G protein-coupled receptor kinase 6 which controls desensitization
of the D1 receptor (Guigoni et al., 2009; Ahmed et al., 2010).

Inhibition of D2 receptor internalisation by RGS9-2 also helps LID (Celver et al., 2010)

Changes in Glutamate receptors:

Inotropic glutamate receptor trafficking, targeting and recycling is extremely important in the
context of LID and abnormalities of all these processes have been reported in animal studies.
Changes in subunit composition, subcellular organisation and phosphorylation states in
NMDA have been reported in rodent PD model, non-human primate PD model and human
subjects with dyskinesias (Hallett et al., 2004; Hurley et al., 2005; Gardoni et al.,2006;
Quintana, 2010). The functioning of AMPAR's need a host of proteins and enzymes to
maintain LTD and LTP in the synapses (discussed in LTD and LTP section).

Perhaps the most important of all of these is NMDA stimulation and post-receptor signaling
processes which would drive the processes further. It is interesting at this stage that dopamine
function through D1 receptors become excessive and uncontrolled and the negative

modulators are underplayed.
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1.1.6 SIGNALING PATHWAYS AND LID

The signaling pathways include a canonical and a non-canonical type both of which serve an
important function in the normal state. Dopamine regulates this pathway with the help of a
balance between differential D1 and D2 receptor function and also by a number of

modulating enzymes that keep these pathways in strict spatio-temporal control.
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CAMP---->DARRP 32 pathway or canonical pathway

D1 like receptors increase CAMP levels and activate protein kinase A (PKA) whereas D2 like
receptors decrease the same (Yao et al., 2009; Corvol et al., 2001). cCAMP activates PKA.
This is an energy utilising step which releases PKA which in turn phosphorylates a number of
proteins in signal transduction and regulation of gene expression ( Huff et al.,1997). PKA
phosphorylates DARPP 32 (dopamine and cyclic AMP-regulated phosphoprotein) at Thr 75.
DARPP-32 is a bi-functional signaling protein that inhibits protein phosphatasel (PP1) when
phosphorylated on Thr34 thus promoting the canonical cascade but it inhibits the same
pathway when dephosphoralyted at Thr 75 by Protein phosphatase 2A.

Non-canonical ERK pathway

Phosphorylated DARRP 32 (Thr 75) promotes phosphorylation of ERK via MEK (mitogen-
activated protein kinase/ERK kinase) activation and is modulated by striatal-enriched
phosphatase STEP at this stage (Valjent et al., 2005).

Intranuclear - genetic alterations

Phospho-ERK translocation to the nucleus results in sequential phosphorylation/activation of
mitogen- and stress-activated kinase-1 (MSK1) and histone H3. This, in turn, leads to
chromatin rearrangements and transcription of immediate early genes, such as c-fos (Brami-
Cherrier, 2005; Santini, 2007). A recent has shown that histone phosphorylation is not
exclusively done via D1-ERK-MSK1 pathway (Bertran-Gonzalez et al.,2009). CREB (cyclic
AMP response element-binding protein) activation is by PKA-dependent phosphorylation of
Ser133 and subsequent binding of CREB to CREB-binding protein and transcriptional
activation of genes with CRE (Cole et al., 1995). D1 stimulation also increases Ser133-
phosphorylated CREB via activation of ERK (Brammie-Cherier et al., 2002;Chen et al.,
2006).

Phosphorylated CREB binds to CRE and AP-1 in the promoter region of many genes
including c~fos and opioid precursor genes, preproenkephalin and prodynorphin (Cole et al.,
1995; Konradi et al., 1994).
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Relationship of these pathways with LID

Overactivity in the D1 receptor led cAMP-PKA- DARRP 32 pathway has consistently been
shown following levodopa administration in animal studies both rodent and primate models.
D1 receptor activates the three major products of the signaling pathways AFosB, DARPP-32
and ERK1 & 2 (Nicholas et al.,2008; Berton et al., 2009; Santini et al., 2007, Santini et
al.,2010) through PKA. PKA inhibitor significantly reduced dyskinesias in a rat model (Lebel
et al.,2010). Higher levels of Thr 34 DARPP 32 have been seen in the striatum of dyskinetic
rats (Picconi et al., 2003). cAMP-DARRP32 and ERK are shown to be raised in dyskinetic
non-human primate model (Santini et al., 2010). D1-mediated signaling in ‘direct pathway’
MSN has indeed been shown to play a major role in LID across all animal models (mouse,
Darmopil et al., 2009 ;Santini et al., 2007; rat, Lindgren et al., 2010 ; Westin et al., 2007,
and macaque, Aubert et al., 2005).

Contribution to signaling by the main players D1, D2 and Glutamate receptors:

DA concentration and the mode of release are also important. Phasic release may produce
different effects from tonic release. MSNs are constantly bombarded by cortical inputs and
tonic release of DA filters a sizable percentage of these glutamatergic inputs. Dopamine
through different modulatory routes (D1/D2, cAMP- PKA- DARPP) gates the glutamate

cortico- striatal inputs to the MSN.
D1 — NMDA interactions

D1 receptor activation primarily leads to enhancement of NMDAR responses. This is
mediated by a number of signaling cascades in the striatum. The most prominent
involvement is - PKA — cAMP — DARPP-32 — phosphorylation of NMDAR NR1
subunits and activation of voltage-gated Ca2+ channels, particularly L-type channels
(Cepeda et al., 2009). Another important feature to note here is that D1 effect on NMDA
depend on the state they are in the 'map’ of the action potential curve. If the channel isin a
depolarised or ‘charged' state then D1 stimulation would increase NMDA activity however if
itis in a hyperpolarised state then the opposite i.e. decrease in NMDA activity would happen
(Cantrell et al., 1999; Lavin 2001; Durstewitz et al., 2000). D1 stimulation also enhances the
trafficking of NMDA receptors and the GIuR1 subunit of AMPA receptors to the membrane
in neurons (Dunah et al.,2001). Also important to note that a direct interaction between the
D1 receptor and the NR1a and NR2B NMDA subunits inhibits receptor function
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bidrectionally (Lee et al., 2002). PKA phosphorylates the GIuR1 subunit of AMPA receptors
at Ser845 thus activating AMPA glutamate transmission (Banke et al.,2000). There is
evidence of formation of DIR/NMDAR complexes which has further effects in causing LID
and other clinical effects due to impaired trafficking of both receptors (Fiorentini, 2008;
Missale et al., 2006; Pei et al.,2006 et al.,Nai et al.,2010).

D1-Electrolytes

D1 receptor activation enhances L-type Ca2+currents in medium-sized striatal neurons
possibly via direct phosphorylation of the channel by PKA and inhibition of PP-1 (Surmeier,

1995), causing increased intracellular Ca2+. It also suppresses inward K+ currents.
D2 — NMDA interactions

D2 receptor activation leads to reduction of NMDA currents. In contrast to enhancing effects
of D1 the default mechanism for D2 action is inhibitory (Cepeda et al., 1993). Decreased
CAMP production and PKA activity are the most prominent routes. However activating the
PLC-IP3—Ca2+ cascade (Hernandez-Lopez et al.,2000) and physical coupling between D2
receptors and NR2B subunits ( Liu et al., 2006) also can reduce NMDA currents. D2
enhances inward K+ currents and plays a crucial protective role in order to keep the post-
synaptic membrane hyperpolarised (Wilson and Kawaguchi et al., 1996). In the denervated
striatum state D2 receptors also inhibits glutamate release presynaptically (Bamford et al.,
2004a; Bamford et al., 2004b; Calabresi et al.,1993, Cepeda ,,2004;Yin & Lovinger et
al.,2006).

Very recently it was shown that D2R's reduced glutamate release by both PKA-dependent
regulation of Ca2+ entry through NMDA-type glutamate receptors as well as by produced a
PKA independent reduction in Ca2+ influx through R-type voltage-gated Ca2+ channels
(Higley & Sabatini et al., 2010).

Intranuclear alterations

In rat models with dyskinesia there is large expression of delta fosB and JunD transcription
factors and these correlate with dyskinesias severity (Cau et al., 2010; Cenci et al.,1998;
Andersson et al., 2001). There was increased level of delta-FosB proteins after chronic

treatment with levodopa compared to increase of both delta FosB protiens and JunD proteins
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in the acute phase signifying stability of FosB proteins over time (Valastro et al., 2007). Also
there was a positive regulation of prodynorphin gene expression by FosB-related

transcription factors in dyskinesias in a rat model (Andersson 2001; Pavon et al., 2006).

Calcium regulated and diacylglycerol-regulated guanine exchange factor (CalDAG-GEF)’s
control ERK cascades. Levodopa was shown to atler these CalDAF-GEF proteins and
interestingly the level of alteration correlated with dyskinesias (Crittenden et al., 2009).
Marked deacetylation of histone 4 with phosphorylation of ERK in both rodent and non-
human primate model (Nicholas et al.,2008).The upregulation of these transcription factors

alter the genetic expression to maintain LID.

Persistent activation of the another protein kinase in the ERK pathway - mTOR (mammalian
target of rapamycin) has been shown to be involved in dyskinesias in a mouse model.
Repeated administration of L-DOPA led to a normalization of sensitized mTORC1 signaling.
It appears to result from the inability of the MSNs of the direct pathway to normalize their
response to L-DOPA during the course of chronic administration (Klann 2009 et al., Santini
et al., 2010).

D2 receptors can trigger GSK 3 (glycogen synthase kinase 3) pathway through the formation
of a signal complex of arrestin 2 ,PP2A and Akt (Beaulieu 2005 et al., 2008) and this could
be relevant in LID ( Morrisette et al., 2010) independent of the cAMP- DARPP pathway.

Glutamate changes

Glutamate activates multiple signaling cascades by activation of NMDA/AMPA and
mGlul/5 receptors, leading to the modulation of DARPP-32 phosphorylation and the
regulation of PP-1 and PKA activities (Nishi et al., 2005). NMDA/AMPA and mGlu5
receptors in nNOS-positive interneurons stimulate the synthesis and release of NO, leading to
activation of protein kinase G (PKG) and leads to DARPP 32 phosphorylation at Thr 34. The
NMDA and AMPA increase Calcium in the cells and this also modulates DARRP 32.
Through the mGIuRS5 activation it activates the DARPP 32( Thr 34 ) system and again
opposes it through mGIuR1. mGIuR5 activates DARPP 32 through two pathways
receptor/PLC/CK1/phospho-Ser-130 DARPP-32 as well as via ERK pathway with some
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synergistic effect from A2A receptors which facilitate the ERK , increases cAMP and also

increase adenosine release presynaptically. (Latini et al., 2001).

There is overwhelming evidence D1 receptors closely interact with glutamate NMDA
receptors in striatal neurons. D1 receptor activation has been shown to enhance trafficking of
NMDA receptor subunits, promoting clustering of NR1 and NR2 subunits with the
postsynaptic density scaffolding protein PSD-95 and enhancing receptor surface expression
(Hallett et al.,2006).

There is altered trafficking of AMPA receptor subunits, increased synaptic recruitment of
AMPA glutamate receptor subunits in levodopa-induced dyskinesia in the MPTP-lessoned
nonhuman primate (Hallett et al., 2005 ; Hurley et al., 2005; Silverdale et al., 2010)

Several phosphorylated substrates are elevated in the dyskinetic striatum. Particularly
important substrates include subunits of NMDA (Chase and Oh, 2000 and Dunah et al., 2000)
and AMPA receptors (Santini et al., 2007), ERK1/2 (Pavon et al., 2006, Santini et al., 2007
and Westin et al., 2007) and the downstream targets of ERK1/2,including molecules involved
in the regulation of protein translation (Santini et al., 2009) and gene transcription (Santini et
al., 2009 and Westin et al., 2007).

Increased striatal glutamatergic activity is implicated in the development and maintenance of
LIDs (Oh et al., 1998; Chase et al., 2000; Calon et al., 2002; Nash et al., 2002; Robelet et
al., 2004).

LID in Parkinson's disease has been linked to altered dopamine and glutamate transmission
within the basal ganglia. Compounds targeting specific subtypes of glutamate receptors
attenuated LID and the associated activation of striatal nuclear signaling mGlur5 antagonist
blocked LID and associated molecular changes (Rylander et al., 2007; Mela et al., 2007).

Very recently Cenci and Konradi have elegantly compiled data from a number of studies
(Andersson et al., 2001; Cenci et al., 1999; Valastro et al., 2007; Westin et al., 2007) and
have reported an increase of a multitude of phosphorylated signaling proteins (namely thr 34
DARPP 32, ERK 1/ 2, MSK 1 and phospho (Ser10) — Acetyl (Lys14) histone 3) after acute
levodopa treatment in all rodents which normalised after subsequent chronic levodopa
treatment in the non-dyskinetics unlike the dyskinetic group. (Cenci & Konradi,.2011).
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Summary

In summary from these signaling molecular studies, there is an abnormal overactivity of the
D1 and NMDA pathway with an increase in the signaling pathways and resulting in a pattern
of more phosphorylation of proteins and a balance in favour of the kinases rather than the
phosphatases both in the extranuclear and nuclear compartments. Chronic levodopa treatment
reverts the phosphorylated products back to the original state in non-dyskinetics only and not
dyskinetics. There is overwhelming evidence of increased D1 receptor signalling via striato-
nigral MSN pathway leading to increased glutamate receptor system stimulation both
ionotropic (NMDA, AMPA) and metabotropic (mGIuR5). From the opposite angle
antagonists of the glutamate system has been shown to reduce LID and the associated

signaling molecules.

60



1.1.7 SYNAPTIC PLASTICITY AND LID

Synaptic plasticity is one of the fields that has been extensively researched in the last decade
in the context of LID's and has contributed greatly to our understanding of the topic. Synaptic
plasticity in simple terms is a mechanism by which neurons can modify the behaviour of the

neural circuits by altering the strength and efficacy of synaptic transmission.

Synaptic transmission can either be enhanced or depressed by activity, and can be short-term
as well as long-term. Indeed repeated activity in synapses and the experience guided
refinements and adaptations to accommodate those activities comprise 'learning’ and hence
these concepts can help understand the molecular changes as well as changes to pathways in

neuronal circuits.

Applying it to the basic basal ganglia circuit, the striatal medium spiny neurons are inundated
with repeated excitatory glutamatergic inputs and it is interesting to know how these adapt

themselves with the processes described above.
Mechanisms of LTP and LTD

There are two main forms of synaptic plasticity are long term potentiation (LTP) and long
term depression (LTD). Both seem to be heavily dependent on dopamine regulation in the
striatal neurons (Calabresi et al., 1992; 1996).

61



Stimulate Record HFS
) —(\ 1 Normal or

6-OHDA + L-DOPA

o

(7]

6-OHDA
& ma: No LTP
e R e - ——— - —— -
d Time (mins)
HFS LFS HFS LFS
= m Dyskinesla
o 48
& Depotentiation & No dyskinesia
L e ——— - - ——— - - - - LU e 0 G . e e o e e e o
Time (min) Time (min)

Figure 1.1.7.1 Long-term potentiation (LTP) and depotentiation in striatal slices from
normal, 6-OHDA lesioned and L-DOPA treated rats. [(S Dunnett et al., Nature Neuroscience
6, 437 - 438 (2003)].

(a) Brain tissue slice cut at an oblique angle to include corticostriatal (glutamate) and
nigrostriatal (dopamine, DA) inputs onto striatal neurons. (b) High-frequency stimulation
(HFS) increases the amplitude of the EPSP and induces LTP at normal corticostriatal
terminals. Eliminating the dopaminergic input to the striatum with 6-OHDA blocks
potentiation, an effect that can be reversed with the anti-parkinsonian drug L-DOPA. (c)
Low-frequency stimulation (LFS, 1-2 min) reverses potentiation to baseline levels, a
phenomenon called depotentiation. (d) Whereas depotentiation is normal in rats that do not

develop dyskinesia, it is blocked in those that do.

This phenomenon underlies the paradigm of long-term potentiation (LTP) in which a short
burst of high frequency synaptic input (15 Hz for 15 sec or 100 Hz for 3 sec) results in
strengthening of excitatory synapses for a prolonged period (hours to days). Long-term
depression (LTD) is the opposite of LTP. It may be experimentally induced by prolonged low
frequency (0.5 to 3 Hz) stimulation of excitatory synapses (Dudek et al., 1994). Explaining it
in the context of NMDA receptor function at a molecular level, high frequency synaptic

inputs may allow the excitatory postsynaptic potentials (EPSP's) generated by AMPAR
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activation to accumulate and build over time. Furthermore NMDAR-dependent increase in
Calcium activates protein kinases, most importantly CaMKII which leads to additional
AMPARSs inserted in the PSD (Citri & Malenka et al.,2008). The new synaptic AMPARs are
tethered by a number of proteins ( TARP-mediated interaction with PDZ ).

Induction of LTD is also NMDAR-dependent and, similar to LTP induction. Mechanism of
LTD is by modest increase ((submicromolar range (Lee et al., 1998)) in postsynaptic calcium
concentration within dendritic spines due to modest activation of NMDARS leads to
preferential activation of protein phosphatases. This leads to untethering of AMPARs from
their molecular scaffolds in the PSD and their lateral movement to endocytic zones followed
by endocytosis and degradation (Citri & Malenka et al.,2008). It is important to note that the
direction of plasticity is controlled by the magnitude of the rise in intracellular Ca2+, with a
large elevation in Ca2+ evoked by a stronger depolarization favours LTP and the opposite is
true for LTD (Harney et al., 2003),

Also the mechanism for reversal of LTP i.e. de-potentiation involves the steps of inducing
LTD.

WHAT DOES THESE MEAN IN PARKINSON'S DISEASE AND DYSKINESIA'S ?

In dopamine denervated experimental models of Parkinson's disease there is loss of these
both neuroplasticity features of LTD and LTP. Using both toxic and genetic models of
Parkinson's disease it was shown that impairment in LTD and LTP induction paralled
dopamine depletion and the clinical onset of the symptoms of the disease (Calabresi et
al.,1992; Goldberg et al., 2005). Interestingly, with replacement of dopamine i.e. treatment
with levodopa LTP expression was restored in the 6-ODHA experimental model of
Parkinson's disease (Picconi et al.,2003; Dunnett et al., 2003). When these levodopa treated
animals were given low frequency stimulus the nondyskinetic group appropriately reversed
the LTP. However dyskinetic group failed to reverse its previously learnt memory of LTP or
in other words failed to depotentiate. Even in the face of "synaptic saturation™ these receptors

continued to potentiate.

This similar abnormal synaptic plasticity i.e. loss of LTP with dopamine depletion and the
ability of L-dopa of restoring physiological plasticity by depotentiating processes selectively
in nondyskinetic subjects have been also demonstrated in PD patients (Morgante 2006,
Prescott, 2009).There are two opposing processes to LTP and LTD include de-potentiation
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and de-depression respectively has been shown to be important in maintaining synaptic
plasticity in striatal neurones (Picconi et al.,2003; Yasui et al.,2005, Picconi, 2011). These are
physiological reversal processes and meant to delete unnecessary information and allow

neurones to reset itself to respond appropriately to a given stimulus.

Striatal LTD is also influenced by several other non-dopaminergic neurotransmitters such as
acetylcholine,nitric oxide and endo-cannabinoids (Wang et al., 2006; Calabresi et al.,2007;
DiFilippo et al.,2009). LTD can also be induced by pre and post synaptic metabotropic

glutamate receptors (Pinheiro and Mulle et al.,2008).

Newer terminologies in synaptic plasticity

Metaplasticity

Metaplasticity is a higher-order form of synaptic plasticity that regulates the expression of
both LTP and LTD through processes that are initiated by cellular activity that precedes a
later bout of plasticity-inducing synaptic activity. Activation by prior synaptic activity and
later expression as a facilitation or inhibition of activity-dependent synaptic plasticity are

fundamental properties of metaplasticity ( Mockett et al., 2008)

Hypothesis for metaplasticity by altering the balance of phosphorylation and
dephosphorylation of NMDARs

+

é NMDAR
de-phosphorylation

NMDAR
phosphorylation

A EPSC amplitude
=

LTD

stimulation frequency

Figure 1.1.7.2 Adapted from Biology of the NMDA Receptor. Van Dongen AM, editor.Boca
Raton (FL): CRC Press; 2009 et al., Taylor & Francis Group, LLC
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While Hebbian plasticity is applicable to individual synapses (Kessels and Malinow, 2009)
metaplasticity can tune and manipulate the threshold of synaptic plasticity to increase
information storage capacity further and enable acquisition of stimulus-selective responses
(Abraham 2008 et al.,; Mockett et al., 2008; Lee et al., 2010)

Metaplasticity is reflected by a right or left shift in the frequency—plasticity relationship.
Kinase-induced enhancement of NMDAR function or number results in production of LTP at
lower stimulation frequencies. Conversely, when the kinase/phosphatase balance is shifted
toward dephosphorylation and suppression of NMDARS, higher stimulation frequencies may
be required to elicit LTP.

Homeostatic synaptic plasticity

Homeostatic synaptic plasticity is a negative feedback mechanism neurons use to offset
excessive excitation or inhibition by adjusting their synaptic strengths. With this type of
plasticity saturated synapses can sense and prevent further potentiation (Pozo & Goda,
2010). A major form of this is "scaling plasticity" which is expressed by scaling up or down
the synaptic transmission appropriately depending on status of network activity (Turrigiano
& Nelson et al., 2004). It is slow, cumulative and dynamic in contrast to LTD or LTP which
are rapidly induced, associative and input specific (Turrigiano, 2008; Pozo et al., 2010 &
Goda). For optimal function both hebbian and non-hebbian types of synaptic plasticity is
needed (Lee etal., 2010) and a classic example of this has recently being reported where
metabotropic glutamate receptors scales down the AMPAR expression both by agonist-

independent and agonist-dependent routes ( Hu et al., 2010)

Homeostatic scaling is a non-Hebbian form of neural plasticity that maintains neuronal
excitability and informational content of synaptic arrays in the face of changes of network
activity. Homeostatic scaling is dependent on group | metabotropic glutamate receptor
activation that is mediated by the immediate early gene Homerla. Homerla is transiently
upregulated during increases in network activity and evokes agonist-independent signaling of
group I mGIuRs that scales down the expression of synaptic AMPA receptors. Homerla
effects are dynamic and play a role in the induction of scaling. Similar to mGIuR-LTD,
Homerla-dependent scaling involves a reduction of tyrosine phosphorylation of GIuA2
(GluR2), but is distinct in that it exploits a unique signaling property of group | mGIuR to

confer cell-wide, agonist-independent activation of the receptor. These studies reveal an
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elegant interplay of mechanisms that underlie Hebbian and non-Hebbian plasticity. (Hu et
al.,2010)

Potentiation (LTP) and depression (LTD) of synaptic strength, can be expressed by the
synaptic insertion or removal of AMPA receptors (AMPARS), respectively (Kessels et al.,
2009)

Homeostatic synaptic plasticity is a negative feedback mechanism neurons use to offset
excessive excitation or inhibition by adjusting their synaptic strengths synaptic changes are
associative, rapidly induced and input specific.Neurons have however developed homeostatic
mechanisms that sense and prevent saturated synapses from undergoing further potentiation
(Pozo et al., 2010)

Synaptic metaplasticity at a single glutamate synapse has been shown to tune plasticity
threshold in response to spontaneous glutamate release presynaptically ( Lee et al., 2010).

Summary

Synaptic plasticity includes a number of processes that are involved with memory and
learning of neurones. The neurones adapt to repeated stimuli in the synapses by experience.
In dopamine denervated state i.e. Parkinson’s disease state the two main plasticity
mechanisms, LTP and LTD fail. However, with chronic levodopa therapy there is recovery of
these two processes. However, in the context of dyskinesias there is a barrage of increased
excitatory cortico-striatal inputs to the MSNSs. In the dyskinetics there is a failure of

depotentiation, which is a process to revert from LTP to LTD.
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1.1.8 IMPORTANCE OF PET IN PARKINSON’S DISEASE AND PARKINSON’S
DISEASE DYSKINESIAS

An accuracy of 90% may be the highest that can be expected with clinical assessment using
current diagnostic criteria of Parkinson’s disease (Hughes. 2001). Definitive diagnosis is only
by demonstration of intraneuronal Lewy body inclusions in the substantia nigra compacta .
PET studies have attracted a huge recognition because of its ability to detect disease much
before the onset of symptoms. Certainly Parkinson's disease is a classic example to detect
preclinical changes. Important to note here are the types of tracers that have been used to
make these studies possible. In PD *®F-Dopa can measure terminal dopa decarboxylase
activity. '®F-Dopa PET shows the uptake and conversion of flourodopa to fluoro-dopamine.
F-dopa crosses the blood-brain-barrier and taken up by the neurons to be converted to flouro-
dopamine by the enzyme aromatic acid decarboxylase. This enzymatic conversion step may
be the rate limiting factor in dopamine synthesis as well as monoaminergic neurones. F-Dopa

isa measure of aromatic acid decarboxylase in these cells.

¥_Dopa PET has shown clinical expression of Parkinson’s disease symptoms occur when
about 50% of dopamine terminal function is damaged in the posterior putamen (Morrish et
al., 1995). In a typical patient with unilateral parkinsonism *F-Dopa could reveal bilaterally
reduced putamen dopaminergic function, with activity being the most depressed in the

putamen contra lateral to the affected limb/limbs ( Brooks et al.,2010).

Although Parkinson's disease is mainly sporadic in onset, 15% of PD patients have a first-
degree relative who has the disease and at least 5% of people are now known to have forms
of the disease that occur due to a genetic mutations. PET can detect dopamine terminal
dysfunction in the asymptomatic relatives of PD patients. *®F-Dopa was used to study 32
members of unrelated familial kindreds of whom 8 showed reduced uptake in the putamen.
Interestingly 3 out of those 8 of them developed clinical parkinsonism in a 5 year follow up
period. (Piccini et al., 1997).

Parkin and PINK 1 gene mutations are most commonly related to early-onset parkinsonism.
While homozygous mutations in recessive PD genes almost invariably cause PD,
heterozygous mutations have been suggested as a susceptibility factor. Compound
heterozygote gene carriers of the Parkin mutation with phenotypically mild symptoms or

even those without symptoms showed significant reductions of striatal **F-Dopa uptake
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(Khan et al., 2002; 2005). Similar subclinical reduction in striatal uptake has been shown in

heterozygous carriers of the PINK1 gene mutation (Eggers et al.,2010).

Mutations of the LRRK2 are the most common known genetic cause for familial and sporadic
PD (Healy et al.,2008). PET studies have identified abnormalities in dopamine transporter
binding in asymptomatic carriers of the LRRK2 mutation (Adams et al., 2005).

Glucose metabolism studies with [*® F] FDG PET (discussed in detail in chapter 2)

[*® F] FDG PET studies can give a measure of resting glucose metabolism and hence,
neuronal activity. Increased glucose metabolism have been demonstrated in the contralateral
lentiform nucleus in patients with early unilateral parkinsonism (Brooks et al., 1993).
Covariance analysis has shown hypermetabolism in the lentiform nucleus and thalamus with
hypometabolism in the frontal ,parietal and parieto-occipital areas in PD patients (Eidelberg

et al.,1994; Brooks et al.,2008).
PET studies of non-dopaminergic neurotransmission

In Parkinson's disease there is loss of serotonergic, cholinergic and non-adrenergic terminals
in addition to dopaminergic terminal loss. With **C-WAY-100635 PET, a reduction in 5-
HT1A receptor binding potential in the median raphe has been demonstrated (Doder et
al.,2005). [*'C] -MP4A (N-11C-methyl-4-piperidyl acetate ) PET and [*'C] -PMP (N-11C-
methylpiperidin-4-yl propionate) PET can be used to study cholinergic function and
employing both tracers a reduction of cholinergic terminals have been shown in PD (Hilker et
al.,2005). [ *'C] -RTI 32 uptake (a marker of norepinephrine [noradrenaline] and dopamine
terminal function) in the thalamus and locus ceruleus of PD patients suffering from

depression (Remy et al., 2005).

Microglial activation (described in detail in chapter 2)

[*C] PK11195 is a marker of microglial activation. Increased binding of this tracer has been
described in PD patients in the brainstem, midbrain, striatum, pallidum and frontal cortex of
advanced PD patients (Gerhard et al.,2004).

68



PET STUDIES IN LID
Presynaptic D1 receptor imaging
¥F- Dopa

'8 F-Dopa studies in PD patients with sustained response to levodopa compared to those with
a fluctuating dose to the drug showed a reduction of 24 % putaminal uptake in the former
compared to the latter group. However there was a considerable overlap in the uptake values
in the two groups making it difficult implicate the putamen as the only site for the

dopaminergic defect. (de la Fuente-Fernandez et al., 2000).
[ ! C]-d-threo-methylphenidate (MP)

The availability/ density of presynaptic dopamine transporters (DAT) can be assessed with
[ * C]--d-threo-methylphenidate (MP) PET tracers.

[ ** C]--dihydrotetrabenazine (DHTBZ)

The type 2 vesicular monoamine transporter (VMAT?2) is the protein responsible for pumping
monoamines from the cytosol into synaptic vesicles. The density of this transporter in

dopaminergic terminals can be measured with [11 C]-dihydrotetrabenazine (DHTBZ) PET.

In a study by Troiano et al., 75 % of patients having both motor fluctuations and dyskinesias
showed a significantly lower putaminal MP/DTBZ ratio than the rest 25 % with motor
fluctuations only (Troiano et al., 2009). This study shows that there is downregulation of
transporter function is an attempt to keep the synaptic dopamine level. Although this study
has given support to the presynaptic theories of dyskinesias, such downregulation of
transporter function is known in PD patients without any motor complications (Lee et al.,

2000). These observations may only reflect disease progression (Vingerhoets et al.,2009).
Post-synaptic D1 receptor imaging
D1 [*C] SCH 23390

D1 [ C] SCH 23390 is a measure of D1 binding in the striatum. It's binding was normal in
de novo PD but patients with on chronic treatment with levodopa show a 20% reduction in
striatal D1 binding. D1 and D2 receptor availability was assessed in PD LID and PDNLID

subgroups. Striatal D1 binding were normal in both groups. The caudate D2 binding was
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reduced approximately 15% in both groups and the putaminal D2 binding was normal.
Although this study ruled out a primary problem in dopamine receptor binding / availability
in causing dyskinesias it did suggest other processes such as non-dopaminergic mechanisms
may be involved (Turjanski et al.,1997).

POST SYNAPTIC D2 RECEPTOR

[ * C] Raclopride binding is a good measure of D2 receptor availability (Brooks,. 2008). It

competes with dopamine to occupy the D2 receptors. So, in denovo PD patients the binding
was increased by 20% (explaining the deficiency of dopamine) initially but then normalised
with six months of dopamine replacement therapy with levodopa ( Playford et al., 1992;
Antonini et al., 1994). Conversely dopamine therapy usually results in a reduction of the

binding of Raclopide.

In a study by Pavese et al. from our group the reduction in Raclopride binding has been
shown to correlate with the clinical improvement of bradykinesia and rigidity in PD patients
with levodopa treatment (Pavese et al., 2006). The reduction in Raclopride binding was found
to be more in advanced PD and also in dyskinetic PD patients. In the PD LID patients, larger
putaminal Raclopride binding changes correlated with the severity of dyskinesia scores
during the scan. Another interesting finding in this study was that patients who had a shorter
time to reach "on" state with levodopa had more reduction in Raclopride binding implying
more of a presynaptic defect rather than post- synaptic sensitization (Pavese et al., 2006).
Similar results were also found by de la Fuente-Fernandez et al. who found transient and
sharp eight- fold rises in synaptic dopamine level in response to levodopa administration in
the striatum of fluctuators as compared to two-fold rises in sustained responders which were
followed by a more gradual uprise (de la Fuente-Fernandez et al.,2001). Other studies had
also reported inverse correlation of Raclopride binding in advanced PD (Tedroff et
al.,1996;).

These surges of dopamine levels in the synaptic cleft rather than the dopamine receptor
availability would better explain the fluctuating response to levodopa (Brooks et al., 2008).
This view is also strengthened by the [11 C] SCH 23390 study discussed above.
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In another [11 C] Raclopride study by (Brooks et al.,1992 ) showed that PD patients having
a fluctuating response to levodopa had a marked decrease in striatal D2 binding potential

compared to untreated PD where it was normal or increased.

[ ** C]- diprenorphine

1 C -diprenorphine PET is a non-selective marker of p-,k-, and 8- opioid sites, and its
binding decreases with increasing levels of endogenous opioids namely dynorphin,
encephalin and substance P. Dynorphin binds to k , encephalin to ¢ and substance P to
neurokinin 1. These opioid receptors are located both presynaptically on dopamine terminals,
where they regulate dopamine release, and postsynaptically on interneurons and medium
spiny projection neurons Significant reductions in **C diprenorphine binding in striatum,
thalamus, and anterior cingulate have been reported in dyskinetic patients, compared with

sustained responders (Piccini et al., 1997) implying higher levels of opiods in the former

group.

So these imaging studies have so far shown that the dopamine levels are higher in the
striatum of motor- fluctuators and dyskinetics and in fact the synaptic dopamine levels
fluctuate and increase with levodopa administration. However, there is no increase in receptor
availability in D1 or D2, lending support to the theory of dopaminergic neuronal damage and

an abnormal pulsatile dopamine level in dyskinetics.
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1.2 PET-TRACER USED FOR DYSKINESIA STUDY

[11]C CNS 5161
|
CH,
H |
N Y N SMe
NH
*HCI
SMe

Chemical structure of [11C] CNS 5161 HCI (Forst et al.,2007)

Chemical name N-(2-chloro-5-methylthiophenyl)-N'-(3-methylthiophenyl)-N'-
methylguanidine (CNS 5161) is a high affinity ligand

Characteristics Ki=1.87+0.25 nM . It binds to the PCP site in the NMDA receptor.

Synthesis of the ligand

The synthesis of the (PET) tracer [L1C]CNS 5161 was by means of [11C] methylation of the
desmethyl guanidine precursor. The compound was produced with a decay corrected
radiochemical yield of 10% within 45 min after end of bombardment. The final product was
prepared in a sterile saline solution suitable for clinical studies with a radiochemical purity of
>96% and a specific activity of 41 GBg/mmol at time of injection (Gibbs et al., 2002 ; Robins
etal., 2010).

Safety in pharmacological studies

Dose escalating safety study of CNS 5161 HCI, for the treatment of neuropathic pain used
successfully in neuropathic pain.CNS 5161 HCI was reasonably well tolerated up to 500
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micrograms. The most common adverse events were hypertension, headache and mild visual
disorders (Forst et al.,2007).

Role in CNS disorders

CNS-5161 showed increased binding affinity to activated NMDA receptors in the striatum,
cortex and hippocampus of rats following stereotactic surgery to the striatum proving its
property as an use dependent radiotracer (Schiffer et al., 2005). Similar reports have also
been published ( Beigon et al.,2007). As has been shown by these studies, CNS 5161 is a use-
dependent, open channel blocker with non-competitive properties and is a highly selective
blocker. It’s binding will only happen when glycine and glutamate are present in excess i.e. in
“activated’’ areas. Once the channel is open by the double — activation then only CNS 5161
can bind to the interior of the NMDA receptor. In simpler terms the binding of CNS 5161
will give a measure of activated NMDA receptor in areas of glutamate excess.

Picture of Glutamate receptor with its binding sites; [11C] CNS 5161 binds to the PCP site in
the internal aspect of the receptor

glutamate polyamine site
recognition site K* zn* glycine

site
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1.3 HYPOTHESIS

Levodopa-induced dyskinesias are a major complication of therapy in Parkinson’s disease.
As levodopa is the gold standard therapy in this disease most patients are put on to this
treatment at some point. From the clinical studies we know that about 90 % of such patients
would suffer from dyskinesias after 9 years of treatment. These dyskinesias are very disabling
to the patients and the treatment options are very limited. The research from animal studies
have shown that administration of levodopa increases D1 receptor activity leading to
increased glutamatergic stimulation and increased phosphorylation of proteins via a cascade
of signaling pathways. Increased glutamate activity has been thought to be a major cause of
these dyskinesias. Animal studies have also postulated that the medium spiny neurones in the
striatum are subject to excessive glutamatergic cortical inputs arising secondary to an
increased cortical drive from the basal ganglia and that failure to shield off these excitatory
inputs may be linked to dyskinesias. Moreover experimental studies have shown that the
striatal synaptic neurones in animals rendered dyskinetic by levodopa lose their plasticity to
adapt to various stimuli and hence become prone to increased stimulation and dyskinesias.
From the imaging studies in vivo we know that with every dose of levodopa there is a
pulsatile increase in synaptic level of dopamine and the dyskinesias correlate with the level of

the dopamine present in the synapses.

From treatment point of view an anti-glutamate agent Amantadine has shown some clinical
benefit but the evidence is not convincing. Various studies are now able to show some benefit
with the blockage of glutamate receptors and both metabotropic and ionotropic receptor
antagonists seem have some effect on dyskinesias. However, because of the lack of
knowledge of the precise mechanism of how the dyskinesias occur in humans, the treatment
strategies are not specifically targeted. Complete blocking of an essential neurotransmitter
like glutamate can jeopardise important cellular mechanisms and hence lead to serious side

effects. This has been the story behind the failure of most anti-glutamate agents.

However, in spite of the huge amount research in the animal groups implicating glutamate as
one of the major causative factors for Parkinson’s disease dyskinesias the precise mechanism

is still unclear. This has led to a paucity of treatment breakthroughs. In the last four decades
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only one drug, Amantadine, has shown some practical benefit but the clinical evidence for its

use is very unconvincing.

The purpose of the study is to quantify glutamate receptor function in vivo in Parkinson’s
disease dyskinesias using a novel PET tracer [11C] CNS 5161, a NMDA glutamate receptor
antagonist. We planned to recruit PD patients both with dyskinesias and without dyskinesias,
and normal age-matched volunteers. As [11C] CNS 5161 exhibits fast binding characteristics
and binds to the voltage gated glutamate channel only in the open or stimulated state, we
proposed to study both groups of PD patients with and withdrawn from levodopa. The study
design was to compare the glutamate binding in the ‘on’ and ‘off” state of both PD
dyskinetics and non-dyskinetics. The results of the normal volunteers would also be available
to compare with both the PD groups without levodopa. We hypothesised that PD patients
without dyskinesias will show normal or reduced striatal NMDA binding while these will be
elevated in patients with dyskinesia. We estimate the mean striatal and motor cortex NMDA
binding values will have a standard deviation of 20% in both the normal subject and patient
groups based on previous experience of carbon -11 tracers within the department. Based on
this variance 12 subjects in each group will provide us with >80% power to detect a 25%
difference in the mean [11C] CNS 5161 uptake in the above mentioned areas (p<0.05)

between PD groups with and without dyskinesias.
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1.4 MATERIALS AND METHODS

Ethics approval was obtained from the Ethics Committee of Hammersmith, Queen

Charlotte’s & Chelsea and Acton Hospitals Trust.

Administration of Radioactive Substances Advisory Committee (ARSAC), UK gave

permission to administer the PET ligands used in the study.

SUBJECTS

Eighteen PD patients were recruited for the study from Imperial College Healthcare Trust.
Eight of the PD patients had levodopa-induced dyskinesias and the rest ten were on levodopa
but, were not dyskinetic. Five age-matched healthy controls were recruited by local

advertisement as well as inviting spouses or relatives.

PDLID

Inclusion criteria

1. Diagnosis consistent with Idiopathic Parkinson's disease (UK Parkinson’s Disease
Society Brain Bank diagnostic criteria)

2. Currently on levodopa treatment and with good response to the drug

3. Presence of levodopa-induced dyskinesias

4. The ability to lie still in a PET scanner for 90 minutes.

Exclusion criteria

1. Neurological or psychiatric sequelae of PD that may interfere with the patient giving
informed consent.
e depression [Hamilton Rating Scale for Depression (Hamilton, 1960)>16 and

Beck Depression Inventory (Beck et al et al., 1961)>9 or
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e dementia [Mini Mental State Examination (Folstein et al., 1975) <23] or
e Any other significant neuro-psychiatric sequelae of PD, detected either before
enrolment or during initial clinical assessment that may interfere with the
patient giving informed consent.
Previous neurosurgical intervention (e.g. pallidotomy)
Currently treated with Glutamate antagonist
Significant co-morbidity (e.g. previous head injury, stroke, heart, lung, renal failure)

o > N

Contraindication to having a MRI brain

PD NLID

Inclusion criteria

1. Diagnosis consistent with Idiopathic Parkinson's disease (UK Parkinson’s Disease
Society Brain Bank diagnostic criteria)
2. Currently on levodopa treatment and with good response to the drug.

3. The ability to lie still in a PET scanner for 90 minutes.

Exclusion criteria

1. Neurological or psychiatric sequelae of PD that may interfere with the patient giving
informed consent.
e depression [Hamilton Rating Scale for Depression (Hamilton, 1960)>16 and
Beck Depression Inventory (Beck et al et al., 1961) >9 or
e dementia [Mini Mental State Examination (Folstein et al., 1975) <23] or
e Any other significant neuro-psychiatric sequelae of PD, detected either before
enrolment or during initial clinical assessment that may interfere with the
patient giving informed consent.
2. Previous neurosurgical intervention (e.g. pallidotomy)
3. Currently treated with Glutamate antagonist

4. Significant co-morbidity (e.g. previous head injury, stroke, heart, lung, renal failure)
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5. Contraindication to having a MRI brain

6. Presence of levodopa-induced dyskinesias

Healthy volunteers

Exclusion criteria

Relevant neurological, psychiatric or medical condition(psycho stimulant use/abuse)
Taking medication acting on CNS 5161 target

Involvement in other studies using ionising radiation

N

Contraindications to having a MRI scan

CLINICAL DEATILS OF SUBJECTS

These are shown in the table below

Daily levodopa equivalent units were calculated as follows:
100mg levodopa = 2mg cabergoline = 1mg pramipexole; or
1mg pergolide = 5mg ropinirole = 4mg rotigotine patch = 0:5mg rasagiline:

The conversion factors below were used for controlled release levodopa and

levodopa/carbidopa/entecapone combination:
125mg controlled release levodopa = 65mg levodopa;

50mg levodopa = carbidopa = entacapone combination = 65mg levodopa
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PROCEDURE
PRE-SCAN
Consent

The study was explained to all subjects verbally and an information sheet was given to each
patient which they could read at their leisure. Written consent was obtained from every

subject.
Clinical assessment

PD patients were assessed with the Unified Parkinson’s Disease Rating Scale (UPDRS)
(Fahn et al., 1987) Subscale 3 (Motor Examination) and 4 (Complications of Therapy) in both

“off”” and “on” conditions.

SCAN PROCEDURE
MRI Brain

All subjects had al.5 Tesla MRI (GE scanner at the Robert Steiner Unit, Hammersmith
Hospital). T1 volumetric MRI (3D T1 volume, pulse sequence RF-Fast, acquisition times
TR 30ms, TE 3ms, flip angle 30 degrees, FOV 25 cm, matrix 156 x 256, voxel dimensions

(0.98x0.98x1.6 mm) was acquired for coregistration and anatomical sampling.
T2 weighted images were acquired to rule out any structural abnormality.
PET scans

All PET scans took place at the Cyclotron Building, Hammersmith Hospital.

Each patient had two [11C] CNS 5161 PET scans — once in a practically defined “off” state
following a 12-hour withdrawal of medication and the other on a separate day, in an “on”
state, one hour after taking a single oral dose of Madopar (200mg levodopa and 50 mg
Carbidopa).

On the day on the ‘on’ scan the patients were given a single dose of Madopar (200mg
levodopa and 50 mg carbidopa) orally. The aim of this levodopa challenge was to scan the

patients in their ‘on’ state. In the literature there are varied doses used for the levodopa
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challenge. De la Fuente-Fernandez et al., 2004 showed that 1 h after oral administration of
250/25 mg of levodopa/carbidopa, there was a increase synaptic dopamine levels in PD
subjects with and without dyskinesias. In addition to all dyskinetics achieving peak-dose
dyskinesias even a stable responder has rendered dyskinetic as this dose. Other studies have
successfully used a combination of 200mg levodopa and 50 mg carbidopa (Merello et al
,1994; Brusa et al., 2007). I had to be careful in choosing the Levodopa dose as giving a little
extra may make the dyskinetic patients unable to stay still in the scanner for the total duration
of 90 minutes to control movement artefacts and also potential problems in having arterial
sampling during the total duration of the scan. For this reason a dose of 200mg levodopa and
50 mg carbidopa was chosen. All patients achieved an ‘on’ state with this dose immediately

before the scan.

The healthy volunteers had one [11C] CNS 5161 PET scan without levodopa.

Siemens ECAT EXACT HR+ scanner was used for this study with an axial field of view of
15.5 cm. Sixty-three transaxial image planes were acquired as 2.46 mm slices with a
reconstructed axial resolution of 5.4 mm and a transaxial resolution of 5.6 mm (Brix et al.,
1997).

Each subject had peripheral venous cannulation as well as radial artery cannulation with a
22 G (blue) Venflon.

All subjects had a ten minute transmission scan for attenuation correction using a single
rotating external photon point source of 137Cs for subsequent attenuation and scatter

corrections.

Approximately 444 Mbq of [11C] CNS 5161 was administered intravenously using a ten ml

syringe. All subjects underwent a ninety minute dynamic emission scan.
[11C] CNS 5161 was produced and supplied by Hammersmith Imanet, GE Healthcare.

Continuous arterial blood sampling was performed for 15 minutes with an online detector and
then discrete blood samples for well counting were taken at baseline, 5, 10, 15, 20, 30, 40, 50,
60, 75, and 90 minutes. An aliquot of each discrete sample was rapidly centrifuged to obtain
corresponding plasma and radioactivity concentrations that were measured in a Nal (TI) well

counter for blood and plasma separately. The continuous blood counts were corrected using
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the plasma/blood ratio to derive a plasma input function. The plasma was further analyzed for
radiolabeled metabolites using high performance liquid chromatography (HPLC) and the
plasma input function was corrected accordingly to produce a final parent radioligand input
function to be used for quantification.

POST-SCAN
Data Acquisition

Dynamic scans were acquired in three-dimensional mode. PET data were corrected for
attenuation, detector efficiency and scatter and reconstructed into tomographic images using
filtered back projection (ramp, kernel 2.0 mm FWHM); the 3D emission data were Fourier-
rebinned into 2D data sets to increase the speed of reconstruction. Reconstructed voxel sizes
were 2.09 x 2.09 x 2.42

PET ANALYSIS [11C] CNS 5161

Movement correction to compensate for head movement in the scanner was done by a post
hoc frame-by-frame realignment procedure. Both attenuation corrected (AC) images and non-
attenuation corrected images (NAC) were subjected to movement correction. NAC images
are used to reduce the influence of redistribution of radiotracer producing erroneous
realignments (Dagher et al., 1998) and moreover, these images are sometimes considered to
be more useful for the realignment of superficial structures (Kipper et al., 2005) e.g. scalp,
compared with attenuation corrected images.

Creation of 90 minute summed image

Using Spectral analysis in Receptor Parametric Mapping software ( Gunn. et al.,1997) decay
corrected summed images having the total the activity of the 90 minute scan were created.

Wavelet denoising

The movement corrected images were denoised using a level 2,order 64 Battle Lemarie
wavelet filter in the Matlab 6.5 (Mathworks Inc et al., Sherborn, Mass et al., USA)
(Turkheimer et al., 1999).
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Frame by frame realignment procedure

These frames were realigned to an single, early ‘reference’ frame that had a high signal-to-
noise ratio, using a mutual information algorithm (Studholme et al., 1997) . The
transformation parameters were then applied to the corresponding attenuation corrected
dynamic images. This process was done in Analyze AVW software ( Mayo Clinic,USA)

MRI
Pre-processing

Using Analyze7 AVW software each MRI was cubic resliced with windowed sinc
interpolation, which gives a good representation of image characteristics during

preprocessing stages. (Myers et al., 2002).
Segmentation

The T1-MRI’s were segmented by Statistical Parametric Mapping (SPM) 5 software

(http://www . fil.ion.ucl.ac.uk/spm/software/spm5/) with the following parameters (Gaussians

per class - 2 2 2 4, Affine Regularisation - ICBM space template - European brains,Warping
Regularisation — 1,Warp Frequency Cutoff — 25, Bias regularisation - very light regularisation
(0.0001), Bias FWHM - 60mm cutoff, Sampling distance — 3).

An in-house probabilistic altas (Hammers et al., 2003) was written in each individual MRI

space with the segmentation parameters in the previous step.
Creation of object map for ROI

The normalised written altas (now in MNI space) was used to create object maps for the
regions of interest once the grey matter images were convolved with the probabilistic atlas
and binarised at 50 % threshold in Analyze AVW. This processing necessary to change the

NIFTI header in SPM5 images to match the corresponding parameters in Analyze software.
Coregistration of the MRI images to PET

The MNI T1 image was coregistered and resliced with the dynamic PET image, the summed
add image and the binarized thresholded gray matter image. The process was done in SPM5
with Normal Mutual information method incorporating a six parameter rigid body

transformation.
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ROI analysis in Analyze AVW

The dynamic PET image was sampled with the superimposed object map and the ROI
analysis was done for the following regions of interest: caudate, putamen, precentral gyrus,
occipital cortex, brainstem and cerebellum. Regions of interest were defined using the object
map derived from the probabilistic altas as described above.

Creating input function

The metabolite-corrected plasma input function was created in the Runclickfit software
written in Matlab 6 (Mathworks, Sherborne,USA).

Kinetic Modelling

Regional tissue time activity curves were created (for one region at a time) as a function of
each voxel of the regions sampled in Kinetic modelling. Spectral analysis was performed for
each region of interest. | initially calculated the K1, k2, k3, k4, BP and VD for each region
for all subjects. The data quantification from these traditional compartmental models was
hampered by high sensitivity to noise at the voxel level, due to the slow wash-out of [C11]
CNS 5161.

Rank-Shaping regularization of exponential spectral analysis (RS ESA)

The Rank-Shaping regularization of exponential spectral analysis was the method of
quantification of choice in these circumstances because of two reasons, first because the
skrinkage parameters are conditioned on the expected signal to noise ratio and second it
allowed maximising of the exponential base range, which was otherwise constrained in
Spectral analysis (Turkheimer,.2003; Hammers et al., 2007). It produces reliable estimates of
volumes of distribution for both plasma and reference tissue modelling with significant levels

of measurement noise (Turkheimer et al., 1994, 2007).

Statistical analysis

The left—right averaged 11C-CNS 5161 Vr values in caudate, putamen, precentral gyrus,
occipital cortex and cerebellum were used for statistical analysis. Statistical analyses of
clinical data were performed with InStat3 for Macintosh (University of Medicine and
Dentistry,NJ, USA). Non-parametric ANOVA (Kruskal-Wallis test) was used to assess the
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differences in PET measurements among groups. The non-parametric unpaired Mann—
Whitney U-test was used to compare PET measurements between patients with PD NLID and
PD LID in both ‘ON’ and ‘OFF’ conditions. Finally, the paired Wilcoxon test was used to
assess significant changes in PET measurements following levodopa administration within

each group.
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1.4 RESULTS

Seven patients with Parkinson’s disease-NLID had [11C] CNS 5161 PET twice - once after
and once withdrawn from levodopa. The remaining three patients with Parkinson’s disease-
NLID only had the ‘OFF’ medication scan, as they withdrew their consent after the first PET
session. The eight patients with Parkinson’s disease-LID were scanned twice, once with and
once without levodopa, and they all developed involuntary movements following levodopa
administration on the day of the ‘ON’ condition PET scan. In six of these patients the
dyskinesia severity was mild and did not interfere with the scanning procedure. The
remaining two patients had moderate dyskinesias with significant head movement. The same
two patients also had significant head movement during the ‘OFF’ condition scan. None of

the images of these two patients could be analysed.

Regional mean [11C] CNS 5161 V+ values in all subjects (controls, patients with PD-NLID
and PD-LID) are shown in Table 1.4.1 and Fig. 1.4.1.

Table 1.4.2 shows regional mean [11C] CNS 5161 Vr values in the seven patients with PD-
NLID and six patients with PD-LID in both ‘ON” and ‘OFF” states.

In the ‘OFF’ state

In the ‘OFF’ medication state, patients with PD-NLID and PD-LID had similar [11C] CNS
5161 V- values in all the examined regions. Kruskal-Wallis one-way analysis of variance
showed no statistically significant effect of group (controls, PD-NLID and patients with PD-
LID in the ‘OFF’ medication state) on [11C] CNS 5161 V+ for all regions sampled in the

study (caudate, putamen, precentral gyrus, occipital cortex, brainstem and cerebellum).
In the ‘ON’ state

Following levodopa, there was a divergent response in the two patient groups. The patients
with PD-NLID showed a significant decrease in V1 values in caudate (p = 0.02), putamen (p
=0.02) and precentral gyrus (p = 0.03), whereas patients with PD-LID showed a significant

increase in V1 values compared to baseline in putamen (p = 0.03) and precentral gyrus (p =
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0.03). However, there were no significant changes in V't in the occipital cortex, brainstem

and cerebellum of both groups of patients when given levodopa (Table 1.4.2).

When comparing the ‘ON’ state between groups (Mann—Whitney U-test) (Table 1.4.1 and
Fig. 1.4.1), patients with PD-LID had significantly higher mean [11C] CNS 5161 V for
caudate, putamen and precentral gyrus relative to PD-NLID. [11C] CNS 5161 V+ values for
occipital cortex, brainstem and cerebellum in the ‘ON’ state were not different between

patients with Parkinson’s disease-NLID and Parkinson’s disease-LID.

Figure 1.4.2 shows individual plots of putaminal [11C] CNS 5161 uptake in controls and in

the two groups of patients with Parkinson’s disease in both ‘OFF’ and ‘ON’conditions.

No correlation was found between striatal [11C] CNS 5161 V-t values and disease severity
both ‘OFF’ and ‘ON’ medication, as measured by the UPDRS (‘OFF’ medication, caudate: p
=0.2,r=0.31 and putamen: p = 0.6, r = 0.14; ‘ON’ medication, caudate: p=0.1, r=0.53
and putamen: P = 0.1, r = 0.52). Similarly, we found no correlation between striatal [11C]
CNS 5161 V+ values both ‘OFF’ and ‘ON’ medication and levodopa equivalent units (‘OFF’
medication, caudate: P =0.2, r =0.31 and putamen: P =0.2, r =0.31; ‘ON’ medication,
caudate: P =0.2, r = 0.39 and putamen: P = 0.3, r = 0.33). Parkinson’s disease-NLID. [11C]
CNS 5161 V+ values for occipital cortex, brainstem and cerebellum in the ‘ON’ state were

not different between patients with Parkinson’s disease-NLID and Parkinson’s disease-LID.
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Table 1.4.2 [11C] CNS 5161 Volume of distribution (V1): Results of within group
comparison between off and on conditions, Wilcox on matched-pairs signed-ranks test.

*p<0.05
Region PD-NLID patients PD-LID patients

off L-dopa on L-dopa off L-dopa on L-dopa

N=7 N=7 N=6 N=6

Caudate 4.07 £0.50 3.06 £0.77* 41+0.94 444 +1.13
Mean + SD
Putamen 50x0.73 3.49 £ 1.26* 498+1.1 549 +1.0*
Mean + SD
Pre-central 43+0.71 3.19 + 1.05* 480+0.8 5.37 £ 0.84*
cortex
Mean + SD
Occipital 422+1.0 3.32+£1.56 4,98 £1.02 4.96 + 0.82
cortex
Mean + SD
Brainstem 3.17+£0.77 3.37 £1.63 3.87£0.73 3.91+£0.64
Mean + SD
Cerebellum 4.09+£0.7 3.62 £1.89 5.80£1.60 520+ 1.03
Mean + SD
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Figure 1.4.1 Regional [11C] CNS 5161 volume of distribution (V1) values (mean SD)

‘OFF’ and ‘ON’ levodopa in controls, patients with Parkinson’s disease without dyskinesias
(PD-NLID) and patients with Parkinson’s disease with dyskinesias (PD-LID). n = the number
of subjects in each group. **p < 0.01; *p< 0.05; Mann—Whitney U-test; f p <0.05
paired Wilcoxon test
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Figure 1.4.2 Individual plots of putaminal [11C] CNS 5161 volume of distribution (V1)
values in healthy volunteers (HV) and in the two groups of Parkinson’s disease patients in
both ‘OFF’ and ‘ON’conditions. PD-NLID = patients with Parkinson’s disease without
dyskinesias; PD-LID = patients with Parkinson’s disease with dyskinesias.
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1.5 DISCUSSION

This is the first in vivo study to demonstrate glutamatergic activity in patients with

Parkinson’s disease with and without LIDs. The main findings are:

1. When comparing the ‘on’ state between groups (Mann—Whitney U-test) (Table 1.4.1
and Fig. 1.4.1), patients with Parkinson’s disease-LID had significantly higher mean
11C-CNS 5161 V- for caudate, putamen and precentral gyrus relative to patients with
Parkinson’s disease-NLID. 11C-CNS 5161 V+ values for occipital cortex, brainstem
and cerebellum in the ‘on’ state were not different between patients with Parkinson’s
disease-NLID and Parkinson’s disease-LID.

2. The PD dyskinetics and PD non-dyskinetics had no significant differences of [11C]
CNS 5161 V in the 'off" state and had similar values as the controls. But in the ‘on’
state i.e. when given levodopa the two patient groups had a divergent response. While
the dyskinetic group had significantly higher receptor activation compared to their
'off' state , the non-dyskinetics had the opposite response i.e. decrease in receptor

activation.

Since our LID-patients with Parkinson’s disease had more severe UPDRS scores than NLID-
patients with Parkinson’s disease, it could be argued that our findings could simply reflect
differences in Parkinson’s disease severity. However, the two groups were at a similar Hoehn
and Yahr stage. In the ‘OFF’ medication state, they had similar 11C-CNS 5161 Vy values in
all the examined regions and they were not different from healthy volunteers. Additionally,
no correlation was found between UPDRS scores and striatal [11C] CNS 5161 uptake. It is
therefore, unlikely that the difference in non-medicated UPDRS scores is the sole explanation
for the differences in [11C] CNS 5161 V+ values seen after administration of levodopa to the

dyskinetic and non-dyskinetic Parkinson’s disease groups.

Anti-parkinsonian drugs particularly those directly acting on the glutamate system could
affect the PET results by blocking glutamate receptors. All patients who were on anti-

glutamate drugs such as Amantadine were excluded from the study.

Dopaminergic drugs as well as dopamine agonists can also interfere with the PET results by

different mechanisms either by stimulating receptors directly or by influencing the basal
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ganglia circuitry. Differing doses of anti-parkinsonian medications can also affect PET
results. For this reason we withdrew all dopaminergic drugs as well as dopamine agonists
overnight to give the patients a drug free interval of at least 12 hours before the scan. This
protocol has been used in several PET studies reported in the literature (van Eimeren et al.,
2010, Pavese et al 2006 , Morishita et al., 2011; De la Fuente-Fernandez et al., 2004).

Again the study design to have two different scans did take off some off some of the above
compounding issues. Each patient had two different scans on two separate days — the only
difference being a single challenge dose of Madopar (Levodopa/Carbidopa 200/50mg) and
this dose was same for all as all these patients. The amount of stimulation of the dopamine
receptors could be different amongst these patients but the attempt was made to study the
effect of this levodopa challenge in the two groups of patients i.e. dyskinetic and non-

dyskinetic.

Lastly, Levodopa could also potentially increase regional cerebral blood flow in the brain. To
circumvent this issue | had looked at the difference in not only the motor areas but a non-
motor area — occipital cortex. If the results were simply due to blood flow effect then it would

be the same in all areas and not selective.

[11C] CNS 5161 uptake was measured in our study. [11] CNS 5161 is a use-dependent, open
channel NMDA receptor blocker which means it binds to the receptor only in conditions
where glutamate is present in excess. The [11C] CNS 5161 selectively binds to the PCP
(Phencyclidine) binding site which is present in the internal aspect of the receptor and can
only be accessed when the channel is activated or opened (De Souza et al., 1993) . The
opening of the channel happens by a double activation step, first glutamate and glycine binds
to the exterior or the extracellular aspect of the receptor which leads to an influx in calcium.
This relieves the magnesium block that otherwise keeps the channel closed in resting states
(Nowak et al.,1984; Mayer et al., 1984). It is only after this step that [11C] CNS 5161 gets
access to the PCP site. This is the only gate of entry to the PCP site of NMDA receptor for
Phencyclidine (MacDonald et al., 1991; Lerma et al.,1991), MK-801 (Memantine) (Huettner
and Bean, 1988; MacDonald et al., 1991; Jahr et al., 1992; Dzubay and Jahr, 1996) or for any
ligand binding specifically to that site within a timespan of couple of hours (De Souza et al.,
1993;. Zukin and Javitt, 1993). The PCP site can be accessed even with the channel being
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closed but, through a much slower process of diffusion across the lipid bilayer and has a t1/2
of over three hours (Zukin and Javitt et al.,1993) which is far beyond our scan time. It is also
known that the presence of glutamate significantly increases the likelihood of channel
opening with MK-801 and PCP (De Souza et al., 1993) and this has been very recently shown
for [11C] CNS 5161(Biegon et al.,2007). In addition , Schiffer et al. have shown in a recent
in-vivo rat study that [11C] CNS-5161 exhibited increased binding affinity for activated
NMDA receptors in the ipsilateral striatum and cortex but not cerebellum following
stereotactic striatal surgery performed within minutes of [11C] CNS 5161 injection (Schiffer
et al., 2005). It is therefore likely that [L1C] CNS 5161 in the context of our study, shows
similar selectivity to bind to activated glutamate receptors in a ‘use-dependent’pattern and its

uptake should provide a adequate measure of glutamate channel activation.

From the animal studies, both in the rodent and primate PD models, increased glutamatergic
activity has been seen in the dyskinetics. Higher glutamate receptor activation implies an
excessive presence of glutamate in the synapses and this was seen in our dyskinetic group

compared to the non-dyskinetic group in the ‘on’ state.

Interestingly the non-dyskinetics showed a decrease in the receptor activation in response to
levodopa. Looking at it in a different way, if this group were to show no increase in the
receptor activation following levodopa the explanation of a relatively low glutamate level
compared to dyskinetics would have sufficed. But the fact that the non-dyskinetics showed a
significant decrease may imply the presence of an active process to counteract excess

glutamate.

Moreover, there was a selective pattern of receptor activation in both groups. The significant
changes that I found in the ‘on’ state in both groups were in the striatum and motor cortex in
PD NLID and the putamen and motor cortex in PD LID , with no significant changes in the
brainstem, cerebellum or occipital cortex (non-motor area). As discussed in section 1.1.5 of
this thesis the likely anatomical substrates for LID are possibly the MSN’s in the striatum
where there is an excess of corticostriatal inputs secondary to an increased stimulation arising
from the basal ganglia circuit. The exogenously given levodopa increases D1 activity through
the direct pathway MSNs. This then leads to increased signaling via D1 — NMDA pathway
which results in increased phosphorylation of substrates in both canonical and non-canonical
pathways and an excessive activation of glutamate. Chronic levodopa treatment leads to
alterations in the synaptic plasticity of these MSN neurones. Animal studies have shown that
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the non-dyskinetics counteract the overactive signaling drive and excess glutamatergic
stimulation when given levodopa. There neurones still have the adaptability and plasticity to

downscale the process. This is not the case in dyskinetics.
Reason for reduced glutamate activation in the ‘on’ state of non-dyskinetics

The reason for the non-dyskinetics having a reduction in glutamate receptor activation is
because of D2 — NMDA interactions both in the striatum and motor cotex. Striatal
presynaptic D2 stimulation inhibits the release of glutamate (Calabresi et al., 1993; Bamford,
20044a; Bamford et al., 2004b; Picconi et al., 2004; Dani & Zhou et al., 2004; Yin &
Lovinger et al., 2006; Surmeier et al., 2007; Higley & Sabatini 2010). These are in response
to the presence a relatively high glutamate in the striatal synapse which resulted from
exogenous levodopa > D1-NMDA->excess glutamate. D2 — NMDA leading to suppressed
glutamate has also been described in cortical neurones (Wang, 2002; Kotecha et al., 2002;
Tseng and O'Donnell 2004; Beazley et al., 2006; Zheng 1999; Trantham-Davidson et al.,
2004).

Explanation for increased glutamate activation in the ‘on’ state of dyskinetics

The dyskinetic PD group when given levodopa activates the striatal D1 receptors MSNs in
the striato-nigral pathway followed by D1 — NMDA interactions leading to increased
glutamate receptor activation as described above. Increased cortical D1- NMDA interaction
leading to glutamate enhancement has been reported in a number of studies (Cepeda et al.,
1992; Cepeda et al., 2009; Wang & O'Donnell, 2001; Grace & Lavin et al., 2001; Kruse et
al., 2009).

D2 mediated glutamate release and the processes just discussed would try and keep the
synaptic membrane in a down-state to shield off further bombardment from the cortico-
striatal inputs (Calabresi et al.,1987). With increasing numbers of asynchronous volleys of
cortico-striatal inputs, D1 activity takes over with increased membrane depolarisation,
increased intracellular calcium, increased CAMP- signaling pathways finally leading to an
increased glutamate activation (Stern et al., 1997; Cepeda et al.,2001; Dani and Zhou et
al.,2005; Mahon et al.,2006; Westphal et al.,1999). It seems therefore , in the dyskinetics
there is a failure of the descaling mechanisms paralleling our patients’ inability to control the

excessive movements.
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Recently an experimental study showed levodopa administration in the striatum but neither
GP nor SnR triggered dyskinesias in a rodent PD model that was already rendered dyskinetic
following chronic levodopa treatment (Buck et al., 2010). Also MSN spine loss in LID
(Schuster. 2009; Soderstrom et al., 2010) and a correlation of LID with the severity of spine
loss (Soderstrom et al., 2010) all point towards the corticostriatal afferents and the striatum to

be the primary area of damage.

Our study is in concordance with animal studies which have shown increased glutamate
neurotransmission with levodopa in dyskinetics. Our findings also support experimental
studies implicating the striatum to be the main structure and the failure to contain the
overwhelming volleys of corticostriatal afferents to the striatal MSNs may be the main

mechanism involved in the generation of LID.

96



1.6 CONCLUSION

Our study shows is the first in vivo study in human subjects to demonstrate the NMDA
glutamate system overactivity with levodopa administration in dyskinetics. This study is in
line with the animal studies which have shown glutamate overactivity taking the centrestage
in causing the dyskinesias due to levodopa. Our findings lend support to the use of glutamate
antagonists in dyskinesias due to levodopa. We have also shown that the glutamate activity in
the non-dyskinetic PD patients are suppressed when they are given levodopa. This suggests
the presence of an active descaling mechanism in the non-dyskinetic PD patients which is
absent in the dyskinetics, implying a failure to contain the excess glutamate in the latter.
Therefore from a therapeutic perspective anti-glutamate agents could have a beneficial effect

in controlling LIDs.

It is well known the spillover of glutamate into the extracellular space can activate
presynaptic ionotropic and metabotropic glutamate receptors. Although our study is limited to
the NMDA subunits of the inotropic glutamate system it does reflect the picture of increased
glutamate activation in both the inotropic and metabotropic receptors. It therefore explains
why the non-NMDA glutamate antagonists i.e. AMPA and metabotropic, have been
successful in attentuating dyskinesias in animal studies. Topiramate, an AMPA glutamate
antagonist, significantly reduced levodopa-induced dyskinesias in the MPTP-lesioned
marmoset model of PD (Silverdale et al.,2005). Combined AMPA and NMDA receptor
blockade at low doses have been found to be effective in reducing LID in animal models
(Bibbiani et al., 2005).

The failure of anti-NMDA agents in LIDs have been due to side-effects or lack of efficacy.
Remacemide and riluzole in a larger trials and was found to be safe and well tolerated but did
not show any demonstrable anti-dyskinetic benefit. Dextromethorphan failure in clinical trials
were due to a narrow therapeutic window. NR2B-selective antagonist traxoprodil reduces
LIDs in levodopa-treated PD patients but met with side effects of dissociation and amnesias.
Glutamate is an excitatory neurotransmitter which is essential for normal synaptic activity
and the failure of the anti-NMDA drugs is mostly because of the non-selectivity in receptor
blockade. Novel NMDA antagonists drugs which spare normal physiologic activity whilst

blocking the receptors which are pathologically overstimulated and ‘opened’ by the presence
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of excessive glutamate i.e. open-channel blocker may be more effective in circumventing the
side-effects. Also NMDA antagonists having less affinity which have a lesser dwell time in
the receptor (faster off-rate) may be better tolerated as seen in the case of memantine a which

is widely used in dementia.

Developing drugs that target specific subtypes of glutamate receptors in use-dependent sites

may be the way forward in treating levodopa-induced dyskinesias.
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CHAPTER 2
PARKINSON’S DISEASE DEMENTIA (PDD)

99



2.1.1 INTRODUCTION

Parkinson’s disease is the second most common degenerative disease. Although motor
symptoms predominate during the initial presentation of the disease, non-motor symptoms
gradually build up over time. It is now increasingly recognised that the impact of the non-
motor symptoms have a huge bearing on the patients, carers and the society as a whole.
Parkinson’s disease dementia forms a substantial part of the non-motor symptoms. The
incidence rate is about four to six-fold compared to the normal population and a third to one
half of the Parkinson’s disease patients would suffer from dementia. The risk of dementia in a
Parkinson’s patient seems inevitable if they live longer than twenty years with the disease.
With the increasing life expectancy, dementia in Parkinson’s disease is expected to be more

of a problem in future.

The problem is huge but the treatment options are little. The cause of dementia in Parkinson’s
dementia is still unclear and therefore therapeutic targets are less. Around a third of the
dementia sufferers in Parkinson’s disease have concomitant Alzheimer’s type pathology. It is
now possible to image amyloid with [11C] PIB and several groups have found increased
amyloid load in Alzheimer’s disease. It is important to look into amyloid pathology in PDD
to gain further insight into the cause of the disease as it might open up potential therapeutic

targets.
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2.1.2 EXTENT OF THE PROBLEM

PDD accounts for 3 - 4 % of all dementia patients in the general population. The estimated
prevalence of PD-D in the general population aged 65 and over was found to be 0.2 to 0.5%
(Aarsland et al.,2005)

The incidence rate of dementia is increased 4- 6 times in PD patients as compared to controls
(Breteler et al., 1995; Rajput et al., 1987; Aarsland et al., 2010). Incidence rates of 95 — 112
% in 1,000 patient-years have been published indicating that ~10% of a PD population will
develop dementia per year (Aarsland et al., 2001; Marder et al., 1995 ; Hobson et al., 2005).
Incidence estimates of dementia in PD correlate with the patient’s age and increase with age
from 2.7% per year at ages 55 to 64 to 13.7% per year at ages 70 to 79 (Mayeux et al., 1990;
Biggins et al., 1992; Aarsland et al., 2001) and can reach upto 90 % by age 90 years (Buter.
2008).

Point Prevalence rate

Point prevalence of PDD is approximately 30% (Aarsland et al., 2005). In other studies,
prevalence rates of dementia in PD patients have been reported between 20 — 48 % (Brown et
al., 1984; Hobson et al., 2004; Athey et al., 2005; de Lau et al., 2005; Cummings et al.,
1988). In newly diagnosed PD patients about a third may have cognitive decline (Reid et al.,
1989; Foltynie et al., 2004)

Period (Cumulative) Prevalence

As PDD patients have a significantly higher mortality compared to non-demented PD
counterparts, estimating the prevalence at discrete time points will not reflect the true extent
of the disease (Buter et al., 2008; Emre et al., 2007). Period prevalence may be a more
accurate measure in these circumstances. The period or cumulative prevalence is reported to
be very high and at least 75% of PD patients who survive for more than 10 years would
develop dementia (Aarsland et al., 2010a). Various other studies have shown period
prevalences ranging from 48 % to ~ 80% (Reid et al., 1996; Aarsland et al., 2003; Portin et
al., 1986; Healy et al., 2005; Buter et al., 2008; Healy et al., 2008)

Morbidity and Quality of life
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PDD has a profound influence on the quality of life of the patients as well as the carers. It
contributes specifically to the carers’ burden over and above the motor disabilities associated
with the disease (Aarsland et al.,1999 et al.,2007; Schrag et al.,2000; Martinez-Martin et
al.,2005).

PDD patients are more likely to require higher levels of institutional compared to non-
demented PD patients matched for the same level of physical disabilities (Tison et al., 1995;
Aarsland et al., 2000; Parashos et al., 2002). Management of these patients has a direct

bearing on the health care burden to the society (Spottke et al., 2005).
Mortality

More importantly there seems to be a significantly higher mortality in PD patients with
dementia compared to the ones without (Louis et al., 1997,: Rippon et al., 2005, Buter et al.,
2008; Levy et al., 2002). Recently in a long-term prospective study, Forsaa et al have
reported a two- fold higher hazard ratio in demented patients compared to the non-demented

PD ones, after adjusting for motor disabilities (Forsaa et al., 2010).
Mean time from onset of dementia and course

The mean time from onset of PD to dementia is approximately 10 years although it can vary
widely in different patients (Hughes et al., 2000; Aarsland et al., 2003). Very recently
Aarsland et al have shown that the rate of global cognitive decline in PDD patients is non-
linear. The authors report that after a relatively stable period there is an inflection point in the
trajectory of cognitive decline at approximately 13 years following which there is a rapid
downhill course (Aarsland et al., 2010b). Interestingly an inflection point has also been noted
in AD patients as well (Johnson et al., 2009). In one prospective study, the mean annual
decline on the MMSE during 4 years was 1point in non-demented and 2.3 points in the PD-D
group, the latter figure being similar to the decline observed in patients with AD (Aarsland et
al., 2004).

Risk factors

Although several factors like age, disease duration, lower education, male gender, visual
hallucinations etc have been reported as possible risk factors for dementia (Levy et al., 2000;

Galvin et al.,2006), only few were found to be more consistently associated in longitudinal
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studies. These were older age, axial extrapyramidal system involvement and mild cognitive
impairment at baseline (Emre et al., 2007). Non- tremor dominant PD alone was the
strongest predictor of high mean cortical Lewy body score. This subgroup of PD also
demonstrated to have a higher cortical amyloid plaque load and cerebral angiopathy than

early disease onset and tremor dominant groups (Selikhova et al., 2009).
Age

Young onset PD patients have a lesser chance of suffering from dementia. Regardless of the
disease duration young patients tend not to get this complication. After median disease
duration of 18 years, only 19% of young onset PD patients (13% of those younger than 60
years and 43% of those 60 years or older) had cognitive impairment only (Schrag et al.,
1998). In a recent clinic-pathological study it was shown that the earlier disease onset PD

patients had the longest delay to the onset of cognitive decline (Selikhova et al., 2009).
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2.1.3. Terms and abbreviations for the Lewy body disorders

Before going in to the clinical diagnosis and expression of the disease, it will be helpful to

clear few terms and abbreviations used confusingly in the literature.

Term Abbreviation
Dementia with Lewy bodies DLB
Parkinson disease PD
Parkinson disease with dementia PDD

Lewy body dementias (PDD and DLB) LB dementias
Lewy body disease (PD, PDD, and DLB) LBD

(Lippa et al., 2007)
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2.1.4 DIAGNOSIS OF PARKINSON’S DISEASE DEMENTIA

Clinical distinction between PDD and DLB, at least in the research setting, is by the temporal
requirement that Parkinsonism precedes dementia by more than 12 months (McKeith et al.,

2005). These criteria however do not otherwise indicate differences between PDD and DLB.

Emre et al., published a detailed criteria for the diagnosis of PDD based on the studies using
the one year rule, as the primary source (Emre et al., 2007). However, on a simple and a
practical basis a diagnosis of PDD is applicable when dementia develops within the context
of established PD, whereas a diagnosis of DLB is appropriate when the diagnosis of dementia
precedes or coincides within 1 year of the development of motor symptoms (Lippa et al.,
2007; Emre et al., 2007).

The detailed diagnostic criteria are given below.

2.1.4.1 Features of dementia associated with Parkinson’s disease
l. Core features
1. Diagnosis of Parkinson’s disease according to Queen Square Brain Bank criteria
2. A dementia syndrome with insidious onset and slow progression, developing within
the context of established Parkinson’s disease and diagnosed by history, clinical,
and mental examination, defined as:
+ Impairment in more than one cognitive domain
» Representing a decline from premorbid level
* Deficits severe enough to impair daily life (social, occupational, or personal care),

independent of the impairment ascribable to motor or autonomic symptoms

. Associated clinical features
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1. Cogpnitive features:

« Attention: Impairment in spontaneous and focused attention, poor
performance in attentional tasks; performance may fluctuate during the day and
from day to day

* Executive functions: Impairment in tasks requiring initiation, planning,
concept formation, rule finding, set shifting or set maintenance; impaired mental
speed (bradyphrenia)

* Visuo-spatial functions: Impairment in tasks requiring visual-spatial
orientation, perception, or construction

* Memory: Impairment in free recall of recent events or in tasks requiring

learning new material, memory usually improves with cueing, recognition is

usually better than free recall
* Language: Core functions largely preserved. Word finding difficulties and impaired
comprehension of complex sentences may be present
2. Behavioral features:
* Apathy: decreased spontaneity; loss of motivation, interest, and effortful behavior
* Changes in personality and mood including depressive features and anxiety
* Hallucinations: mostly visual, usually complex, formed visions of people, animals or
objects
* Delusions: usually paranoid, such as infidelity, or phantom boarder (unwelcome
guests living in the home) delusions
* Excessive daytime sleepiness

Features which do not exclude PD-D, but make the diagnosis uncertain
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« Co-existence of any other abnormality which may by itself cause cognitive
impairment, but judged not to be the cause of dementia, e.g. presence of relevant
vascular disease in imaging

* Time interval between the development of motor and cognitive symptoms not
known

V. Features suggesting other conditions or diseases as cause of mental impairment,

which, when present make it impossible to reliably diagnose PD-D

* Cognitive and behavioral symptoms appearing solely in the context of other
conditions such as:
Acute confusion due to
a. Systemic diseases or abnormalities
b. Drug intoxication
Major Depression according to DSM 1V
* Features compatible with “Probable Vascular dementia” criteria according to
NINDS-AIREN (dementia in the context of cerebrovascular disease as indicated by
focal signs in neurological exam such as hemiparesis, sensory deficits, and
evidence of relevant cerebrovascular disease by brain imaging AND a relationship
between the two as indicated by the presence of one or more of the following:
onset of dementia within 3 months after a recognized stroke, abrupt deterioration

in cognitive functions, and fluctuating, stepwise progression of cognitive deficits)

Criteria for the diagnosis of probable and possible PD-D

Probable PD-D
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A. Core features: Both must be present

B. Associated clinical features:

* Typical profile of cognitive deficits including impairment in at least two of
the four core cognitive domains (impaired attention which may fluctuate,
impaired executive functions, impairment in visuo-spatial functions, and

impaired free recall memory which usually improves with cueing)

* The presence of at least one behavioral symptom (apathy, depressed or
anxious mood, hallucinations, delusions, excessive daytime sleepiness)
supports the diagnosis of Probable PD-D, lack of behavioral symptoms,
however, does not exclude the diagnosis

C. None of the group Il features present

D. None of the group IV features present

Possible PD-D

A. Core features: Both must be present

B. Associated clinical features:

* Atypical profile of cognitive impairment in one or more domains, such as
prominent or receptive-type (fluent) aphasia, or pure storage-failure type
amnesia (memory does not improve with cueing or in recognition tasks)
with preserved attention

* Behavioral symptoms may or may not be present

OR

C. One or more of the group 11 features present

D. None of the group IV features present
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2.1.5 CLINICAL EXPRESSION OF THE DISEASE

The salient clinical features of PDD are an insidious onset and slowly progressive course of
cognitive impairments in attention, executive and visuospatial functions as well as memory,
with relatively preserved core language functions. Executive functioning seems to be
predominantly affected (Canavan et al., 1989; Lewis et al., 2005). Some of these features
need to be discussed in a little more detail to understand the profile of these patients as
compared to DLB and AD.

Assessment of Global Efficiency

The test proposed for assessing global effeiciency in PDD is the Mattis Dementia Rating
Scale (DRS). It looks at five areas, most of which are particularly sensitive to the changes
that characterize subcortical-frontal dementias (attention; initiation and perseveration;

conceptualization; memory)
Attention

Deficits in attention are one of the consistent features in PDD. Several studies have
convincingly shown the impairment of attention in these patients but, most do not clearly
distinguish PDD from AD or DLB (Aarsland et al., 2003). One study which looked at
fluctuating attention in addition to other parameters showed that PDD and DLB patients
differed significantly in the tasks of reaction time and vigilance in comparison to those with
AD or PD (Ballard et al.,2002). This study emphasized the deficit of fluctuating attention in
the Lewy body dementias. Varnese et al have very recently demonstrated that fluctuating
cognition is a vital parameter to distinguish between PDD and DLB. Different subsets of
cognition are impaired in PDD and fluctuating cognition is the clinical variable associated
with a DLB pattern of impairment in PDD. PDD with cognitive fluctuations has the same

clinical phenotype of DLB unlike PD non-fluctuators (Varnese et al., 2010)

Memory

Memory impairment as a presenting complaint is seen in 67 % with PDD, 94% with DLB
and 100 % with AD (Noe et al., 2004). Memory impairment is often the earliest feature of

both AD and DLB, but with time, cognitive deficits become widespread (Salmon et al.,
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2009). This lower percentage could be explained by the insidious onset and the presence of
other motor deficits in PDD patients. Differences were noted on the Memory subscale of the
DRS between PDD-DLB compared to AD but only in the milder severity group (Aarsland
,2003; Litvan et al.,1991; Paolo et al., 1995)

Amongst the short-term memory group digit span assessment showed a difference between
PDD and AD (Starkstein et al., 1996). Verbal memory tests of list learning and story recall
were impaired to the same extent in PDD and AD patients (Noe et al., 2004; Starkstein et al.,
1996; Pillon et al., 2003; Kuzis et al.,1999). Verbal and visual memories are affected in PDD
and AD but, less severely in the former group (Pillon et al., 1993; Noe et al., 2004). Cued
recall seems to be particularly more impaired in PDD (Pillon et al., 1993; Higginson et al.,
2005).

Executive function

Verbal fluency accounts for the major part of the Initiation and Perseveration Scale of the
DRS. PDD patients may be more selectively impaired in tests of verbal fluency compared to
the AD group. Initiation, perseveration and construction skills may be more severely
deranged compared to AD (Aarsland et al., 2003). In a recent study, DLB and PDD with
fluctuations had predominant deficits in attention and initiation/perseveration domains
compared to the PDD without fluctuations (Varnese et al., 2010). Concept formation has
been tested using the “Conceptualization subscale” of the DRS and various other tests
(Aarsland et al., 2003; Litvan et al., 1991; Paolo et al.,1995; Noe et al., 2004). Trail Making
Test is quite useful in testing conceptualization ability and it is a process of complex visual
scanning with a motor component that mainly assesses shifting aptitude (Reitan et al., 1955).
DLB patients have more deficits in the conceptualisation scores compared to PDD (Aarsland
et al., 2003). Overall, significant executive functioning deficits are present in PDD patients,

probably more compared to AD (Emre et al., 2007).
Construction, Praxis and Instrumental Functions

Although PDD has been reported to be mainly a “dysexecutive ”” dementia, instrumental
functions may also be impaired, reflecting possible cortical involvement (Cummings et
al.,1988). These functions can be elicited by testing complex visual functions including
visioconstructional tasks (Clock drawing test), Visio-spatial tasks (the Benton line orientation

test) and Visio-perceptional tasks (Benton face recognition test ), and language (Boston
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naming test). The Clock-Drawing Test and design copying tests showed impairment in all
groups but more so in the Lewy body dementia group (Paolo et al.,1995; Cormack et al.,
2004). The general pattern of greater visuoperceptual, visuospatial, and visuoconstructional
deficits, attention, and executive function impairment is more prevalent in Lewy body
dementia than AD (Guidi et al.,2006; Stravitski et al.,2006; Salmon et al.,2009) , but it is
much more conspicuous in cases of DLB (Hamilton et al., 2008; Mosimann et al., 2004). The
AD group had significant problems with speech content and anomia whereas PDD patients
had smaller phrase length, impaired speech melody and dysarthria, implying more serious

deficits in core language functions in AD (Pillon et al., 1993; Cummings et al., 1988).
Subcortical and cortical dementia

The main characteristics of subcortical dementia syndrome are a slowing down of cognitive
processes (bradyphrenia), a preferential disturbance of the fundamental processes (memory,
motivation, attention, etc.) and a relative preservation of specific functions (speech, praxis,
gnosis) (Habib et al.,1989).

In subcortical dementias the major deficits are in working (immediate) memory and retrieval
of information from longer term memory stores, reflecting dysfunction of frontostriatal
systems (Perry et al., 1996). Janvin et al. showed that Lewy body dementia group were twice
more likely to have a subcortical dementia profile than having a cortical-type deficit while the
opposite was true for the AD group. Also Lewy body dementias dominated the subcortical
profile by a ratio of 1.5 as compared to AD (Janvin et al., 2006). Pagonabarraga et al. have
shown an abrupt decrease in the cortical functions in PDD which differentiated them from
MCI-PD (mild cognitive impairment inPD), and nondemented PD patients. (Pagonabarraga et
al., 2008).

Conclusions on the Profile of Cognitive Impairment

PDD patients have impaired attention, memory, executive and instrumental functions. There
are some phenomenological differences between PDD and AD, particularly in executive
functions, so that a “subcortical” or “dysexecutive” pattern predominates in PD-D, although
having ‘grey’ areas. These patterns may be easier to see in the earlier phases of the disease
but, the picture is much more blurred in the advanced stages of the disease making clinical

differentiation very difficult.
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2.1.6 PATHOLOGICAL STUDIES IN PARKINSON’S DISEASE DEMENTIA

Molecular classification of parkinsonian disorders

The essential neuropathology of PD neuronal loss in the SNc associated with Lewy pathology
(Gelb et al.,1999). However, neuronal loss in the SNc is found in a wide range of
Parkinsonian disorders as listed below in Table 2.1.6.1 and dementia can be a feature in
several of these disorders. These disorders are broadly classified as those with and without a-

synuclein pathology.

a-synucleinopathies

eParkinson's disease

eDementia with Lewy bodies

eMultiple system atrophy

eNeurodegeneration with brain iron accumulation

Non-a-synucleinopathies

Tauopathies

eProgressive supranuclear palsy

eCorticobasal degeneration

FTDP-17

eGuam Parkinson-dementia complex

eDementia pugilistica

TDP-43 proteinopathies

*FTLD-TDP

ePerry syndrome*

Nonspecific degeneration in the SNc

eAutosomal recessive juvenile parkinsonism

eSome cases of parkinsonism due to mutations in LRRK2

Table 2.1.6.1 Molecular classification of parkinsonian disorders FTLD-TDP=frontotemporal lobar
degeneration with TDP-43 inclusions. FTD-17=frontotemporal dementia with parkinsonism linked to
chromosome 17. *Parkinsonism with pallidonigral TDP-43 proteinopathy.

a-synuclein and Lewy pathology

Aggregations of a-synuclein neuronal inclusions, collectively referred to as Lewy pathology,
are characterised by Lewy bodies (LB), which are globular eosinophilic inclusions in
neuronal perikarya (Spillantini et al., 1997). Inclusions can also develop in neuronal cell
processes which take a spindle— or thread-like Lewy neurites. (Figure 2.1.6.1). These

aggregations can be of different types — those having haloes and well-defined appearances are
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described as classical Lewy bodies and those having less compact appearances without haloes

are referred to as cortical-type Lewy bodies.

While Lewy pathology is usually found in the SNc, this pathology is also found in many
selectively vulnerable neurons throughout the CNS in end-stage PD, PDD, and DLB,
including the spinal cord, medulla, pons, midbrain, diencephalon, basal forebrain, amygdala,

olfactory bulb, limbic cortex, and higher order association cortices (See table below)

e
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Figure 2.1.6.1 Showing a,-Synuclein-positive Lewy neurites in the substantia nigra. b, - a -
Synuclein-positive Lewy body (arrow) in pigmented nerve cell of the substantia nigra (Picture source-
Spillantini et al et al.,Nature 388, 839-840 1997)

2.1.6.3. Braak staging

Braak et al. have proposed a staging system for Lewy pathology in PD, possibly progressing
from enteric and autonomic nervous system to the brainstem and then to cortical areas (Braak
et al., 2003) (Table 2.16.2). The stages correspond roughly to the classification of Lewy body
disorders proposed by Osaka et al. (1988) which was used in the consensus criteria for the
diagnosis of DLB ( McKeith et al.,1996;2005).
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According to Kosaka * According to Braak
® Enteric nervous system

® Peripheral autonomic system

e Spinal Cord
Brainstem Lewy body disease Braak PD stages 1-2
. Vaga dorsal motor nucleus
® Lower raphe nuciel
. IS eru
Transitional Lewy body disease Braak stages3 -4

e Substantia nigra pars compacta
® Amygdala, basal nucleus of Meynert
® Intralaminar thalamic nuclei

e Hippocampal CA sector

Diffuse Lewy body disease Braak stages5 -6
e Cingulate cortex
® Temporal cortex
. Frontal cortex
® Parietal cortex

*The same affected areas are assumed for the Kosaka criteria as listed for the Braak criteria.

Table 2.1.6.2 : Anatomical regions susceptible to Lewy pathology, according to two major classification

schemes

Pathogenesis of PDD

Pathological studies of PDD can be broadly classified into three main groups: coexisting AD
pathology, nigral and brainstem pathology with increased LBs and the third, limbic and
cortical LB-type degeneration (Emre et al., 2007). On the basis of the recent studies using o
—synuclein immunohistochemistry, and assessing several potential pathological correlates
simultaneously, the third group seems to play a major role in PDD. But, whether there is a
spread of LB pathology from the brainstem to the cortex, implying PD and DLB are part of a
continuum, or whether LB pathology in cortical and subcortical areas occurs concurrently is a

matter of debate.

Although DLB and PD are thought to be part of the same clinical spectrum,
neuropathological studies differ widely as regards to the aetiological processes. While some
reports have suggested significant differences between DLB and PDD, others have found few
neuropathological differences but none significantly robust enough to enable their
differentiation (Aho et al.,2008; Beach et al.,2008; Hely et al.,2008; Lashley et al.,2008 et al.,
Oinas et al.,2009; Parkkinen et al., 2001; Aarsland et al.,2005; Sabbagh et al.,2009; Aarsland
et al.,2004; Guo et al.,2005; Tsuboi et al.,2005; Jellinger et al.,2006a).

Neurotransmitter defects — cholinergic, noradrenergic and dopaminergic defects have also

been reported as a cause for dementia in PD (Nakano et al., 1984; Emre et al., 2003).
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Role of a-synuclein, amyloid- p and tau proteins

Abnormal deposition of a-synuclein, amyloid- g and hyperphosphorylated tau proteins have

all been thought to cause the dementia in Parkinson’s disease.

Amyloid- B and Alzheimer’s type changes (with amyloid plaques and neurofibrillary
tangles) are the most common co-occurring pathology that accompanies Lewy pathology i.e.
PDD and DLB (Dickson et al., 2009). Recent clinic pathological studies have reported
Alzheimer’s type changes in about a third to half of the PDD cases (Galvin et al., 2006;
Sabbagh et al.,2010). Although some studies (Jellinger et al., 2006b; Ballard et al., 2006)
agree that the difference in the pathology between PDD and DLB could related to the
amount of concomitant Alzheimer’s disease-type pathology , others clearly differ in their
views (Aarsland et al.,2005; Tsuboi et al.,2007). Between 10% and 55% of patients with
Alzheimer's disease have coexistent Lewy bodies (Hansen et al., 1990; Jellinger et al., 1990).
When AD type changes are seen in PDD there are usually other concomitant
neuropathological changes, including limbic and cortical Lewy bodies and degeneration of
subcortical monoaminergic and cholinergic pathways (Burack et al., 2010). It is also
interesting to note that there is no correlation between the clinical stages of dementia and
neuropathological findings in PDD, PDD with LB, and PDD with AD (Galvin et al., 2006).

Jellinger had reported that DLB brains showed a significantly higher burden of (diffuse)
amyloid plaques in the striatum and slightly more severe tau pathology than PDD brains
despite similar neuritic Braak stages. In DLB the striatal load of Amyloid-$ had an
inconsistent correlation with the Braak neuritic stages but in PDD there was no correlation at
all. He also reported an excess of a-synuclein pathology (both Lewy neurites and Lewy
bodies) in DLB compared to PDD (Jellinger et al., 2006a).

2.1.6.5. Conclusion

Dickson et al. have concluded that from a pathological point of view PDD and DLB cannot
be differentiated (Dickson et al., 2009) and have formulated a probability statement (Table
below) which indicates only the likelihood that the pathology would contribute significantly
to the Lewy-related cognitive disorder (DLB or PDD).
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Very recently several neuropathological reports have implied a combined and possibly,
synergistic mechanism of neurodegeneration and fibrillary protein aggregation to explain the
concurrent presence of a-synuclein, amyloid-  and tau proteins which are markers for both
AD and PD and their role in the causation of dementia in PD. (Parkkinen et al.,2008;

Kalaitzakis et al.,2009; Jellinger et al.,2010).

Table 2.1.6.3 : Probability of Lewy-related cognitive disorder (Dickson et al.,2009)

Kosaka criteria NFT stage 0-2/ NFT stage 3-4/ NFT stage 5-6/
CERAD possible CERAD probable CERAD definite

Brainstem Low Low Low

Transitional High Intermediate Low

Diffuse High High Intermediate

Data based on NIA—Reagan criteria (Hyman, 1997) for Alzheimer’s disease-type pathology. The
probability matrix is shown as proposed by the third Consortium of Dementia with Lewy Bodies,
(McKeith et al.,2005) in which Lewy pathology and Alzheimer’s disease-type pathology determines
the likelihood of a Lewy-related cognitive disorder (DLB or PDD). Distribution of Lewy bodies and
Alzheimer’s disease-type pathology are the two major axes in the matrix. CERAD=Consortium to
Establish a Registry for Alzheimer’s Disease. NFT=neurofibrillary tangles.
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2.1.7. PET STUDIES IN PARKINSON’S DISEASE DEMENTIA

The broad approaches to the understanding of dementia in Parkinson’s disease are

a) Co-occurring Alzheimer’s type pathology in the cortex ,

b) Neurotransmitter defects due to loss of ascending projection neurones from the ventral
tegmentum (mainly subcortical with loss of mesolimbic and mesocortical projections)

c) The spread of Lewy body pathology (a synuclein) from brainstem to the cortex, which
may suggest PD and DLB is a part of the same continuum.

PET imaging has been used to understand a number of these processes. In particular finding
of a PET ligand [11C] PIB which binds to fibrillar amyloid has made a great contribution in
Alzheimer’s disease. In addition, metabolic imaging of the glucose metabolism with [18F]
FDG has also been useful to know the changes in neuronal activity. In a number of
neurodegenerative diseases including PD microglial activation also have been thought to be a
major contributor to the disease and imaging with [11C] PK11195 can be useful in this
scenario. | will briefly discuss about these approaches before moving on to the rationale of

using PET in our study.

Co-occurring Alzheimer’s type pathology is found in about a third of the cases. Using [11C]
PIB, two fold increases in amyloid has been detected in Alzheimer’s disease (Klunk et
al.,2004 Archer et al., 2006; Engler et al., 2006; Fagan et al., 2006; Edison et al.,2007;
Rabinovici et al.,2007; Jack et al., 2008;). [18F] FDG is a marker of neuronal activity and
gives a measure of the regional resting glucose metabolism in the brain. It has provided a
good deal of knowledge about the pattern of several neurodegenerative diseases including
Parkinson’s disease, Parkinson’s plus syndromes, Alzheimer’s disease. [ 18F]FDG-PET
studies show that rCMRGIc is decreased by 10 to 20% in temporoparietal, occipital cortical
regions and posterior cingulate gyri in subjects with AD ( Hoffman et al.,1989; Minoshima et
al.,1997; Hoffmann et al., 2007; Edison et al., 2007). Many studies have shown the retention
of [C11] PIB in cortical AD brain regions to be inversely related to the cerebral glucose
metabolism as measured by [18F] FDG (Klunk et al., 2004; Edison et al.,2007). [18F] FDG
scans shows a similar distribution of hypometabolism in Parkinson’s disease dementia with
predominant reduction of glucose metabolism in the posterior cingulate, posterior parietal and

temporal association areas, frontal association areas being affected to a lesser degree, and
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primary cortical regions, basal ganglia and cerebellum being spared (Bohnen2003). This
striking similarity in the pattern of glucose metabolism and neuronal dysfunction suggests an

association between Lewy body and Alzheimer pathology (Brooks et al., 2008).

Microglia are the resident macrophages of the cental nervous system and form a part of the
innate immune sysytem. These cells are quiescent in the normal physiological state.
However, in response to pathophysiological brain insults such as injury or disease,they are
activated. These cells then, express a translocator protein (18 kDa) (TSPO) in addition to
several proinflammatory markers. . TPSO is a five transmembrane domain protein that is
localized primarily in the outer mitochondrial membrane. It abundant in peripheral organs,
particularly in adrenal glands, kidney, heart and lungs as well as haematogenous cells, but
present in low levels in the intact central nervous system. It is localized at these contact sites
when formed (Culty et al., 1999). With increased mitochondrial activity such as during
inflammation TPSO tends to form homopolymers (Delavoie, F. et al., 2003). [11C] PK11195
is a specific ligand for TSPO (Shah et al., 1994) and can reflect the alterations of microglial
activation and hence, inflammation. Microglial activation has been demonstrated in a number
of neurodegenative conditions by the use of [11C] PK11195 PET. Gerhard et al., showed that
the the[11C] PK11195 binding was raised in the brainstem, basal ganglia and fronto-
temporal cortical regions of Parkinson’s disease patients. Increased binding of this
radiotracer has been demonstrated in Parkinson’s disease (Gerhard et al., 2007) ,

Huntington’s disease (Tai et al.,2007) and also Alzheimer’s disease (Edison et al., 2007).

Neurotransmitter dysfunction includes loss of cortical cholinergic activity and dopaminergic
dysfunction. Using a PET ligand , N 11C Methyl-4-piperydyl acetate (MP4A) which a
substrate of acetylcholinesterase, severe loss of cortical cholinergic activity has been shown
in PDD patients (Kuhl,1996; Nakano 1984; Emre et al.,2003). Performance on attention and
working memory function were found to correlate with loss of cortical cholinesterase activity
in PDD (Bohnen, 2003; Bohnen et al., 2006). One study used [18F] Fdopa and MP4A in PD
and PDD. They found non-demented PD and PDD having moderate and severe cholinergic
dysfunction respectively. Frontal and temporoparietal FDOPA and MP4A binding covaried
in PDD suggesting a role for both cholinergic and dopaminergic functions (Hilker et al.,
2005).
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Dopaminergic dysfunction in PDD has also been noted by other PET researchers (Ito et al.,
2002). Interestingly, Rinne et al. found a correlation to the reduction of [18F] Dopa uptake to

performance of executive tasks (Rinne et al., 2000).

In conclusion , the pathology dementia in Parkinson’s disease is likely to be multifactorial
incorporating the different processes discussed above and section 2.1.6. However, 3 amyloid
imaging may be the most important as it carries a huge therapeutic potential. In addition
imaging glucose metabolism and microglial activation may give us further insight into the

pathogenesis of the disease.
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2.1.8 RATIONALE OF THE STUDY

Dementia is a major disabling complication of Parkinson’s disease. The incidence of the
disease is rising with improving the life expectancy of the population. From the pathological
studies we have seen a four- to sixfold higher risk of dementia in PD patients compared to the
normal population. Clinically it is difficult to distinguish between different forms of dementia
and neuropathologically there is no clear explanation for the cause of dementia in PD
(Sections 2.1.5 and 2.1.6). One third to one half of the Parkinson's disease with dementia
(PDD) patients do have Alzheimer’s type amyloid pathology in the brain. It is now possible
to image amyloid in Alzheimer’s dementia with [11C] PIB. It is important to look into
amyloid pathology in PDD and DLB to gain further insight into the cause of the disease as it
might develop potential therapeutic targets. In Alzheimer’s diease abnormal glucose
metabolism and inflammation have been shown along with 3 amyloid deposition. Both
abnormal brain glucose metabolism and microglial activation has been seen in the
Parkinson’s disease patients do not have dementia as studied with [18F] FDG and [11C]
PK11195 respectively. Using [11C] PIB, [18F] FDG and [11C] PK11195 we planned to
study the processes mentioned above to get further insight into pathogenesis of dementia in
Parkinson’s disease. We planned to conduct this study by recruiting PDD patients locally
from our hospital. We proposed to recruit PD patients and age matched healthy controls to

compare with PDD patients.

In addition, we planned to pool our [11C] PIB data in a multicentre study (Austin Health,
Melbourne, University of Melbourne, Australia; Turku PET Centre, University of Turku,
Finland and our centre) to compare amyloid load in PDD, DLB, PD and healthy controls.
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2.1.9 OBJECTIVES OF THE STUDY OF DEMENTIA IN PARKINSON’S DISEASE

The objectives of this study were to assess in vivo using PET -

1. The regional cerebral amyloid load in PDD and DLB patients and to compare this

with PD patients who do not have dementia and age matched healthy controls

2. The difference in brain metabolism in PDD compared to PD and healthy controls

3. The extent of inflammation in the PDD patients compared to PD

4. Correlation of inflammation, glucose metabolism and amyloid load in PDD and PD.
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22 PET TRACERS | HAVE USED IN THE STUDY OF PARKINSON’S DISEASE
DEMENTIA

2.2.1. [11C] PIB

2.2.1.1 Chemical structure of [11C] PIB shown in diagram above
2212
N-Methyl-[11C]-2-(4’-methylaminophenyl)-6-hydroxybenzothiazole
2.2.1.3 Synthesis

[11C]PIB was readily synthesized by standard [11C]-methylation of 2-(4’-aminophenyl)-6-
methoxymethoxybenzothiazole with [11C] methyl iodide, followed by hydrolysis (Mathis et
al., 2003). The average radiochemical yield was 12.1% at the end of synthesis based on [11C]
methyl iodide, and the average specific activity was 185 GBg/umol (2.3 Ci/umol) at the end
of synthesis. Radiochemical and chemical purities were >95% as determined by high-

performance liquid chromatography (HPLC).
2.2.1.4 Characteristics

[11C]PIB, Pittsburgh compound B, is a neutral derivative of thioflavin-T. It has a binding
affinity (Ki) of 4.5 nm for aggregated f-amyloidal (1-40) fibrils in the AD brain (Mathis et
al., 2003). Amyloid fibrils present in AD plaques, is formed from A protofibrils which itself
is a end- product of the breakdown Amyloid precursor protein (APP) by secretases. In

comparison to the amyloid fibrils,the binding of [11C]PIB to neurofibrillary tangles was low.

Saturation binding studies with [11C] PIB to homogenates of frontal cortex from postmortem
advanced AD brain showed a Kd of 1.4 nm and a Bmax of 1900 pmol per g of tissue. There

was no specific binding of [11C]PIB to homogenates of frontal cortex from age-matched
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control brain as well as to homogenates of cerebellum from AD brain or control brain (Klunk
et al.,2003).

2.2.1.5 Utility In-vivo studies

The first in vivo human study with [11C] PIB was reported by Klunk et al., with 16 patients
with mild AD and nine healthy people (Klunk et al.,2004). [11C]PIB showed a rapid uptake
in the brain tissue and substantial (upto two- fold) retention in the frontal, parietal, temporal
and occipital cortices but low entry into the cerebellum and subcortical white matter of the
patients, unlike healthy controls who showed a rapid entry and clearance of [11C] PIB in

cortical and subcortical grey matter, including the cerebellar cortex.

Since then it has been widely accepted as a marker of fibrillar amyloid binding in human in-
vivo studies (Klunk et al.,2004; Archer et al., 2006 et al., Engler et al., 2006; Fagan et al.,
2006; Rabinovici et al.,2007; Jack et al., 2008;). Our group Edison et al., have shown two-
fold rises in cortices of AD brains (Edison et al.,2007).

2.2.2. [18F] FDG

2.2.2.1 Chemical Structure shown in diagram above
2.2.2.2 Chemical name

[18F]Fluoro-2-deoxy-2-D-glucose
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2.2.2.3 Synthesis

18F] FDG was synthesized by a direct electrophilic fluorination of 3, 4, 6-tri-O-acetyl-d-
glucal with [18F]F2 gas with a radiochemical yield of 8%. [18F]FDG was also prepared by
reacting 18F-labeled acetyl hypofluorite, prepared by reaction of 18F-labeled molecular
fluorine with sodium acetate in glacial acetic acid, and tri-acetyl-d-glucal at room
temperature. Overall radiochemical yield was about 24% with a radiochemical purity of 98%.
The specific activity of [18F]FDG was about 25 GBg/mmol (685 mCi/mmol). With further
advancement of technology various methods have then been used to give a yield of 12- 17 %
with 96 — 99 % radiochemical purity (Nishijma et al.,2002; Brodack et al., 1988; Yu et
al.,2006).

2.2.2.4 Rationale of use

The phosphorylation of glucose, an initial and important step in cellular metabolism, is
catalyzed by hexokinases. [18F] FDG PET measures the cerebral glucose metabolism.
Hexokinases by converting glucose to glucose-6-phosphate, help to maintain the downhill
gradient that results in the transport of glucose into cells through the facilitative glucose
transporters (GLUT1-13). 2-Deoxy-d-glucose (2DG) was first developed to inhibit glucose
utilization by cancer cells as phosphorylation of this compound would inhibit the

phosphorylation of glucose (Laszlo et al.,1960)

2-[18F] Fluoro-2-deoxy-d-glucose ([18F] FDG) was later developed for molecular imaging
studies (Fowler et al., 2002). FDG is moved into cells by glucose transporters and is then
phosphorylated by Hexokinase to FDG-6- phosphate. FDG-6- phosphate cannot be
metabolised further in the glycolytic pathway and is trapped intracellularly. However, it is
important to note because FDG and glucose, are transported and phosphorylated by the same
process, the rate of tissue accumulation of the end-product, FDG-6-phosphate, is
proportional to the rate of glucose utilisation. Altered rates of glycolysis and glucose
transport in cells can be reflected by the uptake of [18] FDG relative to other normal cells. As
a PET tracer [18F] FDG can therefore be used to assess alternations in glucose metabolism in

brain.
2.2.2.5 Lumped Constant in FDG studies

Although FDG and glucose go through the same metabolic processes they differ in their rates

of transport and phosphorylation, and respective volumes of distribution (VDs) in the brain
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tissue. Therefore, rigorous calculation of the glucose metabolic rate (MRGIc) in units of
mmol/100 g/min of FDG requires a proportionality constant, known as the lumped constant
(LCFDG). The LCFDG represents the ratio of the metabolic rate of FDG (MRFDG) to the

metabolic rate of glucose (MRGIc).

2.2.2.6 Utility in vivo studies

[18F]FDG measures the regional cerebral glucose metabolism (rCMRGIc) and synaptic
activity. [18F]FDG-PET studies show that rtCMRGlIc is decreased by 10 to 20% in
temporoparietal, occipital cortical regions and posterior cingulate gyri in subjects with AD (
Hoffman et al.,1989; Minoshima et al.,1997; Edison et al., 2007). Many studies have shown
the retention of [C11] PIB in cortical AD brain regions to be inversely related to the cerebral
glucose metabolism as measured by [18F] FDG (Klunk et al., 2004; Edison et al.,2007).

2.2.3 [11C] R PK11195

0~ =
N

2.2.3.1 Chemical Stucture — shown in the diagram above

2.2.3.2 Chemical name
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1-(2-Chlorophenyl)-N-[11C]methyl-N-(1-methylpropyl)-3-isoquinoline carboxamide
2.2.3.3 Synthesis

[11C]R-PK11195 is synthesized from R-desmethyl-PK11195 with [11C]methyl iodide. The
11C-labeled enantiomers were prepared with a reproducible radiochemical yield of 80%
(decay-corrected) based on [11C]methyl iodide. Total synthesis time was 45 min.
Radiochemical purity was >99% with specific activities varying between 20 and 96
GBg/umol (0.54 and 2.6 Ci/umol) at the end of synthesis.

2.2.3.4 Rationale for use

Microglia are the resident macrophages of the cental nervous system and form a part of the
innate immune sysytem. These cells are quiescent in the normal physiological state. However
,they are exquisitely sensitive to brain injury and disease, and in response to
pathophysiological brain insults can alter their morphology and phenotype to adopt a
activated state’. In the activated state, these cells express a number proinflammatory
cytokines and in particular, the mitochondria of these cells express a translocator protein (18
kDa) (TSPO) [11C]R PK11195 specifically binds to TPSO (Rupprecht et al., 2006) and can

reflect the alterations of microglial activation and hence, inflammation.
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Picture showing the altered ,” swelled’ state of activated microglia (arrows) in the brain.

2.2.3.5 Utility in in-vivo studies
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[11C] PK 11195 has been shown to have increased binding in a number of inflammotory
CNS disorders. Our department has shown increased binding of this radiotracer in
Parkinson’s disease (Gerhard et al., 2007) , Huntington’s disease (Tai et al.,2007) and also
Alzheimer’s disease (Edison et al., 2007).

Gerhard et al., showed that the the [11C] PK11195 binding was raised in the brainstem, basal

ganglia and fronto- temporal cortical regions of Parkinson’s disease patients.
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2.3 MATERIALS AND METHODS

2.3.1 Ethics committee permission was obtained from the Ethics Committee of the
Hammersmith Hospitals Trust to be able to conduct this research

2.3.2 Permission to administer radiotracers was obtained from the Administration of
Radioactive Substances Advisory Committee (ARSAC) UK.

2.3.3. SUBJECTS AND PROCEDURES
2.3.3.1.SUBJECTS
The inclusion criteria for PDD subjects:

e age 50-79 yrs,

e diagnosed with PDD based on the consensus clinical diagnostic criteria before
their enrolment into the study

e ability to give informed consent

e areliable history from the patient’s care giver

e adequate visual and auditory acuity to complete the psychological testing
The exclusion criteria were:

e extensive white matter disease on MRI which, in the opinion of a consultant
radiologist, was over and above the few lacunes associated with normal aging,

e major depression based on DSM-1V criteria,

e acurrent or recent history of drug or alcohol abuse/dependence,

e any significant disease or unstable medical condition that could influence
neuropsychological testing,

e pregnancy,

e participants in whom MRI was contraindicated,

e history of schizophrenia, schizoaffective disorder, bipolar disorder or any

e history of ECT and
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e history of cancer within the past 5 years except localised skin and prostate

cancer

PD subjects without dementia were age- matched and satisfied the brain bank criteria for the

diagnosis

11 PDD subjects, 8 PD subjects without dementia and 35 control subjects were recruited
from the movement disorder clinics at the Imperial College NHS trust. Due to restrictions in
performing scans in healthy controls different control groups were studied — 17 for [11C]
PIB, 8 for [18F] FDG and 10 for [11C] PK11195. Part of the data from six PDD and six PD
patients from our centre which were available at that time, were pooled together with data
from two other centres Austin Health, University of Melbourne, Australia, and the
University Hospital of Turku, Finland. This multicentre study had 13 DLB, 12 PDD, 10 PD
and 41 control subjects. The demographic details are given in Tables 2.4.1.1 and 2.4.1.4.

The study was both verbally explained to the patients as well as an information sheet was
provided for them to read at their own leisure. Written consent was obtained from every
patient. All patients had an MRI Brain, and three PET scans on three separate days. On the
day of the MRI they also had a detailed neuropsychometry test along with a clinical

assessment.
2.3.3.2 Clinical examination and Neuropsychiatry tests

Dementia was excluded in control subjects and PD subjects without dementia by detailed
clinical examination and neuropsychological testing while significant cerebral atrophy was

excluded by T1-weighted and structural damage by T2-weighted MRIs.

All patients and controls had the following tests as has been used previously in Alzheimer’s

dementia studies in our department (Edison et al., 2007; Edison et al., 2008)

1. Mini-Mental State Examination (MMSE),

2. Warrington short recognition memory tests (WRTM) for words and faces,

3. AD Assessment Scale Word List Learning test and 30 minute delayed recall, (Rosen
et al.,1984)

4. Immediate and delayed recall of modified complex figure, (Becker et al.,1987)

5. Digit Span forwards, (Wechsler et al.,1997).
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Clock drawing, (Sunderland et al.,1989)
30-item Boston Naming Test,(Saxton ,2000; Borod et al.,1980; Kaplan et al., 1983)
Letter fluency (FAS),(Benton et al.,1968)

Category fluency (animals, birds, and dogs)

© o N o

2.3.3.3 MRI Brain:
MRIs were obtained with a 1.5 Tesla GE scanner.

T1 volumetric MRI (3D T1 volume, pulse sequence RF-Fast, acquisition times TR 30ms,
TE 3ms, flip angle 30 degrees, FOV 25 cm, matrix 156 x 256, voxel dimensions
(0.98x0.98x1.6 mm) was acquired for co-registration and assessment of atrophy

T2 weighted images were acquired to rule out any structural abnormality and control

subjects.

2.3.3.4 [11C]PIB-PET Scan:

[11C] PIB was manufactured and supplied by Hammersmith Imanet plc at the Cyclotron
Building, Hammersmith Hospital. All patients and controls were scanned using a Siemens
ECAT EXACT HR+ 962 scanner (Brix et al.,1997). Head position was checked using a
short two minute transmission scan using an external rotating 68Ge source. A 10 minute
transmission scan was also performed to measure tissue attenuation. Dynamic emission scans
were acquired in three-dimensional mode. All subjects had an intravenous bolus injection of
[11C] PIB - mean injected dose 370 (SDx20) MBq. PET emission scans were acquired over
90 minutes. All data processing and image reconstruction was performed using standard
Siemens software which included scatter correction. Reconstruction of emission data was
carried out using filtered backprojection method (ramp, kernel 2.0 mm FWHM); the 3D

emission data were Fourier-rebinned into 2D data sets to increase the speed of reconstruction.

2.3.3.5 [18F]FDG PET
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[18F] FDG was manufactured and supplied by Hammersmith Imanet plc at the Cyclotron
Building, Hammersmith Hospital. All PD and PDD subjects and healthy controls were
scanned using a Siemens ECAT EXACT HR+ 962 scanner. Subjects were asked to fast for
four hours before the scan. An intravenous bolus injection of 185 (£8) MBq of [18F]FDG
was administered. A 60 minute dynamic emission scan was acquired using predefined
protocol with time frames 1x15s, 1x5s, 4x10s, 4x30s, 4x60s, 4x120s and 9x300s. Studies
were performed in a minimally illuminated room with minimal auditory stimulation and at
the same time avoiding sedation because these factors may alter neural firing and neural
activity in several areas of the cortex resulting in erroneous results. All subjects had radial
artery cannulation to allow for blood monitoring. Continuous online sampling was performed
for 15 minutes and then discrete blood samples were taken at baseline, 5, 10, 15, 20, 30, 40,
50 and 60 minutes. A haematocrit was estimated from the baseline blood sample and plasma
glucose levels were measured on selected samples. Data acquisition was similar to that of
[11C] PIB.

2.3.3.6 [11C](R)PK11195-PET:

All patients and controls had [11C](R)PK11195-PET scans using an ECAT EXACT HR++
(CTI/Siemens 966) camera. Data were acquired in three-dimensional mode at the Cyclotron
Building, Hammersmith Hospital. The scanner has an axial field of view of 23.4 cm and
provides 95 transaxial planes with a spatial resolution of 4.8 mm FWHM (transaxial, 1 cm off
axis) and 5.6 mm (axial, on axis) after image reconstruction (Spinks et al.,2000). This high-
resolution, high-sensitivity tomograph permits interrogation of small volume structures. A
transmission scan, used to correct for attenuation of emitted radiation by skull and soft
tissues, was acquired using a single rotating photon point source of 150 MBq of **'Cs. Thirty
seconds after the start of the emission scan, a mean dose of 296 (SD+ 18) MBq [11C] (R)
PK11195 in 5 ml normal saline was injected intravenously over 10 seconds.
[11C](R)PK11195 was manufactured and supplied by Hammersmith Immanent plc. Emission
data were then acquired over 60 minutes in list-mode and rebinned into 18 time frames post

acquisition.

2.3.4 ANALYSIS OF SCANS

131



2.3.4.1 [11C] PIB
MRI images

The following pre-processing steps were done with each MRI using SPM ( Statistical
Parametric Mapping 99, Wellcome Department of Imaging Neuroscience, UCL,
London, UK) .

First the transaxial planes were oriented parallel to the AC-PC line. Then, a grey
matter image was produced by segmenting each MRI. This image was thresholded at
50 % probability.

PET images

PET images were obtained in 32 frames over 90 minutes. Two PET images were
created in Matlab (Mathworks Inc et al., Sherborn, Mass et al., USA) —

e 10 - 90 minute add image incorporating the 15th - 32nd frame and

e 60— 90 minute add image summing the activity in 27th - 32nd frames.

The PET images were coregisterd to each individual's MRI and then normalised to
standard stereotactic space (Montreal Neurological Institute, Quebec, Canada) using
SPM.

ROI (Regions of interest) analysis (Using Analyze AVW software)

A standard template of ROI was created by convolving the grey matter MRI image
with an in house probabilistic brain atlas (Hammers 2003 ). This individualized
template or 'object map' was used to sample grey matter regions.

Ratio image generation

| used the cerebellum as a reference region because it is relatively free of fibrillar
plaques (Joachim et al.,1989) and the [11C] PIB uptake is extremely low (Klunke et
al.,2004; Nordberg et al., 2004). | first calculated the cerebellar uptake value by
sampling the 60-90 minute PET image with the superimposed object map. The 60-90
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minute image was then divided by the cerebellar uptake value giving a Ratio image,
by using the image calculator in the same software. Target to cerebellar [11C] PIB
uptake ratios at 60 to 90 minutes provide a blood flow independent measure of 11C-
PIB retention (Price et al., 2004, Lopresti 2005, Kemppainen et al., 2006,. Aalto et
al.,2009).

In simple terms the cerebellum uptake value was first calculated and then the brain
regions were divided with it to get the target: cerebellum ratio which is unitless and it
gives us the measure of the target region PIB uptake relative to the cerebellum.
Regions sampled were anterior and posterior cingulate cortex, thalamus, striatum,
frontal, temporal, parietal and occipital cortical regions were studied. In addition we
examined the rCMRGIc in the hippocampus, amygdale, parahippocampal gyrus and
medial temporal lobe as well.

2.3.4.2 [18F]FDG-PET

A dynamic 3D series was acquired over the whole brain volume. VVoxel-by-voxel
parametric images of regional cerebral metabolic rate for glucose (rCMRGIc) were
produced from brain uptake and plasma input functions using spectral analysis
(Cunningham and Jones, 1993). A lumped constant ( Krohn et al., 2007) of 0.48 was

used.

For ROI analysis of [18F]FDG scans, the PET images were coregistered to the
corresponding MRI and then spatially normalised to MNI space. Gray and white
matter were combined when creating the object map and the regions were sampled in
the similar way as for [11C]PIB.

Functions of the anterior and posterior cingulate cortex, thalamus, striatum, frontal,
temporal, parietal and occipital cortical regions were studied. In addition we
examined the rCMRGIc in the hippocampus, amygdala, parahippocampal gyrus and

medial temporal lobe as well.
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2.3.4.3 [11C](R)PK11195-PET

PET IMAGES

e Parametric binding potential maps were created by the simplified reference
tissue model (SRTM), using Receptor Parametric mapping software (RPM)
written in Matlab 5 (Lammertsma and Hume et al.,1996; Gunn et al.,1997,
http://www.bic.mni.mcgill.ca/users/jaston/rpm_statistics.html).

e 60 minute summed activity image were also created using the same software.

Cluster analysis for calculating reference input function

Because of the widespread pattern of activation of microglia in Parkinson's disease, an
a priori unaffected region is not possible to be defined as a reference area (Larner et
al., 1997). Cluster analysis was, therefore, used to provide a reference tissue input
function for non-specifc uptake. This was done by identifying and extracting a cluster
of voxels in each subject that matched the characteristics of 'normal’ grey matter.
The data for 'normal’ grey matter was derived from previous studies with the same
tracer in healthy controls and patients and it incorporates the kinetics of six pre-
defined tissues (normal gray and normal white matter, skull, muscle, gray matter with
reactive microglia, vasculature that is rich in the receptor in endothelial cells and
smooth muscles). This form of supervised clustering algorithm thus helps to cluster
into areas of specific binding and at the same time takes out unwanted nuisance
signals arising from areas of the brain known to have a rich density of PBBS receptors
such as the meninges (Turkheimer et al., 2007). The clustering code is implemented in
the software package SUPERPK (Imperial Innovations, Imperial College London)
written in Matlab (The Mathworks Inc et al., Natick MA). Further work from our unit
has validated the SRTM using cluster analysis to define the reference input function

as the most reproducible and sensitive technique for generating BP maps.

Both PET images, parametric and summation, were coregistered to the respective

MRI scans using mutual information algorithm in SPM software. The summation
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images had high blood flow dependent signal in the large vessels and served as a

good anatomical substrate for the coregistration process.

Spatial normalization into standard stereotaxic space and the rest of the ROI analysis

were the same as for PIB analysis.

2.3.4.4 Statistical Parametric mapping (SPM) analysis:

The PET data was smoothed with 6mm x 6mm x 6mm kernel filter prior to SPM analysis.
Patients and control subjects were interrogated for microglial activation, amyloid load and
glucose metabolism using a voxel threshold of p<0.005 and extent threshold of 50 voxels.
The statistical threshold that was utilized defined a p<0.005 level for the individual voxels
and a minimum of 50 voxels for each set of connected voxels, and a corrected p<0.05
threshold at the cluster level was accepted as significant. If there was no significant cluster at
the above defined threshold, voxel threshold was dropped to p<0.05 and extent threshold of

50 voxels.

Microglial activation and glucose metabolism between PDD and PD was interrogated using a
voxel threshold of p<0.05 and extent threshold of 50 voxels. Statistical maps were corrected
for multiple comparisons using cluster level inference derived from random field theory as
implemented in SPM. In assessing cerebral glucose metabolism, individual rCMRGIc image
was normalized to the corresponding pons, and ANCOVA was applied to remove the

confounding effects of global on regional uptake variance.

2.3.4.5 Statistical analysis:

Statistical interrogations of ROI data were performed using SPSS for Windows version 14
(SPSS, Chicago, Illinois, USA).
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2.4 RESULTS

2.4.1[11C] PIB

Results from [11C] PIB has been divided into two subdivisions as part of the data from six
PDD and six PD patients from our centre which were available at that time, were pooled
together with data from two other centres Austin Health, University of Melbourne, Australia,
and the University Hospital of Turku, Finland. This study named ‘Amyloid load in
Parkinson’s disease dementia and Lewy body dementia measured with [11C]PIB positron
emission tomography’ was published in a peer review journal and the manuscript is attached

at the end of the thesis. This subdivision is referred to Part A.

Part B refers to the results of all PDD patients from our centre.

Part A Results

Table 2.4.1.1 shows the demographic characteristics of the subjects and table 2.4.1.2 outlines
the mean [11C]PIB uptake in the DLB,PDD, PD and control groups.

Individually, 11 of the 13 patients with DLB had significantly increased amyloid load in one
or more cortical regions as opposed to 2 out of 13 PDD patients. Nine of the 13 subjects with
DLB had [11C]PIB levels in the AD range (an [11C]PIB uptake RATIO.1.5) in at least one

cortical area.

Ten of the 12 patients with PDD had normal [11C]PIB uptake while two patients with PDD
showed a similar pattern of increased amyloid load to the majority of the patients with DLB.

In these two subjects with PDD, striatal uptake of [11C]PIB was also increased.

The two subjects with PDD who had high [11C]PIB uptake did not differ clinically from
other subjects with PDD. None of the 10 non-demented PD patients showed any significant

increase in [11C]PIB uptake compared with controls.
None of the non- demented PD or controls had a significant cortical amyloid load.

The tables 2.4.1.1; 2.4.1.2; 2.4.1.3, and figure 2.4.1.1. relate to Part A
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Table 2.4.1.1 Demographic and clinical details of the subjects in Part A

DLB PDD PD Controls
Number of subjects 13* 12% 10% 41#
Age(mean (SD) (range)) 72.2 (5.2) 69.3 (6.9) 68.2 (6.3) 67.8 (7.8)

(62-80) (56-80) (58-75) (55-82)
Sex (male) 10/13 10/12 7/10 24/41
MMSE {mean (SD) (range )} 20.3 (7.4) 21.8(2.8) 28.8 (1.5) 29.9 (0.3)

(10-28) (17-26) (26-30) (29-30)
Duration of diagnosis of dementia (yrs) 4.2 (2.6) 3.52 (1.5) - -
Duration of PD symptoms (yrs) 3.4(1.8) 10.6 (4.8) 9.2 (3.9) -
UPDRS 16.3 (13.8) 38.2 (12.9) 30.5(6.9) -

Values are mean (SD) unless otherwise indicated.

*10 DLB from Melbourne and three from Turku.
I Six PDD from London and six from Turku.

¢ Seven PD from London and three from Turku.

#17 HC from London, 12 HC from Turku and 12 from Melbourne.

"Mean age from London was 64.8 (6.2) years, mean age from Turku was 65.1 (7.6) years and

mean age from Melbourne was 72.3 (5.1) years.

DLB, dementia with Lewy bodies; MMSE, Mini-Mental State Examination; PD, Parkinson’s
disease; PDD, Parkinson’s disease dementia; UPDRS, Unified Parkinson’s Disease Rating

Scale
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Table 2.4.1.2 [11C] PIB uptake in DLB,PDD, PD and control groups - Part A
(Results)

Anterior Posterior Thalamus Striatum  Frontal Temporal Parietal Occipital  Whole
cingulate  cingulate cortex cortex cortex cortex cortex
gyrus gyrus
DLB
Mean 1.72 1.74 1.22 1.46 1.52 1.36 1.45 1.34 1.46
SD 0.31 0.41 0.14 0.27 0.26 0.26 0.32 0.27 0.26
Median 1.75 1.78 1.21 1.43 1.57 1.31 1.46 1.32 1.51
% increase = 43*** 56%** 12%%* 34Hx* 35k** 26%** 3p%** 2] %** 3%
PDD
Mean 1.26 1.28 1.06 1.1.19 1.18 1.13 1.15 1.16 1.18
SD 0.34 0.35 0.20 0.21 0.26 0.20 0.26 0.16 0.24
Median 1.15 1.16 1.02 1.15 1.11 1.07 1.02 1.11 1.09
% increase 14 13 4 7 9 6 6 4 8
PD
Mean 1.10 1.17 1.07 1.15 1.08 1.07 1.11 1.12 1.10
SD 0.07 0.12 0.06 0.07 0.06 0.06 0.09 0.07 0.06
Median 1.10 1.14 1.08 1.12 1.08 1.07 1.11 1.12 1.10
% increase 1 4 4 4 0 1 3 1 2
HC
Mean 1.16 1.19 1.06 1.12 1.11 1.09 1.09 1.14 1.11
SD 0.11 0.12 0.08 0.05 0.07 0.06 0.07 0.07 0.06
Median 1.14 1.19 1.09 1.11 1.11 1.09 1.09 1.13 1.11
p<0.001
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Table 2.4.1.3 [11C]PIB uptake RATIO in control subjects from three centres - Part A
Results

Anterior Posterior  Thalamus  Striatum Frontal Temporal Parietal Occipital ~ Whole
cingulate  cingulate cortex cortex cortex cortex cortex
gyrus gyrus
London
Mean 1.097 1.098 1.001 1.097 1.083 1.062 1.073 1.111 1.081
SD 0.088 0.081 0.075 0.052 0.057 0.037 0.047 0.045 0.039
Melbourne
Mean 1.258 1.246 1.102 1.112 1.173 1.117 1.107 1.16 1.145
SD 0.107 0.076 0.051 0.042 0.069 0.049 0.073 0.091 0.059
Turku
Mean 1.155 1.289 1.116 1.165 1.106 1.122 1.13 1.174 1.135
SD 0.076 0.102 0.053 0.039 0.046 0.068 0.079 0.076 0.057
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Figure 2.4.1.1 [11C]PIB uptake RATIO in the cingulate cortices (anterior (A) and posterior
(P)), thalamus, striatum, and frontal, temporal, parietal and occipital cortex in individual

subjects with DLB,PDD and PD from Melbourne (symbols with square border), Turku

(symbols with circular border) and London (symbols with no border). Control subjects are

from all three sites. Individually, 11 of 13 subjects with DLB showed significant [11C] PIB

uptake RATIO, while two subjects with PDD showed a significant uptake RATIO. None of

the patients with PD showed significant [11C] PIB uptake.DLB, dementia with Lewy bodies;

PD, Parkinson’s disease; PDD, Parkinson’s disease dementia.
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Table 2.4.1.4 Demographic data of Part B

PDD PD Controls
Number of subjects 11 8 35
Mean Age (SD) 69.3 (6.9) 68.2 (6.3) 67.8 (7.8)
Age Range 56-80 58-75 55- 82
Sex (male) 7/11 5/8 24/35
MMSE (SD) 21.8 (2.8) 28.8 (1.5) 29.9 (0.3)
MMSE range 17-26 26-30 29-30
Duration of diagnosis of dementia 3.52 (1.5) yrs - -
at the time of scan (SD)
Duration of PD symptoms (SD) 10.6 (4.8) yrs 9.2 (3.9)
UPDRS (SD) 38.2 (12.9) 30.5 (6.9) -
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Table 2.4.1.5 Details of neuropsychometric tests in PDD, PD and Controls

Immediate Delayed Forward

Boston

MMSE Word Word Digit Clogk Naming FAS Semantic Short  Short
Drawing Words  Faces
Recall Recall Span Tests

(/130) (10) (10)  (14) (5) (130) (25)  (/25)

PDD Mean 51 g 43 32 6.6 23 23 29.2 18 156 182

SD 2.8 2.4 16 26 1.9 31 55 48 2.8 35

PD Mean o8 7.7 6.9 122 48 282 447 424 23 228

SD 15 12 16 11 06 25 48 4.8 23 16

Controls  Mean g , 8.2 7.8 134 49 282 4638 474 24.1 24
sD

12 0.9 14 05 0.6 15 22 28 0.9 0.8
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2.4.1.6 [11C] PIB RESULTS FROM PDD SERIES - PART B

Table 2.4.1.6 showing [11C]PIB uptake in PDD, PD subjects and healthy controls (HC)

Ant Post Thalamu  Striatu Frontal Temporal Parietal Occipital
Cingulate Cingulate s m Lobe lobe lobe lobe
Mean 1.15 1.17 0.97 1.15 1.14 1.11 1.11 1.17
PDD
sD 0.14 0.09 0.13 0.11 0.12 0.09 0.10 0.14
P 0.14 0.03 0.21 0.10 0.11 0.06 0.15 0.12
value
%
4.83 6.30 -3.51 4.44 4.85 4.67 3.16 491
Increa
se
Mean 1.15 1.19 1.08 1.15 1.16 1.11 1.17 1.19
PD
sD 0.13 0.18 0.10 0.10 0.11 0.09 0.12 0.10
P value 0.16 0.10 0.04 0.11 0.04 0.08 0.03 0.03
% 4.76 8.29 7.60 4.51 7.21 4.80 9.38 7.48
Increase
HC Mean 1.10 1.10 1.00 1.10 1.08 1.06 1.07 1.11
SD
0.09 0.08 0.07 0.05 0.06 0.04 0.05 0.05

As a group there was no increase in [11C]PIB uptake in PD or PDD subjects. In the PD group
all the subjects had an [11C]PIB uptake Ratio of less than 1.4 in all cortical regions except in
one PD subject where the [11C]PIB uptake was increased in posterior cingulate, but the
glucose metabolism was not reduced in any other cortical region. All PDD subjects had an
[11C]PIB uptake RATIO of less than 1.4 in cortical regions except for one subject who
showed an uptake ratio of 1.5 in the occipital cortical region. Interestingly this PDD patient
showed a reduction in glucose metabolism (rCMRGIc=0.16, where mean-2SD was 0.186) in
the anterior temporal lobe. SPM did not detect any significant increase in the [11C]PIB
uptake between PD and controls nor PDD and controls. SPM analysis did not show any

significant increase in the [11C] PIB uptake between PD and controls nor PDD and controls.

143



2.4.2 [11C] PK 11195 Results
PDD compared to controls

The PDD patients showed a statistically significant 35 — 65% increase of [11C]PK11195 BP
in anterior and posterior cingulate, striatum, frontal, temporal, parietal and occipital cortical
regions. Individually, six PDD subjects showed significant increases (more than mean control
BP +2SD) in these regions.

Figure 2.4.2.1B shows the SPM comparing [11C]PK11195 BP increases in the 11 PDD
subjects compared with 10 control subjects. SPM shows significant increases in microglial
activity in frontal, temporoparietal and occipital cortical regions at a voxel threshold of

p<0.005 and extent threshold of 50 voxels.
PD compared to controls

[11C] PK11195 results show an increase of 25 — 30% in microglial activation in temporal
and occipital regions in PD patients. Increases were present in the frontal and parietal areas
but it was just below the statistical cut off (frontal p < 0.064, parietal p< 0.06). Individually 3
PD patients showed a significant increase in anterior and posterior cingulate and frontal,

temporal, parietal and occipital areas.

Figure 2.4.2.1A shows the statistical parametric maps (SPM) localising the significant
increases in [11C]PK11195 BP for eight PD subjects compared to ten control subjects. The
SPM shows significant microglial activity in temporoparietal and occipital cortical regions at
voxel threshold of p<0.005 and an extent threshold of 50 voxels.

PDD compared to PD patients

On testing between the two groups (non-demented PD and PDD) there were no significant
differences noted in the ROI analysis. SPM analysis showed a minimally increased microglial
activity in PDD compared to PD at voxel threshold of p<0.05 and extent threshold of 50
voxels (Figure 2.4.2.2).
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Table 2.4.2.1: [11C]PK11195 uptake in PD and PDD subjects compared to controls.

Anterior Posterior

cingulate cingulate Thalamus Striatum i':::il Ti’:r'::;al if::;l O::;{);;al ‘(,:\g:'?eli
gyrus gyrus

Mean 0.50 0.58 0.52 0.50 0.49 0.46 0.47 0.52 0.49
PDD SD 0.20 0.21 0.22 0.18 0.18 0.14 0.16 0.14 0.16

p value 0.04 0.02 0.28 0.00 0.01 0.02 0.01 0.01 0.01

0

|/° 35.32 3848 9.97 65.06 52.12 31.84 48.28 37.38 41.32

ncrease

Mean 043 0.51 0.51 0.38 042 0.44 0.42 0.49 0.44
PD SD 0.18 0.17 0.17 0.14 0.15 0.10 0.15 0.12 0.13

p value 0.19 0.1 0.30 0.10 0.06 0.03 0.06 0.02 0.05

0,

|/° 17.74 20.72 8.62 25.17 30.13 25.36 32.87 30.13 27.75

ncrease

Mean 0.37 0.42 0.47 0.30 0.32 0.35 0.32 0.38 0.35
HC SD 0.10 0.10 0.14 0.08 0.08 0.08 0.10 0.08 0.09

145



Figure 2.4.2 .1A shows [11C]PK11195
uptake in eight PD subjects compared
with 10 control subjects showing
significant increase in microglial activity
in temporoparietal and occipital cortical
regions at a p<0.005 and extent
threshold of 50 voxels.

Figure 2.4.2.1 B shows [11C]PK11195
uptake in 11 PDD subjects compared with
10 control subjects showing significant
increase in microglial activity in frontal,
temporoparietal and occipital cortical
regions at a p<0.005 and extent threshold
of 50 voxels.

Figure 2.4.2.2: [11C]PK11195 Binding
Potential between PDD and PD subjects
shows minimally increased microglial
activity in 11 PDD subjects compared to
8 PD subjects at voxel threshold of

p<0.05 and extent threshold of 50 voxels.
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Table 2.4.2.2 : Significant areas of elevated [11C] PK11195 BP in PDD subjects compared to

controls localised by SPM ( voxel threshold of p<0.005 and extent threshold of 50 voxels)

Region Coordinates Z- Score Corrected Cluster size
X y z p value
Left posterior temporal gyrus -68 -38 -10 4.23 <0.0001 777
Left precentral gyrus -30 -28 56 418 <0.0001 6020
Right lateral gyrus (Occipital lobe) 40 -90 -14 4.10 <0.0001 725
Left lateral occipito temporal gyrus 30 -6 -44 3.99 <0.0001 2402
Left parahippocampal gyrus 30 -2 -30 3.97 <0.0001 2402
Left lateral gyrus (Occipital lobe) -26 -98 -10 3.94 <0.0001 711
Brainstem 12 -26 -14 3.71 <0.0001 1315
Left middle and inferior temporal gyrus  -60 -34 -26 3.61 <0.0001 777
Right orbitofrontal gyrus 22 54 -14 3.56 <0.0001 749
Right precentral gyrus 50 2 24 3.47 0.001 640
Right middle frontal gyrus 20 42 -2 3.37 <0.0001 749

The coordinates are in Montreal Neurological Institute (MNI) space
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Table 2.4.2.3: Significant areas of elevated [11C] PK11195 BP in PD subjects compared to controls

as localised by SPM (p<0.005 extent threshold 50 voxels)

Coordinates

Corrected

Region Z- Score Cluster size
X y z p value

Left middle and inferior temporal gyrus -64  -18 -10 4.64 <0.0001 1483

Left inferior frontal gyrus -52 32 -8 4.36 0.024 318

Left superior temporal gyrus -66 -26 -2 4.19 <0.0001 1483

Left orbitofrontal gyrus -34 58 -14 3.50 <0.0001 318

Left cuneate gyrus 0 -92 20 3.46 0.024 789

The coordinates are in Montreal Neurological Institute (MNI) space

148



2.4.3.[18F] FDG RESULTS
PDD compared to controls

PDD subjects showed significant reduction in glucose metabolism compared to the control
subjects in the posterior cingulate gyrus and temporal, parietal and occipital cortices (Table
2.4.3.1). Interestingly parieto-occipital areas showed larger reductions in metabolism
compared to temporal regions. Individually nine out of the eleven PDD patients showed a
significant reduction in glucose metabolism in the parieto-occipital or posterior cingulate.
SPM analysis also showed a significant reduction in glucose metabolism in PDD subjects
compared to the control subjects in frontal, temporal, parietal and occipital regions at a voxel
threshold of p<0.005 as demonstrated in figure 2.4.3.1A

PD compared to controls

ROI analysis did not reveal any significant reduction in glucose metabolism in the cortical
regions. SPM analysis did not reveal any significant reduction in glucose metabolism at a
voxel threshold of p<0.005, and extent threshold of 50 voxels. However, reducing the voxel
threshold for significance to p<0.05 showed a reduction in glucose metabolism in PD

subjects in frontal, temporal, parietal, and also occipital cortices (shown in figure 2.4.3.1B).
PDD compared to PD subjects

An SPM comparison between PDD and PD subjects with a threshold of p<0.05 and extent
threshold of 50 voxel showed there was a significant reduction in frontal, temporal, parietal
and occipital cortical rCMRglc in PDD compared to PD (figure 2.4.3.2).
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Table 2.4.3.1: Shows rCMRglc in PDD, PD and HC (healthy controls)

Post

Med

Ant cing . Thalam . Frontal Temporal Parietal Occipital Whole
cing Striatum temp
gyrus us cortex cortex cortex cortex cortex
gyrus cortex
0.27 0.30 0.21 0.30 0.26 0.21 0.24 0.23 0.19 0.24
Mean
PDD SD 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.05 0.03 0.04
pvalue  0.0819 0.0139  0.0012 0.1954 0.0717 0.0003 0.0064 0.0002 0.0020  0.0038
% 9.15 13.32 36.65 5.57 8.72 23.45 16.95 30.79 17.33 16.60
decreas
e
0.31 0.34 0.25 0.31 0.26 0.30 0.29 0.29 0.211 0.28
Mean
PD D 0.43 0.05 0.02 0.05 0.03 0.02 0.04 0.05 0.01 0.03
p value 0.18 0.35 0.04 0.32 0.10 0.30 0.27 0.29 0.18 0.34
% -6.10 -2.59 14 3.9 -6.3 25 -3.8 -4.25 35 -2.17
decreas
e
0.29 0.34 0.29 0.32 0.29 0.26 0.28 0.30 0.22 0.28
Mean
HC D 0.03 0.03 0.05 0.04 0.02 0.02 0.02 0.02 0.02 0.02

Figure 2.4.3.1A shows reduction in
rCMRGlc in 11 PDD subjects compared with
8 control subjects showing significant
reduction in frontal, temporoparietal and
occipital region at voxel threshold of p<0.005
and extent threshold of 50 voxels

Figure 2.4.3.1B shows reduction in

rCMRGIc in eight PD subjects compared with
eight control subjects showing significant

reduction in frontal, temporoparietal and

occipital region at voxel threshold of p<0.05
and extent threshold of 50 voxels
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Figure 2.4.3.2 Shows significantly
reduced glucose metabolism using
[18F]FDG in 11PDD subjects compared
to eight PD subjects at voxel threshold of
p<0.05 and extent threshold of 50 voxels
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Table 2.4.3.2 Significant areas of reduced FDG localised by SPM in PD vs controls. (voxel

threshold of p<0.05 and extent threshold of 50 voxels)

Region Coordinates Z- Score Corrected Cluster size
X y z p value
Right parietal superior gyrus 20 -58 26 4.22 <0.0001 7815
Right parietal lobe 38 68 48 4.17 <0.0001 7815
Right lateral gyrus (Occipital lobe) o4 96 -4 3.72 <0.0001 7815
Right nucleus accumbens 6 12 -6 3.68 0.013 2875
Right orbitofrontal gyrus 32 38 -10 3.54 0.013 2875
Left superior frontal gyrus 8 42 12 3.07 0.013 2875
Left parietal superior gyrus 26 -6 74 3.66 <0.0001 8793
Left posterior temporal gyrus 60 54 14 3.40 <0.0001 8793
Left parietal lobe 48 58 22 3.32 <0.0001 8793

The coordinates are in Montreal Neurological Institute (MNI) space

Correlation between Neuropsychometric testing and [11C] PIB uptake, [11C] PK 11195
binding and [18F] FDG uptake

Non-parametric tests did not show any correlation with memory test scores and the amyloid
binding, microglial acivation or glucose uptake in this study.
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2.5 DISCUSSION

25.1 DISCUSSION [11C] PIB

In the Part A multicenter study, only a minority ( 2 out of the 13) PDD patients showed a
significantly raised amyloid load in at least one cortical area as compared to 11 out of 13
DLB patients. Similar incidence is also seen in our Part B PDD study where as groups both
demented and non-demented PD patients did not show any significant cortical amyloid load
compared to age-matched controls. Individually there was only one PDD patient showing an
amyloid rise of 1.5 in the occipital lobe only. One out of the ten non-demented PD patients
also showed raised amyloid level (1.4) in only the posterior cingulate gyrus.

These studies show that B amyloid deposition does not have a significant role in the
pathogenesis of PDD which are in agreement with neuropathological studies (Aarsland et
al.,2005) . Recently published [11C] PIB studies (Gomperts et al.,2008; Maetzler et al.,2008;
Maetzler et al.,2009; Foster et al., 2010) have also reported low amyloid load in PDD
patients and the brief findings are as follows. Significant cortical [11C] PIB positivity in PDD
was reported in 4 of 12 patients (25 %) (Maetzler et al., 2009) ; 2 out of 10 patients (20 %)
(Maetzler et al., 2008), none out of seven patients (Gomperts et al., 2008) and 4 out of 15
patients ( Foster et al., 2010). Autopsy results were available in 2 of the 4 PIB-positive PDD
patients and in 1 of the 11 PIB-negative cases in Foster’s study. The PIB-positive PDD
showed diffuse Lewy body pathology with amyloid plaques and the PIB-negative showed no
amyloid but, only diffuse Lewy body pathology. Overall the numbers of patients in these
studies were similar to our group and none of them support amyloid as a major contributor to

the pathogenesis of dementia in PD.

The above results in PDD are in sharp contrast to our DLB patients who show a raised
amyloid uptake in more than 80 % of the cases. These results are in agreement with other
neuroimaging studies (Gomperts et al., 2008; Rowe et al.,2008). The DLB and PDD patients
differed only in the time of the onset of the dementia. This implies that the co-occurence of
amyloid may have accelerated the onset of dementia. These patients have significant amyloid
load and may benefit from treatment with anti-amyloid drugs.

There was no correlation between amyloid load and MMSE ratings in these patients which is

similar to the findings of other studies — neuropathological and neuroimaging (Foster et al.,
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2010; Galvin et al.,2006; Sabbagh et al.,2010). These findings were also reflected in our
group’s AD study, where there was no correlation between cortical amyloid load and MMSE
was seen if [L1C]PIB negative cases were excluded from the analysis (Edison et al., 2007).
Non-parametric tests showed no correlation between the neuropsychometric tests and
amyloid uptake.

2.4.2 DISCUSSION [11C] PK 11195

In this study we have demonstrated increased cortical microglial activation in both PDD and
PD subjects compared to healthy control subjects, the spatial extent of the activation being

greater in PDD.

Gerhard et al. from our group had shown increased [11C] PK11195 binding in the brainstem,
striatum, pallidum, temporal and frontal cortex of 18 PD patients compared to 11 controls.
Interestingly when eight of the 18 patients were examined longitudinally after two years the
[11C] PK11195 binding remained unaltered in spite of clinical deterioration (Gerhard et al.,
2006). These findings together with our data suggest there is widespread microglial activation
in the early stages of PD involving the brainstem and cortex. The presence of widespread
cortical microglial activity in the non-demented PD group may imply that the disease has
spread even before the cognitive decline starts. In PDD there is further inflammation. The
sequence of events seem to follow the Braak staging (Braak et al., 2003) of Lewy body
pathology in PD (Brooks et al.,2010). Microglial activation therefore seems to mirror the
Lewy body spread. Microglial activation alongside Lewy body disease has been reported in
pathological studies in the substantia nigra ,striatum and cerebral cortex (Mogi et al., 1994;
Mogi et al.,1996; Sawada et al., 2006 et al., Nagatsu et al., 2007; Hirsch et al., 2009) and the
aggregated a-synuclein in Lewy bodies could switch the neurones to a vulnerable state to be
attacked by activated microglia leading to neuronal death and disease progression (Schwab
and Schluesener et al., 2004; Zhang et al., 2005). Our findings could explain why all patients
of PD inevitably develop dementia if they survive long enough (Hely et al.,2008) and it may

be only a matter of time for sufficient damage to occur before dementia sets in.

In our study, although as groups there was increased microglial activity in the cortical

association regions in both PD and PDD subjects, more extensive in the latter. Individual
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analyses showed considerable inter-subject variability . It could simply reflect variable
cortical levels of Lewy body involvement or it could be that in some subjects the microglial
activation ‘switches off” or ‘engulfment-promoted’ cell death could be avoided in some if the
neurone evades contact with the microglia (Schwab and Schluesener et al., 2004). Ongoing
microglial activation causes neuronal damage by releasing cytokines and other toxic
chemicals. However, the damage might continue even if the microglial activation subsides as
apoptotic cascades may have already being triggered. The latter theory might explain why all
patients may not show [11C] PK11195 activity although there may be clinical worsening.

2.5.3 DISCUSSION [18F] FDG

Summarising the results of [18F] FDG, there is significant reduction in the glucose
metabolism in the posterior cinglulate, frontal , temporal , parietal and occipital areas in PDD
patients compared to controls. Interestingly it was possible to detect temporo-parietal

hypometabolism in the non-demented PD patients using SPM analysis.

Widespread cortical hypometabolism with particularly severe involvement of the
temporoparietal areas have been reported in earlier studies in PDD (Peppard et al., 1992;
Vander Borght et al., 1997, Klein et al.,2010). Studies have also noted cortical involvement
particularly temporo-parietal areas in non-demented PD patients but to a lesser degree
compared to PDD (Peppard et al.,1992; Hu 2000). A very recent in vivo study with [18F]
FDG and [11C] PIB by Jokinen et al. have also reported hypometabolism in all cortical areas
in PDD patients with but quite distinct occipital involvement and not surprisingly all of their
11 PD patients failed to show any PIB uptake (Jokinen et al., 2010) . Occipital lobe
involvement in PD has also been reported before (Bohnen et al.,1999; Vander Borght et al.,
1997). These neuroimaging studies are similar to our study both in the distribution of the
abnormal resting glucose state and also the differences in the groups of PDD, PD and

controls.
But, is there any pathological basis to explain our findings?

Lewy bodies are predominantly formed of abnormal alpha-synuclein which is a misfolded
aggregated form of the ‘normal’ protein. These proteins usually found in the synaptic boutons
and axons and they accumulate in vulnerable neurones (Braak and Tedrici et al.,2005). [18F]
FDG is a marker of neuronal activity and an intraneuronal pathology like Lewy bodies in the

perikarya or lewy neurites in the cell processes could potentially disrupt glucose metabolism.
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As per Braak classification of Lewy body disease, spread to the cortex happens at a very late
stage of the disease (Braak et al., 2003) and identical to microglial activation cortical
hypometabolism in non demented PD patients may imply that these patients have reached the

Braak’s stage 5 or 6 before the appearance of cognitive symptoms (Brooks et al.,2010).

However, it is important to note that glucose metabolism as a marker of disease progression
in PD has limitations, as they can fluctuate with surgical and medical treatment (Feigin et
al.,2001, Su et al., 2001; reviewed Brooks et al., 2010). Moreover, we acknowledge that our

study in not longitudinal and hence, disease progression may be difficult to comment on.

In this study reductions in glucose metabolism correlated with increases in microglial
activation across the combined PD and PDD cohorts. Combining the findings from above
mentioned studies, the pattern of involvement hints towards a predominantly alpha-
synuclein, Lewy body pathology.

Moreover ,decreased glucose metabolism and increased microglial activation in PDD
compared to PD may suggest ongoing disease process and the absence of PIB uptake in these

patients may suggest a pathology other than amyloid in causing the dementia.
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2.6 CONCLUSION

In conclusion, this study has demonstrated that cortical microglial activation and glucose
hypometabolism starts much earlier than the clinical manifestations of cognitive impairment
in PDD. Although DLB and PDD are often considered parts of the same disease spectrum
DLB patients have a significant amyloid load unlike PDD. In PDD patients amyloid
deposition does not play a significant role in the pathogenesis of dementia. Anti-amyloid
treatment in such patients may not be effective. Suppressing or halting microglial activation
could prove to be potential neuroprotective targets in PDD if started prior to the cognitive

symptoms appearing.

157



Manuscripts arising from this research that have been published in peer reviewed
journals.

1. Glutamate NMDA receptor dysregulation in Parkinson’s disease with dyskinesias

Imtiaz Ahmed,*,* Subrata K. Bose, !, * Nicola Pavese, * Anil Ramlackhansingh, *
Federico Turkheimer, * Gary Hotton, > Alexander Hammers*? and David J. Brooks®
! Centre for Neuroscience, Imperial College, London, UK

? Fondation Neurodis, Ho" pital Neurologique Pierre Wertheimer, Lyon,
France

Brain. 2011 Mar 2

2. Amvloid load in Parkinson’s disease dementia and Lewy body dementia measured
with [11C]PIB positron emission tomography

P Edison,* C C Rowe,? J O Rinne,® S Ng,? I Ahmed,* N Kemppainen,® V L
Villemagne,?
G O’Keefe,” K Na°gren,® K R Chaudhury,* C L Masters,? D J Brooks®,®

! MRC Clinical Sciences Centre and Division of Neuroscience, Imperial College
London, UK;

2 Centre for PET, Austin Health,Melbourne and Colin L Masters , Department of
Pathology, University of Melbourne, Australia;

® Turku PET Centre, University of Turku, Finland;

% Kings College London, UK;

> Hammersmith Imanet, GE Healthcare, London, UK

J Neurol Neurosurg Psychiatry. 2008 Dec; 79(12):1331-8.

Manuscripts arising from this research that has been submitted in peer reviewed
journals.

The relationship between microglial activation, amyloid deposition and glucose

metabolism in Parkinson’s disease (PD) and Parkinson’s disease dementia (PDD) —
Submitted to Neurobiology of Ageing (Apr 2012).
Edison P *, Ahmed | *, Gelosa G, Turkheimer FE, Chaudhuri R, Walker Z, Brooks

DJ

(*Contributed equally to this work)

158



Bibliography

Journal articles

1.

10.

11.

12.

13.

14.

15.

16.

Sigma, PCP, and NMDA Receptor Systems Proceedings of a meeting Baltimore, Maryland, September
27-28, 1989. NIDA Res Monogr. 1993; 133:1-235. PubMed PMID:8232510.

Impact of deprenyl and tocopherol treatment on Parkinson's disease in DATATOP patients requiring
levodopa Parkinson Study Group. Ann Neurol. 1996 Jan; 39 (1) :37-45. PubMed PMID:8572664.
Aalto S, Scheinin NM, Kemppainen NM, Négren K, Kailajarvi M, Leinonen M, Scheinin M, Rinne JO.
Reproducibility of automated simplified voxel-based analysis of PET amyloid ligand [11C]PIB uptake
using 30-min scanning data. Eur J Nucl Med Mol Imaging. 2009 Oct; 36 (10) :1651-60. PubMed
PMID:19495749.

Aarsland D, Andersen K, Larsen JP, Lolk A, Nielsen H, Kragh-Sgrensen P. Risk of dementia in
Parkinson's disease: a community-based, prospective study. Neurology. 2001 Mar 27; 56 (6) :730-6.
PubMed PMID:11274306.

Aarsland D, Kurz MW. The epidemiology of dementia associated with Parkinson disease. J Neurol Sci.
2010 Feb 15; 289 (1-2) :18-22. PubMed PMID:19733364.

Aarsland D, Zaccai J, Brayne C. A systematic review of prevalence studies of dementia in Parkinson's
disease. Mov Disord. 2005 Oct; 20 (10) :1255-63. PubMed PMID:16041803.

Aarsland D, Ballard CG, Halliday G. Are Parkinson's disease with dementia and dementia with Lewy
bodies the same entity?. J Geriatr Psychiatry Neurol. 2004 Sep; 17 (3) :137-45. PubMed
PMID:15312277.

Aarsland D, Larsen JP, Tandberg E, Laake K. Predictors of nursing home placement in Parkinson's
disease: a population-based, prospective study. J Am Geriatr Soc. 2000 Aug; 48 (8) :938-42. PubMed
PMID:10968298.

Aarsland D, Perry R, Brown A, Larsen JP, Ballard C. Neuropathology of dementia in Parkinson's
disease: a prospective, community-based study. Ann Neurol. 2005 Nov; 58 (5) :773-6. PubMed
PMID:16240351.

Aarsland D, Brgnnick K, Ehrt U, De Deyn PP, Tekin S, Emre M, Cummings JL. Neuropsychiatric
symptoms in patients with Parkinson's disease and dementia: frequency, profile and associated care
giver stress. J Neurol Neurosurg Psychiatry. 2007 Jan; 78 (1) :36-42. PubMed PMID:16820421;
PubMed Central PMCID: PMC2117797.

Aarsland D, Larsen JP, Karlsen K, Lim NG, Tandberg E. Mental symptoms in Parkinson's disease are
important contributors to caregiver distress. Int J Geriatr Psychiatry. 1999 Oct; 14 (10) :866-74.
PubMed PMID:10521886.

Aarsland D, Muniz G, Matthews F. Nonlinear decline of mini-mental state examination in Parkinson's
disease. Mov Disord. 2011 Feb 1; 26 (2) :334-7. PubMed PMID:20960482.

Aarsland D, Andersen K, Larsen JP, Lolk A, Kragh-Sgrensen P. Prevalence and characteristics of
dementia in Parkinson disease: an 8-year prospective study. Arch Neurol. 2003 Mar; 60 (3) :387-92.
PubMed PMID:12633150.

Abraham WC. Metaplasticity: tuning synapses and networks for plasticity. Nat Rev Neurosci. 2008
May; 9 (5) :387. PubMed PMID:18401345.

Adams JR, van Netten H, Schulzer M, Mak E, Mckenzie J, Strongosky A, Sossi V, Ruth TJ, Lee CS,
Farrer M, Gasser T, Uitti RJ, Calne DB, Wszolek ZK, Stoessl AJ. PET in LRRK2 mutations:
comparison to sporadic Parkinson's disease and evidence for presymptomatic compensation. Brain.
2005 Dec; 128 (Pt 12) :2777-85. PubMed PMID:16081470.

Ahmed I, Bose SK, Pavese N, Ramlackhansingh A, Turkheimer F, Hotton G, Hammers A, Brooks DJ.
Glutamate NMDA receptor dysregulation in Parkinson's disease with dyskinesias. Brain. 2011 Apr;
134 (Pt 4) :979-86. PubMed PMID:21371994.

159



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

Ahmed MR, Berthet A, Bychkov E, Porras G, Li Q, Bioulac BH, Carl YT, Bloch B, Kook S, Aubert I,
Dovero S, Doudnikoff E, Gurevich VV, Gurevich EV, Bezard E. Lentiviral overexpression of GRK6
alleviates L-dopa-induced dyskinesia in experimental Parkinson's disease. Sci Transl Med. 2010 Apr
21; 2 (28) :28ra28. PubMed PMID:20410529; PubMed Central PMCID: PMC2933751.

Aho L, Parkkinen L, Pirttila T, Alafuzoff I. Systematic appraisal using immunohistochemistry of brain
pathology in aged and demented subjects. Dement Geriatr Cogn Disord. 2008; 25 (5) :423-32. PubMed
PMID:18391488.

Al-Jarrah M, Jamous M, Al Zailaey K, Bweir SO. Endurance exercise training promotes angiogenesis
in the brain of chronic/progressive mouse model of Parkinson's Disease. NeuroRehabilitation. 2010; 26
(4) :369-73. PubMed PMID:20555160.

Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends Neurosci.
1989 Oct; 12 (10) :366-75. PubMed PMID:2479133.

Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally segregated circuits linking
basal ganglia and cortex. Annu Rev Neurosci. 1986; 9:357-81. PubMed PMID:3085570.

Anderson AN, Pavese N, Edison P, Tai YF, Hammers A, Gerhard A, Brooks DJ, Turkheimer FE. A
systematic comparison of kinetic modelling methods generating parametric maps for [(11)C]-(R)-
PK11195. Neuroimage. 2007 May 15; 36 (1) :28-37. PubMed PMID:17398120.

Andersson M, Konradi C, Cenci MA. cAMP response element-binding protein is required for
dopamine-dependent gene expression in the intact but not the dopamine-denervated striatum. J
Neurosci. 2001 Dec 15; 21 (24) :9930-43. PubMed PMID:11739600.

Andersson M, Hilbertson A, Cenci MA. Striatal fosB expression is causally linked with I-DOPA-
induced abnormal involuntary movements and the associated upregulation of striatal prodynorphin
mMRNA in a rat model of Parkinson's disease. Neurobiol Dis. 1999 Dec; 6 (6) :461-74. PubMed
PMID:10600402.

Antonini A, Schwarz J, Oertel WH, Beer HF, Madeja UD, Leenders KL. [11C]raclopride and positron
emission tomography in previously untreated patients with Parkinson's disease: Influence of L-dopa
and lisuride therapy on striatal dopamine D2-receptors. Neurology. 1994 Jul; 44 (7) :1325-9. PubMed
PMID:8035939.

Arbuthnott GW, Ingham CA, Wickens JR. Dopamine and synaptic plasticity in the neostriatum. J Anat.
2000 May; 196 ( Pt 4):587-96. PubMed PMID:10923989; PubMed Central PMCID: PMC1468099.
Archer HA, Edison P, Brooks DJ, Barnes J, Frost C, Yeatman T, Fox NC, Rossor MN. Amyloid load
and cerebral atrophy in Alzheimer's disease: an 11C-PIB positron emission tomography study. Ann
Neurol. 2006 Jul; 60 (1) :145-7. PubMed PMID:16802294.

Athey RJ, Porter RW, Walker RW. Cognitive assessment of a representative community population
with Parkinson's disease (PD) using the Cambridge Cognitive Assessment-Revised (CAMCOG-R).
Age Ageing. 2005 May; 34 (3) :268-73. PubMed PMID:15863411.

Aubert I, Guigoni C, Hakansson K, Li Q, Dovero S, Barthe N, Bioulac BH, Gross CE, Fisone G, Bloch
B, Bezard E. Increased D1 dopamine receptor signaling in levodopa-induced dyskinesia. Ann Neurol.
2005 Jan; 57 (1) :17-26. PubMed PMID:15514976.

Awenowicz PW, Porter LL. Local application of dopamine inhibits pyramidal tract neuron activity in
the rodent motor cortex. J Neurophysiol. 2002 Dec; 88 (6) :3439-51. PubMed PMID:12466459.
Ballard C, Ziabreva I, Perry R, Larsen JP, O'Brien J, McKeith I, Perry E, Aarsland D. Differences in
neuropathologic characteristics across the Lewy body dementia spectrum. Neurology. 2006 Dec 12; 67
(11) :1931-4. PubMed PMID:17159096.

Ballard CG, Aarsland D, McKeith I, O'Brien J, Gray A, Cormack F, Burn D, Cassidy T, Starfeldt R,
Larsen JP, Brown R, Tovee M. Fluctuations in attention: PD dementia vs DLB with parkinsonism.
Neurology. 2002 Dec 10; 59 (11) :1714-20. PubMed PMID:12473758.

Balster RL. Behavioral pharmacology of PCP, NMDA and sigma receptors. NIDA Res Monogr. 1989;
95:270-4. PubMed PMID:2561831.

Bamford NS, Robinson S, Palmiter RD, Joyce JA, Moore C, Meshul CK. Dopamine modulates release
from corticostriatal terminals. J Neurosci. 2004 Oct 27; 24 (43) :9541-52. PubMed PMID:15509741.

160



35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

Bamford NS, Zhang H, Schmitz Y, Wu NP, Cepeda C, Levine MS, Schmauss C, Zakharenko SS,
Zablow L, Sulzer D. Heterosynaptic dopamine neurotransmission selects sets of corticostriatal
terminals. Neuron. 2004 May 27; 42 (4) :653-63. PubMed PMID:15157425.

Banke TG, Bowie D, Lee H, Huganir RL, Schoushoe A, Traynelis SF. Control of GluR1 AMPA
receptor function by cAMP-dependent protein kinase. J Neurosci. 2000 Jan 1; 20 (1) :89-102. PubMed
PMID:10627585.

Barbeau A. L-dopa therapy in Parkinson's disease: a critical review of nine years' experience. Can Med
Assoc J. 1969 Dec 27; 101 (13) :59-68. PubMed PMID:4903690; PubMed Central PMCID:
PMC1946468.

Barria A, Malinow R. NMDA receptor subunit composition controls synaptic plasticity by regulating
binding to CaMKII. Neuron. 2005 Oct 20; 48 (2) :289-301. PubMed PMID:162424009.
Barroso-Chinea P, Rico AJ, Pérez-Manso M, Roda E, Lépez IP, Luis-Ravelo D, Lanciego JL.
Glutamatergic pallidothalamic projections and their implications in the pathophysiology of Parkinson's
disease. Neurobiol Dis. 2008 Sep; 31 (3) :422-32. PubMed PMID:18598767.

Barroso-Chinea P, Bezard E. Basal Ganglia circuits underlying the pathophysiology of levodopa-
induced dyskinesia. Front Neuroanat. 2010 Sep 14; 4PubMed PMID:20890450; PubMed Central
PMCID: PMC2947938.

Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-Watson J, Sasse J, Boyer S, Shirohi S,
Brooks R, Eschbacher J, White CL 3rd, Akiyama H, Caviness J, Shill HA, Connor DJ, Sabbagh MN,
Walker DG, Arizona Parkinson's Disease Consortium. Unified staging system for Lewy body
disorders: correlation with nigrostriatal degeneration, cognitive impairment and motor dysfunction.
Acta Neuropathol. 2009 Jun; 117 (6) :613-34. PubMed PMID:19399512; PubMed Central PMCID:
PMC2757320.

Bear MF, Malenka RC. Synaptic plasticity: LTP and LTD. Curr Opin Neurobiol. 1994 Jun; 4 (3) :389-
99. PubMed PMID:7919934.

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron MG. An Akt/beta-
arrestin 2/PP2A signaling complex mediates dopaminergic neurotransmission and behavior. Cell. 2005
Jul 29; 122 (2) :261-73. PubMed PMID:16051150.

Beaulieu JM, Marion S, Rodriguiz RM, Medvedev 10, Sotnikova TD, Ghisi V, Wetsel WC, Lefkowitz
RJ, Gainetdinov RR, Caron MG. A beta-arrestin 2 signaling complex mediates lithium action on
behavior. Cell. 2008 Jan 11; 132 (1) :125-36. PubMed PMID:18191226.

Beazely MA, Tong A, Wei WL, Van Tol H, Sidhu B, MacDonald JF. D2-class dopamine receptor
inhibition of NMDA currents in prefrontal cortical neurons is platelet-derived growth factor receptor-
dependent. J Neurochem. 2006 Sep; 98 (5) :1657-63. PubMed PMID:16879713.

Becker JT, Boller F, Saxton J, McGonigle-Gibson KL. Normal rates of forgetting of verbal and non-
verbal material in Alzheimer's disease. Cortex. 1987 Mar; 23 (1) :59-72. PubMed PMID:3568706.
Belluscio MA, Riquelme LA, Murer MG. Striatal dysfunction increases basal ganglia output during
motor cortex activation in parkinsonian rats. Eur J Neurosci. 2007 May; 25 (9) :2791-804. PubMed
PMID:17561844.

Belujon P, Lodge DJ, Grace AA. Aberrant striatal plasticity is specifically associated with dyskinesia
following levodopa treatment. Mov Disord. 2010 Aug 15; 25 (11) :1568-76. PubMed PMID:20623773;
PubMed Central PMCID: PMC3224800.

Benton AL, Eslinger PJ, Damasio AR. Normative observations on neuropsychological test
performances in old age. J Clin Neuropsychol. 1981 May; 3 (1) :33-42. PubMed PMID:7276195.
Benton A. Differential behavioural effects in frontal lobe disease. Neuropsychologia . 1968; (6):53-58.
Berthet A, Porras G, Doudnikoff E, Stark H, Cador M, Bezard E, Bloch B. Pharmacological analysis
demonstrates dramatic alteration of D1 dopamine receptor neuronal distribution in the rat analog of L-
DOPA-induced dyskinesia. J Neurosci. 2009 Apr 15; 29 (15) :4829-35. PubMed PMID:19369551.
Berton O, Guigoni C, Li Q, Bioulac BH, Aubert I, Gross CE, Dileone RJ, Nestler EJ, Bezard E. Striatal
overexpression of DeltaJunD resets L-DOPA-induced dyskinesia in a primate model of Parkinson
disease. Biol Psychiatry. 2009 Sep 15; 66 (6) :554-61. PubMed PMID:19481198; PubMed Central
PMCID: PMC2825375.

161



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bertran-Gonzalez J, Hakansson K, Borgkvist A, Irinopoulou T, Brami-Cherrier K, Usiello A,
Greengard P, Hervé D, Girault JA, Valjent E, Fisone G. Histone H3 phosphorylation is under the
opposite tonic control of dopamine D2 and adenosine A2A receptors in striatopallidal neurons.
Neuropsychopharmacology. 2009 Jun; 34 (7) :1710-20. PubMed PMID:19158668; PubMed Central
PMCID: PMC2758561.

Betarbet R, Poisik O, Sherer TB, Greenamyre JT. Differential expression and ser897 phosphorylation
of striatal N-methyl-d-aspartate receptor subunit NR1 in animal models of Parkinson's disease. Exp
Neurol. 2004 May; 187 (1) :76-85. PubMed PMID:15081590.

Bezard E, Dovero S, Prunier C, Ravenscroft P, Chalon S, Guilloteau D, Crossman AR, Bioulac B,
Brotchie JM, Gross CE. Relationship between the appearance of symptoms and the level of
nigrostriatal degeneration in a progressive 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned
macaque model of Parkinson's disease. J Neurosci. 2001 Sep 1; 21 (17) :6853-61. PubMed
PMID:11517273.

Bezard E, Brotchie JM, Gross CE. Pathophysiology of levodopa-induced dyskinesia: potential for new
therapies. Nat Rev Neurosci. 2001 Aug; 2 (8) :577-88. PubMed PMID:11484001.

Bibbiani F, Oh JD, Petzer JP, Castagnoli N Jr, Chen JF, Schwarzschild MA, Chase TN. A2A
antagonist prevents dopamine agonist-induced motor complications in animal models of Parkinson's
disease. Exp Neurol. 2003 Nov; 184 (1) :285-94. PubMed PMID:14637099.

Bibbiani F, Oh JD, Kielaite A, Collins MA, Smith C, Chase TN. Combined blockade of AMPA and
NMDA glutamate receptors reduces levodopa-induced motor complications in animal models of PD.
Exp Neurol. 2005 Dec; 196 (2) :422-9. PubMed PMID:16203001.

Biegon A, Gibbs A, Alvarado M, Ono M, Taylor S. In vitro and in vivo characterization of [3H]JCNS-
5161--a use-dependent ligand for the N-methyl-D-aspartate receptor in rat brain. Synapse. 2007 Aug;
61 (8) :577-86. PubMed PMID:17455246.

Biggins CA, Boyd JL, Harrop FM, Madeley P, Mindham RH, Randall JI, Spokes EG. A controlled,
longitudinal study of dementia in Parkinson's disease. J Neurol Neurosurg Psychiatry. 1992 Jul; 55 (7)
:566-71. PubMed PMID:1640232; PubMed Central PMCID: PMC489167.

Blandini F, Porter RH, Greenamyre JT. Glutamate and Parkinson's disease. Mol Neurobiol. 1996 Feb;
12 (1) :73-94. PubMed PMID:8732541.

Blandini F, Bazzini E, Marino F, Saporiti F, Armentero MT, Pacchetti C, Zangaglia R, Martignoni E,
Lecchini S, Nappi G, Cosentino M. Calcium homeostasis is dysregulated in parkinsonian patients with
L-DOPA-induced dyskinesias. Clin Neuropharmacol. 2009 May-Jun; 32 (3) :133-9. PubMed
PMID:18978486.

Block G, Liss C, Reines S, Irr J, Nibbelink D. Comparison of immediate-release and controlled release
carbidopa/levodopa in Parkinson's disease A multicenter 5-year study The CR First Study Group. Eur
Neurol. 1997; 37 (1) :23-7. PubMed PMID:9018028.

Bloomfield PM, Spinks TJ, Reed J, Schnorr L, Westrip AM, Livieratos L, Fulton R, Jones T. The
design and implementation of a motion correction scheme for neurological PET. Phys Med Biol. 2003
Apr 21; 48 (8) :959-78. PubMed PMID:12741495.

Bohnen NI, Kaufer DI, lvanco LS, Lopresti B, Koeppe RA, Davis JG, Mathis CA, Moore RY,
DeKosky ST. Cortical cholinergic function is more severely affected in parkinsonian dementia than in
Alzheimer disease: an in vivo positron emission tomographic study. Arch Neurol. 2003 Dec; 60 (12)
:1745-8. PubMed PMID:14676050.

Bohnen NI, Kaufer DI, Hendrickson R, Ivanco LS, Lopresti BJ, Constantine GM, Mathis ChA, Davis
JG, Moore RY, Dekosky ST. Cognitive correlates of cortical cholinergic denervation in Parkinson's
disease and parkinsonian dementia. J Neurol. 2006 Feb; 253 (2) :242-7. PubMed PMID:16133720.
Bohnen NI, Minoshima S, Giordani B, Frey KA, Kuhl DE. Motor correlates of occipital glucose
hypometabolism in Parkinson's disease without dementia. Neurology. 1999 Feb; 52 (3) :541-6.
PubMed PMID:10025784.

Bonnet AM, Loria Y, Saint-Hilaire MH, Lhermitte F, Agid Y. Does long-term aggravation of
Parkinson's disease result from nondopaminergic lesions?. Neurology. 1987 Sep; 37 (9) :1539-42.
PubMed PMID:3627454.

162



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

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 Mar; 124 (Pt 3) :546-57. PubMed PMID:11222455.

Bordia T, Campos C, Mclntosh JM, Quik M. Nicotinic receptor-mediated reduction in L-DOPA-
induced dyskinesias may occur via desensitization. J Pharmacol Exp Ther. 2010 Jun; 333 (3) :929-38.
PubMed PMID:20200117; PubMed Central PMCID: PMC2879940.

Bordia T, Campos C, Huang L, Quik M. Continuous and intermittent nicotine treatment reduces L-3,4-
dihydroxyphenylalanine (L-DOPA)-induced dyskinesias in a rat model of Parkinson's disease. J
Pharmacol Exp Ther. 2008 Oct; 327 (1) :239-47. PubMed PMID:18650244.

Bortolotto ZA, Fitzjohn SM, Collingridge GL. Roles of metabotropic glutamate receptors in LTP and
LTD in the hippocampus. Curr Opin Neurobiol. 1999 Jun; 9 (3) :299-304. PubMed PMID:10395580.
Bozzi Y, Borrelli E. Dopamine in neurotoxicity and neuroprotection: what do D2 receptors have to do
with it?. Trends Neurosci. 2006 Mar; 29 (3) :167-74. PubMed PMID:16443286.

Braak H, Del Tredici K. Neuroanatomy and pathology of sporadic Parkinson's disease. Adv Anat
Embryol Cell Biol. 2009; 201:1-119. PubMed PMID:19230552.

Braak H, Del Tredici K, Rib U, de Vos RA, Jansen Steur EN, Braak E. Staging of brain pathology
related to sporadic Parkinson's disease. Neurobiol Aging. 2003 Mar-Apr; 24 (2) :197-211. PubMed
PMID:12498954.

Braak H, Tredici K. Presymptomatic and Symptomatic Stages of Intracerebral Inclusion Body
Pathology in Idiopathic Parkinson's Disease. Dopamine and glutamate in psychiatric disorders By
Werner J. Schmidt, Maarten E. A. Reith. 2005;

Brami-Cherrier K, Valjent E, Garcia M, Pagés C, Hipskind RA, Caboche J. Dopamine induces a P13-
kinase-independent activation of Akt in striatal neurons: a new route to cCAMP response element-
binding protein phosphorylation. J Neurosci. 2002 Oct 15; 22 (20) :8911-21. PubMed
PMID:12388598.

Braz CA, Borges V, Ferraz HB. Effect of riluzole on dyskinesia and duration of the on state in
Parkinson disease patients: a double-blind, placebo-controlled pilot study. Clin Neuropharmacol. 2004
Jan-Feb; 27 (1) :25-9. PubMed PMID:15090933.

Breteler MM, de Groot RR, van Romunde LK, Hofman A. Risk of dementia in patients with
Parkinson's disease, epilepsy, and severe head trauma: a register-based follow-up study. Am J
Epidemiol. 1995 Dec 15; 142 (12) :1300-5. PubMed PMID:7503050.

Brix G, Zaers J, Adam LE, Bellemann ME, Ostertag H, Trojan H, Haberkorn U, Doll J, Oberdorfer F,
Lorenz WJ. Performance evaluation of a whole-body PET scanner using the NEMA protocol National
Electrical Manufacturers Association. J Nucl Med. 1997 Oct; 38 (10) :1614-23. PubMed
PMID:9379202.

Brodack JW, Dence CS, Kilbourn MR, Welch MJ. Robotic production of 2-deoxy-2-[18F]fluoro-D-
glucose: a routine method of synthesis using tetrabutylammonium [18F]fluoride. Int J Rad Appl
Instrum A. 1988; 39 (7) :699-703. PubMed PMID:2844702.

Brooks DJ, Ibanez V, Sawle GV, Playford ED, Quinn N, Mathias CJ, Lees AJ, Marsden CD, Bannister
R, Frackowiak RS. Striatal D2 receptor status in patients with Parkinson's disease, striatonigral
degeneration, and progressive supranuclear palsy, measured with 11C-raclopride and positron emission
tomography. Ann Neurol. 1992 Feb; 31 (2) :184-92. PubMed PMID:1575457.

Brooks DJ. Technology insight: imaging neurodegeneration in Parkinson's disease. Nat Clin Pract
Neurol. 2008 May; 4 (5) :267-77. PubMed PMID:18382437.

Brooks DJ. Neuroimaging in Parkinson's disease. NeuroRx. 2004 Apr; 1 (2) :243-54. PubMed
PMID:15717025; PubMed Central PMCID: PMC534937.

Brooks DJ. Functional imaging in relation to parkinsonian syndromes. J Neurol Sci. 1993 Mar; 115 (1)
:1-17. PubMed PMID:8468583.

Brooks DJ. Imaging approaches to Parkinson disease. J Nucl Med. 2010 Apr; 51 (4) :596-609. PubMed
PMID:20351351.

Brooks DJ. Imaging amyloid in Parkinson's disease dementia and dementia with Lewy bodies with
positron emission tomography. Mov Disord. 2009; 24 Suppl 2:5742-7. PubMed PMID:19877240.

163



88. Brotchie JM. Nondopaminergic mechanisms in levodopa-induced dyskinesia. Mov Disord. 2005 Aug;
20 (8) :919-31. PubMed PMID:16007614.

89. Brotchie JM. CB1 cannabinoid receptor signalling in Parkinson's disease. Curr Opin Pharmacol. 2003
Feb; 3 (1) :54-61. PubMed PMID:12550742.

90. Brown RG, Marsden CD. How common is dementia in Parkinson's disease?. Lancet. 1984 Dec 1; 2
(8414) :1262-5. PubMed PMID:6150288.

91. Brusa L, Petta F, Pisani A, Moschella V, lani C, Stanzione P, Miano R, Finazzi-Agro E. Acute vs
chronic effects of I-dopa on bladder function in patients with mild Parkinson disease. Neurology. 2007
May 1; 68 (18) :1455-9. PubMed PMID:17470746.

92. Buck K, Voehringer P, Ferger B. Site-specific action of L-3,4-dihydroxyphenylalanine in the striatum
but not globus pallidus and substantia nigra pars reticulata evokes dyskinetic movements in chronic L-
3,4-dihydroxyphenylalanine-treated 6-hydroxydopamine-lesioned rats. Neuroscience. 2010 Mar 17;
166 (2) :355-8. PubMed PMID:20026252.

93. Burack MA, Hartlein J, Flores HP, Taylor-Reinwald L, Perlmutter JS, Cairns NJ. In vivo amyloid
imaging in autopsy-confirmed Parkinson disease with dementia. Neurology. 2010 Jan 5; 74 (1) :77-84.
PubMed PMID:20038776; PubMed Central PMCID: PMC2809026.

94. Buter TC, van den Hout A, Matthews FE, Larsen JP, Brayne C, Aarsland D. Dementia and survival in
Parkinson disease: a 12-year population study. Neurology. 2008 Mar 25; 70 (13) :1017-22. PubMed
PMID:18362281.

95. Buvat I. A non-parametric bootstrap approach for analysing the statistical properties of SPECT and
PET images. Phys Med Biol. 2002 May 21; 47 (10) :1761-75. PubMed PMID:12069092.

96. Calabresi P, Picconi B, Tozzi A, Di Filippo M. Dopamine-mediated regulation of corticostriatal
synaptic plasticity. Trends Neurosci. 2007 May; 30 (5) :211-9. PubMed PMID:17367873.

97. Calabresi P, Di Filippo M, Ghiglieri V, Picconi B. Molecular mechanisms underlying levodopa-
induced dyskinesia. Mov Disord. 2008; 23 Suppl 3:S570-9. PubMed PMID:18781674.

98. Calabresi P, Maj R, Pisani A, Mercuri NB, Bernardi G. Long-term synaptic depression in the striatum:
physiological and pharmacological characterization. J Neurosci. 1992 Nov; 12 (11) :4224-33. PubMed
PMID:1359031.

99. Calabresi P, Giacomini P, Centonze D, Bernardi G. Levodopa-induced dyskinesia: a pathological form
of striatal synaptic plasticity?. Ann Neurol. 2000 Apr; 47 (4 Suppl 1) :S60-8; discussion S68-9.
PubMed PMID:10762133.

100.Calabresi P, Mercuri NB, Sancesario G, Bernardi G. Electrophysiology of dopamine-denervated striatal
neurons Implications for Parkinson's disease. Brain. 1993 Apr; 116 ( Pt 2):433-52. PubMed
PMID:8096420.

101.Calabresi P, Di Filippo M, Ghiglieri VV, Tambasco N, Picconi B. Levodopa-induced dyskinesias in
patients with Parkinson's disease: filling the bench-to-bedside gap. Lancet Neurol. 2010 Nov; 9 (11)
:1106-17. PubMed PMID:20880751.

102.Calon F, Dridi M, Hornykiewicz O, Bédard PJ, Rajput AH, Di Paolo T. Increased adenosine A2A
receptors in the brain of Parkinson's disease patients with dyskinesias. Brain. 2004 May; 127 (Pt 5)
:1075-84. PubMed PMID:15033896.

103.Calon F, Rajput AH, Hornykiewicz O, Bédard PJ, Di Paolo T. Levodopa-induced motor complications
are associated with alterations of glutamate receptors in Parkinson's disease. Neurobiol Dis. 2003 Dec;
14 (3) :404-16. PubMed PMID:14678757.

104.Canavan AG, Passingham RE, Marsden CD, Quinn N, Wyke M, Polkey CE. The performance on
learning tasks of patients in the early stages of Parkinson's disease. Neuropsychologia. 1989; 27 (2)
:141-56. PubMed PMID:2927625.

105.Cantrell AR, Tibbs VC, Westenbroek RE, Scheuer T, Catterall WA. Dopaminergic modulation of
voltage-gated Na+ current in rat hippocampal neurons requires anchoring of cAMP-dependent protein
kinase. J Neurosci. 1999 Sep 1; 19 (17) :RC21. PubMed PMID:10460275.

106.Cao X, Yasuda T, Uthayathas S, Watts RL, Mouradian MM, Mochizuki H, Papa SM. Striatal
overexpression of DeltaFosB reproduces chronic levodopa-induced involuntary movements. J

164



Neurosci. 2010 May 26; 30 (21) :7335-43. PubMed PMID:20505100; PubMed Central PMCID:
PM(C2888489.

107.Carlsson T, Carta M, Mufioz A, Mattsson B, Winkler C, Kirik D, Bjérklund A. Impact of grafted
serotonin and dopamine neurons on development of L-DOPA-induced dyskinesias in parkinsonian rats
is determined by the extent of dopamine neuron degeneration. Brain. 2009 Feb; 132 (Pt 2) :319-35.
PubMed PMID:19039008.

108.Carta M, Lindgren HS, Lundblad M, Stancampiano R, Fadda F, Cenci MA. Role of striatal L-DOPA in
the production of dyskinesia in 6-hydroxydopamine lesioned rats. J Neurochem. 2006 Mar; 96 (6)
:1718-27. PubMed PMID:16539687.

109.Carta M, Carlsson T, Mufioz A, Kirik D, Bjoérklund A. Involvement of the serotonin system in L-dopa-
induced dyskinesias. Parkinsonism Relat Disord. 2008; 14 Suppl 2:5154-8. PubMed PMID:18579429.

110.Castle M, Aymerich MS, Sanchez-Escobar C, Gonzalo N, Obeso JA, Lanciego JL. Thalamic
innervation of the direct and indirect basal ganglia pathways in the rat: Ipsi- and contralateral
projections. J Comp Neurol. 2005 Mar 7; 483 (2) :143-53. PubMed PMID:15678473.

111.Cedarbaum JM, Gandy SE, McDowell FH. "Early" initiation of levodopa treatment does not promote
the development of motor response fluctuations, dyskinesias, or dementia in Parkinson's disease.
Neurology. 1991 May; 41 (5) :622-9. PubMed PMID:2027475.

112.Celver J, Sharma M, Kovoor A. RGS9-2 mediates specific inhibition of agonist-induced internalization
of D2-dopamine receptors. J Neurochem. 2010 Aug; 114 (3) :739-49. PubMed PMID:20477943.

113.Cenci MA, Konradi C. Maladaptive striatal plasticity in L-DOPA-induced dyskinesia. Prog Brain Res.
2010; 183:209-33. PubMed PMID:20696322; PubMed Central PMCID: PMC2930606.

114.Cenci MA, Lee CS, Bjorklund A. L-DOPA-induced dyskinesia in the rat is associated with striatal
overexpression of prodynorphin- and glutamic acid decarboxylase mRNA. Eur J Neurosci. 1998 Aug;
10 (8) :2694-706. PubMed PMID:9767399.

115.Cenci MA. Dopamine dysregulation of movement control in L-DOPA-induced dyskinesia. Trends
Neurosci. 2007 May; 30 (5) :236-43. PubMed PMID:17400300.

116.Cenci MA, Ohlin KE, Rylander D. Plastic effects of L-DOPA treatment in the basal ganglia and their
relevance to the development of dyskinesia. Parkinsonism Relat Disord. 2009 Dec; 15 Suppl 3:559-63.
PubMed PMID:20083009.

117.Cepeda C, Hurst RS, Altemus KL, Flores-Hernandez J, Calvert CR, Jokel ES, Grandy DK, Low MJ,
Rubinstein M, Ariano MA, Levine MS. Facilitated glutamatergic transmission in the striatum of D2
dopamine receptor-deficient mice. J Neurophysiol. 2001 Feb; 85 (2) :659-70. PubMed
PMID:11160501.

118.Cepeda C, Buchwald NA, Levine MS. Neuromodulatory actions of dopamine in the neostriatum are
dependent upon the excitatory amino acid receptor subtypes activated. Proc Natl Acad Sci U S A. 1993
Oct 15; 90 (20) :9576-80. PubMed PMID:7692449; PubMed Central PMCID: PMC47612.

119.Chase TN, Bibbiani F, Bara-Jimenez W, Dimitrova T, Oh-Lee JD. Translating A2A antagonist
KW6002 from animal models to parkinsonian patients. Neurology. 2003 Dec 9; 61 (11 Suppl 6) :S107-
11. PubMed PMID:14663022.

120.Chase TN, Oh JD. Striatal dopamine- and glutamate-mediated dysregulation in experimental
parkinsonism. Trends Neurosci. 2000 Oct; 23 (10 Suppl) :S86-91. PubMed PMID:11052225.

121.Chatziioannou A, Qi J, Moore A, Annala A, Nguyen K, Leahy R, Cherry SR. Comparison of 3-D
maximum a posteriori and filtered backprojection algorithms for high-resolution animal imaging with
microPET. IEEE Trans Med Imaging. 2000 May; 19 (5) :507-12. PubMed PMID:11021693.

122.Chen HS, Pellegrini JW, Aggarwal SK, Lei SZ, Warach S, Jensen FE, Lipton SA. Open-channel block
of N-methyl-D-aspartate (NMDA) responses by memantine: therapeutic advantage against NMDA
receptor-mediated neurotoxicity. J Neurosci. 1992 Nov; 12 (11) :4427-36. PubMed PMID:1432103.

123.Chen HS, Lipton SA. The chemical biology of clinically tolerated NMDA receptor antagonists. J
Neurochem. 2006 Jun; 97 (6) :1611-26. PubMed PMID:16805772.

124.Chen J, Rusnak M, Lombroso PJ, Sidhu A. Dopamine promotes striatal neuronal apoptotic death via
ERK signaling cascades. Eur J Neurosci. 2009 Jan; 29 (2) :287-306. PubMed PMID:19200235;
PubMed Central PMCID: PMC2805181.

165



125.Citri A, Malenka RC. Synaptic plasticity: multiple forms, functions, and mechanisms.
Neuropsychopharmacology. 2008 Jan; 33 (1) :18-41. PubMed PMID:17728696.

126.Colbert CM, Johnston D. Axonal action-potential initiation and Na+ channel densities in the soma and
axon initial segment of subicular pyramidal neurons. J Neurosci. 1996 Nov 1; 16 (21) :6676-86.
PubMed PMID:8824308.

127.Cole RL, Konradi C, Douglass J, Hyman SE. Neuronal adaptation to amphetamine and dopamine:
molecular mechanisms of prodynorphin gene regulation in rat striatum. Neuron. 1995 Apr; 14 (4) :813-
23. PubMed PMID:7718243.

128.Colledge M, Snyder EM, Crozier RA, Soderling JA, Jin Y, Langeberg LK, Lu H, Bear MF, Scott JD.
Ubiquitination regulates PSD-95 degradation and AMPA receptor surface expression. Neuron. 2003
Oct 30; 40 (3) :595-607. PubMed PMID:14642282.

129.Colosimo C, Craus A. Noradrenergic drugs for levodopa-induced dyskinesia. Clin Neuropharmacol.
2003 Nov-Dec; 26 (6) :299-305. PubMed PMID:14646609.

130.Conn PJ, Pin JP. Pharmacology and functions of metabotropic glutamate receptors. Annu Rev
Pharmacol Toxicol. 1997; 37:205-37. PubMed PMID:9131252.

131.Constantinescu R, Romer M, McDermott MP, Kamp C, Kieburtz K, CALM-PD Investigators of the
Parkinson Study Group. Impact of pramipexole on the onset of levodopa-related dyskinesias. Mov
Disord. 2007 Jul 15; 22 (9) :1317-9. PubMed PMID:17534955.

132.Cormack F, Aarsland D, Ballard C, Tovée MJ. Pentagon drawing and neuropsychological performance
in Dementia with Lewy Bodies, Alzheimer's disease, Parkinson's disease and Parkinson's disease with
dementia. Int J Geriatr Psychiatry. 2004 Apr; 19 (4) :371-7. PubMed PMID:15065231.

133.Corvol JC, Studler JM, Schonn JS, Girault JA, Hervé D. Galpha(olf) is necessary for coupling D1 and
AZ2a receptors to adenylyl cyclase in the striatum. J Neurochem. 2001 Mar; 76 (5) :1585-8. PubMed
PMID:11238742.

134.Cotzias GC, Van Woert MH, Schiffer LM. Aromatic amino acids and modification of parkinsonism. N
Engl J Med. 1967 Feb 16; 276 (7) :374-9. PubMed PMID:5334614.

135.Crittenden JR, Cantuti-Castelvetri I, Saka E, Keller-McGandy CE, Hernandez LF, Kett LR, Young AB,
Standaert DG, Graybiel AM. Dysregulation of CaIDAG-GEFI and CalDAG-GEFII predicts the
severity of motor side-effects induced by anti-parkinsonian therapy. Proc Natl Acad Sci U S A. 2009
Feb 24; 106 (8) :2892-6. PubMed PMID:19171906; PubMed Central PMCID: PMC2650361.

136.Crosby NJ, Deane KH, Clarke CE. Amantadine for dyskinesia in Parkinson's disease. Cochrane
Database Syst Rev. 2003; PubMed PMID:12804468.

137.Crossman AR. Primate models of dyskinesia: the experimental approach to the study of basal ganglia-
related involuntary movement disorders. Neuroscience. 1987 Apr; 21 (1) :1-40. PubMed
PMID:2955248.

138.Cull-Candy SG, Leszkiewicz DN. Role of distinct NMDA receptor subtypes at central synapses. Sci
STKE. 2004 Oct 19; 2004 (255) :rel6. PubMed PMID:15494561.

139.Culty M, Li H, Boujrad N, Amri H, Vidic B, Bernassau JM, Reversat JL, Papadopoulos V. In vitro
studies on the role of the peripheral-type benzodiazepine receptor in steroidogenesis. J Steroid
Biochem Mol Biol. 1999 Apr-Jun; 69 (1-6) :123-30. PubMed PMID:10418986.

140.Cummings JL, Darkins A, Mendez M, Hill MA, Benson DF. Alzheimer's disease and Parkinson's
disease: comparison of speech and language alterations. Neurology. 1988 May; 38 (5) :680-4. PubMed
PMID:3362362.

141.Cummings JL. Intellectual impairment in Parkinson's disease: clinical, pathologic, and biochemical
correlates. J Geriatr Psychiatry Neurol. 1988 Jan; 1 (1) :24-36. PubMed PMID:2908099.

142.Cunningham VJ, Hume SP, Price GR, Ahier RG, Cremer JE, Jones AK. Compartmental analysis of
diprenorphine binding to opiate receptors in the rat in vivo and its comparison with equilibrium data in
vitro. J Cereb Blood Flow Metab. 1991 Jan; 11 (1) :1-9. PubMed PMID:1845764.

143.Cunningham VJ, Jones T. Spectral analysis of dynamic PET studies. J Cereb Blood Flow Metab. 1993
Jan; 13 (1) :15-23. PubMed PMID:8417003.

144.Dani JA, Zhou FM. Selective dopamine filter of glutamate striatal afferents. Neuron. 2004 May 27; 42
(4) :522-4. PubMed PMID:15157413.

166



145.Darmopil S, Martin AB, De Diego IR, Ares S, Moratalla R. Genetic inactivation of dopamine D1 but
not D2 receptors inhibits L-DOPA-induced dyskinesia and histone activation. Biol Psychiatry. 2009
Sep 15; 66 (6) :603-13. PubMed PMID:19520364.

146.Day M, Wang Z, Ding J, An X, Ingham CA, Shering AF, Wokosin D, llijic E, Sun Z, Sampson AR,
Mugnaini E, Deutch AY, Sesack SR, Arbuthnott GW, Surmeier DJ. Selective elimination of
glutamatergic synapses on striatopallidal neurons in Parkinson disease models. Nat Neurosci. 2006
Feb; 9 (2) :251-9. PubMed PMID:16415865.

147.de la Fuente-Fernandez R, Sossi V, Huang Z, Furtado S, Lu JQ, Calne DB, Ruth TJ, Stoessl AJ.
Levodopa-induced changes in synaptic dopamine levels increase with progression of Parkinson's
disease: implications for dyskinesias. Brain. 2004 Dec; 127 (Pt 12) :2747-54. PubMed
PMID:15329355.

148.de la Fuente-Fernandez R, Pal PK, Vingerhoets FJ, Kishore A, Schulzer M, Mak EK, Ruth TJ, Snow
BJ, Calne DB, Stoessl AJ. Evidence for impaired presynaptic dopamine function in parkinsonian
patients with motor fluctuations. J Neural Transm. 2000; 107 (1) :49-57. PubMed PMID:10809403.

149.de Lau LM, Schipper CM, Hofman A, Koudstaal PJ, Breteler MM. Prognosis of Parkinson disease:
risk of dementia and mortality: the Rotterdam Study. Arch Neurol. 2005 Aug; 62 (8) :1265-9. PubMed
PMID:16087767.

150.De Souza EB, Clouet D, London E. Sigma, PCP, and NMDA receptors. NIDA research monograph.
1993; 133:1 - 235.

151.Degos B, Deniau JM, Le Cam J, Mailly P, Maurice N. Evidence for a direct subthalamo-cortical loop
circuit in the rat. Eur J Neurosci. 2008 May; 27 (10) :2599-610. PubMed PMID:18547246.

152.Dekundy A, Gravius A, Hechenberger M, Pietraszek M, Nagel J, Tober C, van der Elst M, Mela F,
Parsons CG, Danysz W. Pharmacological characterization of MRZ-8676, a novel negative allosteric
modulator of subtype 5 metabotropic glutamate receptors (mGIuR5): focus on L: -DOPA-induced
dyskinesia. J Neural Transm. 2011 Dec; 118 (12) :1703-16. PubMed PMID:21161716.

153.Delavoie F, Li H, Hardwick M, Robert JC, Giatzakis C, Péranzi G, Yao ZX, Maccario J, Lacapére JJ,
Papadopoulos V. In vivo and in vitro peripheral-type benzodiazepine receptor polymerization:
functional significance in drug ligand and cholesterol binding. Biochemistry. 2003 Apr 22; 42 (15)
:4506-19. PubMed PMID:12693947.

154.Delfino MA, Stefano AV, Ferrario JE, Taravini IR, Murer MG, Gershanik OS. Behavioral sensitization
to different dopamine agonists in a parkinsonian rodent model of drug-induced dyskinesias. Behav
Brain Res. 2004 Jul 9; 152 (2) :297-306. PubMed PMID:15196797.

155.DeLong MR, Wichmann T. Circuits and circuit disorders of the basal ganglia. Arch Neurol. 2007 Jan;
64 (1) :20-4. PubMed PMID:17210805.

156.DeLong MR. Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 1990
Jul; 13 (7) :281-5. PubMed PMID:1695404.

157.Derkinderen P, Vidailhet M. [Dyskinesia caused by L-DOPA]. Rev Neurol (Paris). 2002 Dec; 158
Spec no 1:592-101. PubMed PMID:12690668.

158.Descarries L, Watkins KC, Garcia S, Bosler O, Doucet G. Dual character, asynaptic and synaptic, of
the dopamine innervation in adult rat neostriatum: a quantitative autoradiographic and
immunocytochemical analysis. J Comp Neurol. 1996 Nov 11; 375 (2) :167-86. PubMed
PMID:8915824.

159.Di Filippo M, Picconi B, Tantucci M, Ghiglieri V, Bagetta V, Sgobio C, Tozzi A, Parnetti L, Calabresi
P. Short-term and long-term plasticity at corticostriatal synapses: implications for learning and
memory. Behav Brain Res. 2009 Apr 12; 199 (1) :108-18. PubMed PMID:18948145.

160.Dickson DW, Braak H, Duda JE, Duyckaerts C, Gasser T, Halliday GM, Hardy J, Leverenz JB, Del
Tredici K, Wszolek ZK, Litvan I. Neuropathological assessment of Parkinson's disease: refining the
diagnostic criteria. Lancet Neurol. 2009 Dec; 8 (12) :1150-7. PubMed PMID:19909913.

161.Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate receptor ion channels. Pharmacol Rev.
1999 Mar; 51 (1) :7-61. PubMed PMID:10049997.

167



162.Doder M, Rabiner EA, Turjanski N, Lees AJ, Brooks DJ, 11C-WAY 100635 PET study. Tremor in
Parkinson's disease and serotonergic dysfunction: an 11C-WAY 100635 PET study. Neurology. 2003
Feb 25; 60 (4) :601-5. PubMed PMID:12601099.

163.Doucet G, Descarries L, Garcia S. Quantification of the dopamine innervation in adult rat neostriatum.
Neuroscience. 1986 Oct; 19 (2) :427-45. PubMed PMID:3095678.

164.Dudek SM, Bear MF. Homosynaptic long-term depression in area CA1 of hippocampus and effects of
N-methyl-D-aspartate receptor blockade. Proc Natl Acad Sci U S A. 1992 May 15; 89 (10) :4363-7.
PubMed PMID:1350090; PubMed Central PMCID: PMC49082.

165.Dunah AW, Wang Y, Yasuda RP, Kameyama K, Huganir RL, Wolfe BB, Standaert DG. Alterations in
subunit expression, composition, and phosphorylation of striatal N-methyl-D-aspartate glutamate
receptors in a rat 6-hydroxydopamine model of Parkinson's disease. Mol Pharmacol. 2000 Feb; 57 (2)
:342-52. PubMed PMID:10648644.

166.Dunah AW, Standaert DG. Dopamine D1 receptor-dependent trafficking of striatal NMDA glutamate
receptors to the postsynaptic membrane. J Neurosci. 2001 Aug 1; 21 (15) :5546-58. PubMed
PMID:11466426.

167.Dunnett S. L-DOPA, dyskinesia and striatal plasticity. Nat Neurosci. 2003 May; 6 (5) :437-8. PubMed
PMID:12715006.

168.Dupont E, Andersen A, Boas J, Boisen E, Borgmann R, Helgetveit AC, Kjaer MO, Kristensen TN,
Mikkelsen B, Pakkenberg H, Presthus J, Stien R, Worm-Petersen J, Buch D. Sustained-release
Madopar HBS compared with standard Madopar in the long-term treatment of de novo parkinsonian
patients. Acta Neurol Scand. 1996 Jan; 93 (1) :14-20. PubMed PMID:8825266.

169.Durstewitz D, Seamans JK, Sejnowski TJ. Dopamine-mediated stabilization of delay-period activity in
a network model of prefrontal cortex. J Neurophysiol. 2000 Mar; 83 (3) :1733-50. PubMed
PMID:10712493.

170.Duvoisin RC. Variations in the "on-off" phenomenon. Adv Neurol. 1974; 5:339-40. PubMed
PMID:4440582.

171.Dzubay JA, Jahr CE. Kinetics of NMDA channel opening. J Neurosci. 1996 Jul 1; 16 (13) :4129-34.
PubMed PMID:8753874.

172.Edison P, Rowe CC, Rinne JO, Ng S, Ahmed I, Kemppainen N, Villemagne VL, O'Keefe G, Nagren
K, Chaudhury KR, Masters CL, Brooks DJ. Amyloid load in Parkinson's disease dementia and Lewy
body dementia measured with [11C]PIB positron emission tomography. J Neurol Neurosurg
Psychiatry. 2008 Dec; 79 (12) :1331-8. PubMed PMID:18653550.

173.Edison P, Archer HA, Hinz R, Hammers A, Pavese N, Tai YF, Hotton G, Cutler D, Fox N, Kennedy A,
Rossor M, Brooks DJ. Amyloid, hypometabolism, and cognition in Alzheimer disease: an [11C]PIB
and [18F]FDG PET study. Neurology. 2007 Feb 13; 68 (7) :501-8. PubMed PMID:17065593.

174.Edison P, Archer HA, Gerhard A, Hinz R, Pavese N, Turkheimer FE, Hammers A, Tai YF, Fox N,
Kennedy A, Rossor M, Brooks DJ. Microglia, amyloid, and cognition in Alzheimer's disease: An
[11C](R)PK11195-PET and [11C]PIB-PET study. Neurobiol Dis. 2008 Dec; 32 (3) :412-9. PubMed
PMID:18786637.

175.Eggers C, Schmidt A, Hagenah J, Briiggemann N, Klein JC, Tadic V, Kertelge L, Kasten M, Binkofski
F, Siebner H, Neumaier B, Fink GR, Hilker R, Klein C. Progression of subtle motor signs in PINK1
mutation carriers with mild dopaminergic deficit. Neurology. 2010 Jun 1; 74 (22) :1798-805. PubMed
PMID:20513816.

176.Ehlers MD. Activity level controls postsynaptic composition and signaling via the ubiquitin-
proteasome system. Nat Neurosci. 2003 Mar; 6 (3) :231-42. PubMed PMID:12577062.

177.Eidelberg D, Moeller JR, Dhawan V, Spetsieris P, Takikawa S, Ishikawa T, Chaly T, Robeson W,
Margouleff D, Przedborski S. The metabolic topography of parkinsonism. J Cereb Blood Flow Metab.
1994 Sep; 14 (5) :783-801. PubMed PMID:8063874.

178.Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C, Mizuno Y, Broe GA, Cummings J, Dickson
DW, Gauthier S, Goldman J, Goetz C, Korczyn A, Lees A, Levy R, Litvan I, McKeith I, Olanow W,
Poewe W, Quinn N, Sampaio C, Tolosa E, Dubois B. Clinical diagnostic criteria for dementia

168



associated with Parkinson's disease. Mov Disord. 2007 Sep 15; 22 (12) :1689-707; quiz 1837. PubMed
PMID:17542011.

179.Emre M. Dementia associated with Parkinson's disease. Lancet Neurol. 2003 Apr; 2 (4) :229-37.
PubMed PMID:12849211.

180.Endres CJ, Bencherif B, Hilton J, Madar I, Frost JJ. Quantification of brain mu-opioid receptors with
[11C]carfentanil: reference-tissue methods. Nucl Med Biol. 2003 Feb; 30 (2) :177-86. PubMed
PMID:12623117.

181.Engler H, Forsberg A, Almkvist O, Blomquist G, Larsson E, Savitcheva I, Wall A, Ringheim A,
Langstrom B, Nordberg A. Two-year follow-up of amyloid deposition in patients with Alzheimer's
disease. Brain. 2006 Nov; 129 (Pt 11) :2856-66. PubMed PMID:16854944.

182.Engler H, Santillo AF, Wang SX, Lindau M, Savitcheva I, Nordberg A, Lannfelt L, Langstréom B,
Kilander L. In vivo amyloid imaging with PET in frontotemporal dementia. Eur J Nucl Med Mol
Imaging. 2008 Jan; 35 (1) :100-6. PubMed PMID:17846768.

183.Erreger K, Dravid SM, Banke TG, Wyllie DJ, Traynelis SF. Subunit-specific gating controls rat
NR1/NR2A and NR1/NR2B NMDA channel kinetics and synaptic signalling profiles. J Physiol. 2005
Mar 1; 563 (Pt 2) :345-58. PubMed PMID:15649985; PubMed Central PMCID: PMC1665591.

184.Fabbrini G, Defazio G, Colosimo C, Suppa A, Bloise M, Berardelli A. Onset and spread of dyskinesias
and motor symptoms in Parkinson's disease. Mov Disord. 2009 Oct 30; 24 (14) :2091-6. PubMed
PMID:19691126.

185.Fagan AM, Mintun MA, Mach RH, Lee SY, Dence CS, Shah AR, LaRossa GN, Spinner ML, Klunk
WE, Mathis CA, DeKosky ST, Morris JC, Holtzman DM. Inverse relation between in vivo amyloid
imaging load and cerebrospinal fluid Abeta42 in humans. Ann Neurol. 2006 Mar; 59 (3) :512-9.
PubMed PMID:16372280.

186.Féger 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 May; 60 (1) :125-32. PubMed PMID:8052406.

187.Feigin A, Fukuda M, Dhawan V, Przedborski S, Jackson-Lewis V, Mentis MJ, Moeller JR, Eidelberg
D. Metabolic correlates of levodopa response in Parkinson's disease. Neurology. 2001 Dec 11; 57 (11)
:2083-8. PubMed PMID:11739830.

188.Feng T, Wang Y, Ouyang Q, Duan Z, Li W, Lu L, Xiang W. Comparison of cerebral glucose
metabolism between multiple system atrophy Parkinsonian type and Parkinson's disease. Neurol Res.
2008 May; 30 (4) :377-82. PubMed PMID:18544255.

189.Ferré S, Fuxe K. Dopamine denervation leads to an increase in the intramembrane interaction between
adenosine A2 and dopamine D2 receptors in the neostriatum. Brain Res. 1992 Oct 23; 594 (1) :124-30.
PubMed PMID:1467931.

190.Fiorentini C, Busi C, Spano P, Missale C. Role of receptor heterodimers in the development of L-dopa-
induced dyskinesias in the 6-hydroxydopamine rat model of Parkinson's disease. Parkinsonism Relat
Disord. 2008; 14 Suppl 2:5159-64. PubMed PMID:18638717.

191.Flores-Hernandez J, Cepeda C, Hernandez-Echeagaray E, Calvert CR, Jokel ES, Fienberg AA,
Greengard P, Levine MS. Dopamine enhancement of NMDA currents in dissociated medium-sized
striatal neurons: role of D1 receptors and DARPP-32. J Neurophysiol. 2002 Dec; 88 (6) :3010-20.
PubMed PMID:12466426.

192.Floresco SB, West AR, Ash B, Moore H, Grace AA. Afferent modulation of dopamine neuron firing
differentially regulates tonic and phasic dopamine transmission. Nat Neurosci. 2003 Sep; 6 (9) :968-73.
PubMed PMID:12897785.

193.Foltynie T, Brayne CE, Robbins TW, Barker RA. The cognitive ability of an incident cohort of
Parkinson's patients in the UK The CamPalGN study. Brain. 2004 Mar; 127 (Pt 3) :550-60. PubMed
PMID:14691062.

194.Forst T, Smith T, Schiitte K, Marcus P, Pfiitzner A, CNS 5161 Study Group. Dose escalating safety
study of CNS 5161 HCI, a new neuronal glutamate receptor antagonist (NMDA) for the treatment of

169



neuropathic pain. Br J Clin Pharmacol. 2007 Jul; 64 (1) :75-82. PubMed PMID:17391323; PubMed
Central PMCID: PMC2000615.

195.Foster NL, Heidebrink JL, Clark CM, Jagust WJ, Arnold SE, Barbas NR, DeCarli CS, Turner RS,
Koeppe RA, Higdon R, Minoshima S. FDG-PET improves accuracy in distinguishing frontotemporal
dementia and Alzheimer's disease. Brain. 2007 Oct; 130 (Pt 10) :2616-35. PubMed PMID:17704526.

196.Fowler JS, Ido T. Initial and subsequent approach for the synthesis of 18FDG. Semin Nucl Med. 2002
Jan; 32 (1) :6-12. PubMed PMID:11839070.

197.Fox SH, Lang AE, Brotchie JM. Translation of nondopaminergic treatments for levodopa-induced
dyskinesia from MPTP-lesioned nonhuman primates to phase lla clinical studies: keys to success and
roads to failure. Mov Disord. 2006 Oct; 21 (10) :1578-94. PubMed PMID:16874752.

198.Frankle WG, Slifstein M, Talbot PS, Laruelle M. Neuroreceptor imaging in psychiatry: theory and
applications. Int Rev Neurobiol. 2005; 67:385-440. PubMed PMID:16291028.

199.Fuxe K, Marcellino D, Genedani S, Agnati L. Adenosine A(2A) receptors, dopamine D(2) receptors
and their interactions in Parkinson's disease. Mov Disord. 2007 Oct 31; 22 (14) :1990-2017. PubMed
PMID:17618524.

200.Gainetdinov RR, Premont RT, Bohn LM, Lefkowitz RJ, Caron MG. Desensitization of G protein-
coupled receptors and neuronal functions. Annu Rev Neurosci. 2004; 27:107-44. PubMed
PMID:15217328.

201.Galarraga E, Bargas J, Martinez-Fong D, Aceves J. Spontaneous synaptic potentials in dopamine-
denervated neostriatal neurons. Neurosci Lett. 1987 Oct 29; 81 (3) :351-5. PubMed PMID:3124024.

202.Galarraga E, Hernandez-Lépez S, Reyes A, Miranda |, Bermudez-Rattoni F, Vilchis C, Bargas J.
Cholinergic modulation of neostriatal output: a functional antagonism between different types of
muscarinic receptors. J Neurosci. 1999 May 1; 19 (9) :3629-38. PubMed PMID:10212321.

203.Galvin JE, Pollack J, Morris JC. Clinical phenotype of Parkinson disease dementia. Neurology. 2006
Nov 14; 67 (9) :1605-11. PubMed PMID:17101891.

204.Garcia BG, Neely MD, Deutch AY. Cortical regulation of striatal medium spiny neuron dendritic
remodeling in parkinsonism: modulation of glutamate release reverses dopamine depletion-induced
dendritic spine loss. Cereb Cortex. 2010 Oct; 20 (10) :2423-32. PubMed PMID:20118184; PubMed
Central PMCID: PMC2936803.

205.Garcia-Munoz M, Carrillo-Reid L, Arbuthnott GW. Functional anatomy: dynamic States in Basal
Ganglia circuits. Front Neuroanat. 2010 Nov 23; 4:144. PubMed PMID:21151374; PubMed Central
PMCID: PMC2996244.

206.Gardoni F, Ghiglieri V, Luca M, Calabresi P. Assemblies of glutamate receptor subunits with post-
synaptic density proteins and their alterations in Parkinson's disease. Prog Brain Res. 2010; 183:169-
82. PubMed PMID:20696320.

207.Gardoni F, Di Luca M. New targets for pharmacological intervention in the glutamatergic synapse. Eur
J Pharmacol. 2006 Sep 1; 545 (1) :2-10. PubMed PMID:16831414.

208.Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, Cattabeni F, Di Luca M, Calabresi
P. A critical interaction between NR2B and MAGUK in L-DOPA induced dyskinesia. J Neurosci. 2006
Mar 15; 26 (11) :2914-22. PubMed PMID:16540568.

209.Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease. Arch Neurol. 1999 Jan; 56 (1)
:33-9. PubMed PMID:9923759.

210.Gerhard A, Pavese N, Hotton G, Turkheimer F, Es M, Hammers A, Eggert K, Oertel W, Banati RB,
Brooks DJ. In vivo imaging of microglial activation with [11C](R)-PK11195 PET in idiopathic
Parkinson's disease. Neurobiol Dis. 2006 Feb; 21 (2) :404-12. PubMed PMID:16182554.

211.Ghiglieri V, Picconi B, Calabresi P. Direct and indirect pathways in levodopa-induced dyskinesia: a
more complex matter than a network imbalance. Mov Disord. 2010 Aug 15; 25 (11) :1527-9. PubMed
PMID:20623774.

212.Gibbs. 11C CNS 5161. J Labelled Comp Radiopharm,: . 2002; 45:395-400.

213.Golbe LI. Young-onset Parkinson's disease: a clinical review. Neurology. 1991 Feb; 41 (2 ( Pt 1)) :168-
73. PubMed PMID:1992358.

170



214.Gold SJ, Hoang CV, Potts BW, Porras G, Pioli E, Kim KW, Nadjar A, Qin C, LaHoste GJ, Li Q,
Bioulac BH, Waugh JL, Gurevich E, Neve RL, Bezard E. RGS9-2 negatively modulates L-3,4-
dihydroxyphenylalanine-induced dyskinesia in experimental Parkinson's disease. J Neurosci. 2007 Dec
26; 27 (52) :14338-48. PubMed PMID:18160641.

215.Goldberg MS, Pisani A, Haburcak M, Vortherms TA, Kitada T, Costa C, Tong Y, Martella G,
Tscherter A, Martins A, Bernardi G, Roth BL, Pothos EN, Calabresi P, Shen J. Nigrostriatal
dopaminergic deficits and hypokinesia caused by inactivation of the familial Parkinsonism-linked gene
DJ-1. Neuron. 2005 Feb 17; 45 (4) :489-96. PubMed PMID:15721235.

216.Gomperts SN, Rentz DM, Moran E, Becker JA, Locascio JJ, Klunk WE, Mathis CA, Elmaleh DR,
Shoup T, Fischman AJ, Hyman BT, Growdon JH, Johnson KA. Imaging amyloid deposition in Lewy
body diseases. Neurology. 2008 Sep 16; 71 (12) :903-10. PubMed PMID:18794492; PubMed Central
PMCID: PMC2637553.

217.Gonzalez AM, Berciano J, Figols J, Pazos A, Pascual J. Loss of dopamine uptake sites and dopamine
D2 receptors in striatonigral degeneration. Brain Res. 2000 Jan 3; 852 (1) :228-32. PubMed
PMID:10661519.

218.Grace AA. Phasic versus tonic dopamine release and the modulation of dopamine system responsivity:
a hypothesis for the etiology of schizophrenia. Neuroscience. 1991; 41 (1) :1-24. PubMed
PMID:1676137.

219.Grachev ID, Berdichevsky D, Rauch SL, Heckers S, Kennedy DN, Caviness VS, Alpert NM. A
method for assessing the accuracy of intersubject registration of the human brain using anatomic
landmarks. Neuroimage. 1999 Feb; 9 (2) :250-68. PubMed PMID:9927554.

220.Grandas F, Galiano ML, Tabernero C. Risk factors for levodopa-induced dyskinesias in Parkinson's
disease. J Neurol. 1999 Dec; 246 (12) :1127-33. PubMed PMID:10653303.

221.Greengard P, Allen PB, Nairn AC. Beyond the dopamine receptor: the DARPP-32/protein
phosphatase-1 cascade. Neuron. 1999 Jul; 23 (3) :435-47. PubMed PMID:10433257.

222.Greffard S, Verny M, Bonnet AM, Beinis JY, Gallinari C, Meaume S, Piette F, Hauw JJ, Duyckaerts
C. Motor score of the Unified Parkinson Disease Rating Scale as a good predictor of Lewy body-
associated neuronal loss in the substantia nigra. Arch Neurol. 2006 Apr; 63 (4) :584-8. PubMed
PMID:16606773.

223.Gubellini P, Pisani A, Centonze D, Bernardi G, Calabresi P. Metabotropic glutamate receptors and
striatal synaptic plasticity: implications for neurological diseases. Prog Neurobiol. 2004 Dec; 74 (5)
:271-300. PubMed PMID:15582223.

224.Guidi M, Paciaroni L, Paolini S, De Padova S, Scarpino O. Differences and similarities in the
neuropsychological profile of dementia with Lewy bodies and Alzheimer's disease in the early stage. J
Neurol Sci. 2006 Oct 25; 248 (1-2) :120-3. PubMed PMID:16784757.

225.Guigoni C, Bezard E. Involvement of canonical and non-canonical D1 dopamine receptor signalling
pathways in L-dopa-induced dyskinesia. Parkinsonism Relat Disord. 2009 Dec; 15 Suppl 3:564-7.
PubMed PMID:20083011.

226.Guigoni C, Doudnikoff E, Li Q, Bloch B, Bezard E. Altered D(1) dopamine receptor trafficking in
parkinsonian and dyskinetic non-human primates. Neurobiol Dis. 2007 May; 26 (2) :452-63. PubMed
PMID:17350277.

227.Gulledge AT, Jaffe DB. Multiple effects of dopamine on layer V pyramidal cell excitability in rat
prefrontal cortex. J Neurophysiol. 2001 Aug; 86 (2) :586-95. PubMed PMID:11495934.

228.Gunn RN, Gunn SR, Cunningham VJ. Positron emission tomography compartmental models. J Cereb
Blood Flow Metab. 2001 Jun; 21 (6) :635-52. PubMed PMID:11488533.

229.Gunn RN, Gunn SR, Turkheimer FE, Aston JA, Cunningham VJ. Positron emission tomography
compartmental models: a basis pursuit strategy for kinetic modeling. J Cereb Blood Flow Metab. 2002
Dec; 22 (12) :1425-39. PubMed PMID:12468888.

230.Guo L, Itaya M, Takanashi M, Mizuno Y, Mori H. Relationship between Parkinson disease with
dementia and dementia with Lewy bodies. Parkinsonism Relat Disord. 2005 Aug; 11 (5) :305-9.
PubMed PMID:15882957.

171



231.Habib M, Donnet A, Ceccaldi M, Poncet M. [Subcortical dementia syndrome: semiology and
physiopathology]. Presse Med. 1989 Apr 8; 18 (14) :719-24. PubMed PMID:2524750.

232.Hallett PJ, Dunah AW, Ravenscroft P, Zhou S, Bezard E, Crossman AR, Brotchie JM, Standaert DG.
Alterations of striatal NMDA receptor subunits associated with the development of dyskinesia in the
MPTP-lesioned primate model of Parkinson's disease. Neuropharmacology. 2005 Mar; 48 (4) :503-16.
PubMed PMID:15755478.

233.Hamberg LM, Hunter GJ, Alpert NM, Choi NC, Babich JW, Fischman AJ. The dose uptake ratio as an
index of glucose metabolism: useful parameter or oversimplification?. J Nucl Med. 1994 Aug; 35 (8)
:1308-12. PubMed PMID:8046485.

234.Hamilton JM, Salmon DP, Galasko D, Raman R, Emond J, Hansen LA, Masliah E, Thal LJ.
Visuospatial deficits predict rate of cognitive decline in autopsy-verified dementia with Lewy bodies.
Neuropsychology. 2008 Nov; 22 (6) :729-37. PubMed PMID:18999346; PubMed Central PMCID:
PMC2587484.

235.Hansen L, Salmon D, Galasko D, Masliah E, Katzman R, DeTeresa R, Thal L, Pay MM, Hofstetter R,
Klauber M. The Lewy body variant of Alzheimer's disease: a clinical and pathologic entity. Neurology.
1990 Jan; 40 (1) :1-8. PubMed PMID:2153271.

236.Harms KJ, Dunaevsky A. Dendritic spine plasticity: looking beyond development. Brain Res. 2007
Dec 12; 1184:65-71. PubMed PMID:16600191.

237.Harney SC, Rowan M, Anwyl R. Long-term depression of NMDA receptor-mediated synaptic
transmission is dependent on activation of metabotropic glutamate receptors and is altered to long-term
potentiation by low intracellular calcium buffering. J Neurosci. 2006 Jan 25; 26 (4) :1128-32. PubMed
PMID:16436598.

238.Hauser RA, Hubble JP, Truong DD, Istradefylline US-001 Study Group. Randomized trial of the
adenosine A(2A) receptor antagonist istradefylline in advanced PD. Neurology. 2003 Aug 12; 61 (3)
:297-303. PubMed PMID:12913187.

239.Hauser RA, Rascol O, Korczyn AD, Jon Stoessl A, Watts RL, Poewe W, De Deyn PP, Lang AE. Ten-
year follow-up of Parkinson's disease patients randomized to initial therapy with ropinirole or
levodopa. Mov Disord. 2007 Dec; 22 (16) :2409-17. PubMed PMID:17894339.

240.Healy DG, Falchi M, O'Sullivan SS, Bonifati V, Durr A, Bressman S, Brice A, Aasly J, Zabetian CP,
Goldwurm S, Ferreira JJ, Tolosa E, Kay DM, Klein C, Williams DR, Marras C, Lang AE, Wszolek
ZK, Berciano J, Schapira AH, Lynch T, Bhatia KP, Gasser T, Lees AJ, Wood NW, International
LRRK2 Consortium. Phenotype, genotype, and worldwide genetic penetrance of LRRK2-associated
Parkinson's disease: a case-control study. Lancet Neurol. 2008 Jul; 7 (7) :583-90. PubMed
PMID:18539534; PubMed Central PMCID: PMC2832754.

241.Hely MA, Morris JG, Reid WG, Trafficante R. Sydney Multicenter Study of Parkinson's disease: non-
L-dopa-responsive problems dominate at 15 years. Mov Disord. 2005 Feb; 20 (2) :190-9. PubMed
PMID:15551331.

242.Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney multicenter study of
Parkinson's disease: the inevitability of dementia at 20 years. Mov Disord. 2008 Apr 30; 23 (6) :837-
44. PubMed PMID:18307261.

243.Henry B, Fox SH, Crossman AR, Brotchie JM. Mu- and delta-opioid receptor antagonists reduce
levodopa-induced dyskinesia in the MPTP-lesioned primate model of Parkinson's disease. Exp Neurol.
2001 Sep; 171 (1) :139-46. PubMed PMID:11520128.

244 Hernandez-Lopez S, Tkatch T, Perez-Garci E, Galarraga E, Bargas J, Hamm H, Surmeier DJ. D2
dopamine receptors in striatal medium spiny neurons reduce L-type Ca2+ currents and excitability via
a novel PLC[beta]1-1P3-calcineurin-signaling cascade. J Neurosci. 2000 Dec 15; 20 (24) :8987-95.
PubMed PMID:11124974,

245.Higginson CI, Wheelock VL, Carroll KE, Sigvardt KA. Recognition memory in Parkinson's disease
with and without dementia: evidence inconsistent with the retrieval deficit hypothesis. J Clin Exp
Neuropsychol. 2005 May; 27 (4) :516-28. PubMed PMID:15962695.

172



246.Higley MJ, Sabatini BL. Competitive regulation of synaptic Ca2+ influx by D2 dopamine and A2A
adenosine receptors. Nat Neurosci. 2010 Aug; 13 (8) :958-66. PubMed PMID:20601948; PubMed
Central PMCID: PMC2910780.

247 Hilker R, Thomas AV, Klein JC, Weisenbach S, Kalbe E, Burghaus L, Jacobs AH, Herholz K, Heiss
WND. Dementia in Parkinson disease: functional imaging of cholinergic and dopaminergic pathways.
Neurology. 2005 Dec 13; 65 (11) :1716-22. PubMed PMID:16344512.

248.Hill MP, Brotchie JM, Crossman AR, Bezard E, Michel A, Grimée R, Klitgaard H. Levetiracetam
Interferes With the L-dopa priming process in MPTP-lesioned drug-naive marmosets. Clin
Neuropharmacol. 2004 Jul-Aug; 27 (4) :171-7. PubMed PMID:15319703.

249.Hillion J, Canals M, Torvinen M, Casado V, Scott R, Terasmaa A, Hansson A, Watson S, Olah ME,
Mallol J, Canela El, Zoli M, Agnati LF, Ibanez CF, Lluis C, Franco R, Ferre S, Fuxe K.
Coaggregation, cointernalization, and codesensitization of adenosine A2A receptors and dopamine D2
receptors. J Biol Chem. 2002 May 17; 277 (20) :18091-7. PubMed PMID:11872740.

250.Hirano S, Asanuma K, Ma Y, Tang C, Feigin A, Dhawan V, Carbon M, Eidelberg D. Dissociation of
metabolic and neurovascular responses to levodopa in the treatment of Parkinson's disease. J Neurosci.
2008 Apr 16; 28 (16) :4201-9. PubMed PMID:18417699; PubMed Central PMCID: PMC2577921.

251.Hirsch EC. Nigrostriatal system plasticity in Parkinson's disease: effect of dopaminergic denervation
and treatment. Ann Neurol. 2000 Apr; 47 (4 Suppl 1) :S115-20; discussion S120-1. PubMed
PMID:10762138.

252.Hirsch EC, Hunot S. Neuroinflammation in Parkinson's disease: a target for neuroprotection?. Lancet
Neurol. 2009 Apr; 8 (4) :382-97. PubMed PMID:19296921.

253.Hobson P, Meara J. Risk and incidence of dementia in a cohort of older subjects with Parkinson's
disease in the United Kingdom. Mov Disord. 2004 Sep; 19 (9) :1043-9. PubMed PMID:15372593.

254.Hobson P, Gallacher J, Meara J. Cross-sectional survey of Parkinson's disease and parkinsonism in a
rural area of the United Kingdom. Mov Disord. 2005 Aug; 20 (8) :995-8. PubMed PMID:15852368.

255.Hoehn MM. Parkinson's disease: progression and mortality. Adv Neurol. 1987; 45:457-61. PubMed
PMID:3825726.

256.Hoffman JM, Welsh-Bohmer KA, Hanson M, Crain B, Hulette C, Earl N, Coleman RE. FDG PET
imaging in patients with pathologically verified dementia. J Nucl Med. 2000 Nov; 41 (11) :1920-8.
PubMed PMID:11079505.

257.Hoffman JM, Guze BH, Baxter LR, Mazziotta JC, Phelps ME. [18F]-fluorodeoxyglucose (FDG) and
positron emission tomography (PET) in aging and dementia A decade of studies. Eur Neurol. 1989; 29
Suppl 3:16-24. PubMed PMID:2693102.

258.Horstink MW, Zijlmans JC, Pasman JW, Berger HJ, van't Hof MA. Severity of Parkinson's disease is a
risk factor for peak-dose dyskinesia. J Neurol Neurosurg Psychiatry. 1990 Mar; 53 (3) :224-6. PubMed
PMID:2324754; PubMed Central PMCID: PMC1014132.

259.Hu JH, Park JM, Park S, Xiao B, Dehoff MH, Kim S, Hayashi T, Schwarz MK, Huganir RL, Seeburg
PH, Linden DJ, Worley PF. Homeostatic scaling requires group | mGIuR activation mediated by
Homerla. Neuron. 2010 Dec 22; 68 (6) :1128-42. PubMed PMID:21172614; PubMed Central PMCID:
PMC3013614.

260.Hu MT, Taylor-Robinson SD, Chaudhuri KR, Bell JD, Labbé C, Cunningham VJ, Koepp MJ,
Hammers A, Morris RG, Turjanski N, Brooks DJ. Cortical dysfunction in non-demented Parkinson's
disease patients: a combined (31)P-MRS and (18)FDG-PET study. Brain. 2000 Feb; 123 ( Pt 2):340-
52. PubMed PMID:10648441.

261.Huang C, Mattis P, Tang C, Perrine K, Carbon M, Eidelberg D. Metabolic brain networks associated
with cognitive function in Parkinson's disease. Neuroimage. 2007 Jan 15; 34 (2) :714-23. PubMed
PMID:17113310.

262.Huang LZ, Campos C, Ly J, Ivy Carroll F, Quik M. Nicotinic receptor agonists decrease L-dopa-
induced dyskinesias most effectively in partially lesioned parkinsonian rats. Neuropharmacology. 2011
May; 60 (6) :861-8. PubMed PMID:21232546; PubMed Central PMCID: PMC3133531.

173



263.Huettner JE, Bean BP. Block of N-methyl-D-aspartate-activated current by the anticonvulsant MK-
801: selective binding to open channels. Proc Natl Acad Sci U S A. 1988 Feb; 85 (4) :1307-11.
PubMed PMID:2448800; PubMed Central PMCID: PMC279756.

264.Huff RM. Signal transduction pathways modulated by the D2 subfamily of dopamine receptors. Cell
Signal. 1996 Sep; 8 (6) :453-9. PubMed PMID:8958449.

265.Hughes AJ, Daniel SE, Lees AJ. Improved accuracy of clinical diagnosis of Lewy body Parkinson's
disease. Neurology. 2001 Oct 23; 57 (8) :1497-9. PubMed PMID:11673599.

266.Hughes AJ, Ben-Shlomo Y, Daniel SE, Lees AJ. What features improve the accuracy of clinical
diagnosis in Parkinson's disease: a clinicopathologic study. Neurology. 1992 Jun; 42 (6) :1142-6.
PubMed PMID:1603339.

267.Hughes TA, Ross HF, Musa S, Bhattacherjee S, Nathan RN, Mindham RH, Spokes EG. A 10-year
study of the incidence of and factors predicting dementia in Parkinson's disease. Neurology. 2000 Apr
25; 54 (8) :1596-602. PubMed PMID:10762499.

268.Hume SP, Gunn RN, Jones T. Pharmacological constraints associated with positron emission
tomographic scanning of small laboratory animals. Eur J Nucl Med. 1998 Feb; 25 (2) :173-6. PubMed
PMID:9473266.

269.Hurley MJ, Jackson MJ, Smith LA, Rose S, Jenner P. Immunoautoradiographic analysis of NMDA
receptor subunits and associated postsynaptic density proteins in the brain of dyskinetic MPTP-treated
common marmosets. Eur J Neurosci. 2005 Jun; 21 (12) :3240-50. PubMed PMID:16026462.

270.Hyman BT, Trojanowski JQ. Consensus recommendations for the postmortem diagnosis of Alzheimer
disease from the National Institute on Aging and the Reagan Institute Working Group on diagnostic
criteria for the neuropathological assessment of Alzheimer disease. J Neuropathol Exp Neurol. 1997
Oct; 56 (10) :1095-7. PubMed PMID:9329452.

271.Ingham CA, Hood SH, Taggart P, Arbuthnott GW. Plasticity of synapses in the rat neostriatum after
unilateral lesion of the nigrostriatal dopaminergic pathway. J Neurosci. 1998 Jun 15; 18 (12) :4732-43.
PubMed PMID:9614247.

272.Ingham CA, Hood SH, Arbuthnott GW. Spine density on neostriatal neurones changes with 6-
hydroxydopamine lesions and with age. Brain Res. 1989 Dec 4; 503 (2) :334-8. PubMed
PMID:2514009.

273.Ingham CA, Hood SH, van Maldegem B, Weenink A, Arbuthnott GW. Morphological changes in the
rat neostriatum after unilateral 6-hydroxydopamine injections into the nigrostriatal pathway. Exp Brain
Res. 1993; 93 (1) :17-27. PubMed PMID:7682182.

274.1saac J. Protein phosphatase 1 and LTD: synapses are the architects of depression. Neuron. 2001 Dec
20; 32 (6) :963-6. PubMed PMID:11754828.

275.1to K, Nagano-Saito A, Kato T, Arahata Y, Nakamura A, Kawasumi Y, Hatano K, Abe Y, Yamada T,
Kachi T, Brooks DJ. Striatal and extrastriatal dysfunction in Parkinson's disease with dementia: a 6-
[18F]fluoro-L-dopa PET study. Brain. 2002 Jun; 125 (Pt 6) :1358-65. PubMed PMID:12023324.

276.Jack CR Jr, Lowe VJ, Senjem ML, Weigand SD, Kemp BJ, Shiung MM, Knopman DS, Boeve BF,
Klunk WE, Mathis CA, Petersen RC. 11C PiB and structural MRI provide complementary information
in imaging of Alzheimer's disease and amnestic mild cognitive impairment. Brain. 2008 Mar; 131 (Pt
3) :665-80. PubMed PMID:18263627; PubMed Central PMCID: PMC2730157.

277.Jackson A, Crossman AR. Subthalamic nucleus efferent projection to the cerebral cortex.
Neuroscience. 1981; 6 (11) :2367-77. PubMed PMID:7329552.

278.Jahr CE. High probability opening of NMDA receptor channels by L-glutamate. Science. 1992 Jan 24;
255 (5043) :470-2. PubMed PMID:1346477.

279.Janvin CC, Larsen JP, Salmon DP, Galasko D, Hugdahl K, Aarsland D. Cognitive profiles of
individual patients with Parkinson's disease and dementia: comparison with dementia with lewy bodies
and Alzheimer's disease. Mov Disord. 2006 Mar; 21 (3) :337-42. PubMed PMID:16211595.

280.Jellinger KA. A critical reappraisal of current staging of Lewy-related pathology in human brain. Acta
Neuropathol. 2008 Jul; 116 (1) :1-16. PubMed PMID:18592254.

281.Jellinger KA. The neuropathologic substrate of Parkinson disease dementia. Acta Neuropathol. 2010
Jan; 119 (1) :151-3. PubMed PMID:19924423.

174



282.Jellinger KA, Attems J. Does striatal pathology distinguish Parkinson disease with dementia and
dementia with Lewy bodies?. Acta Neuropathol. 2006 Sep; 112 (3) :253-60. PubMed PMID:16804711.

283.Jellinger KA. The morphological basis of mental dysfunction in Parkinson's disease. J Neurol Sci. 2006
Oct 25; 248 (1-2) :167-72. PubMed PMID:16797594.

284.Jellinger KA. Post mortem studies in Parkinson's disease--is it possible to detect brain areas for specific
symptoms?. J Neural Transm Suppl. 1999; 56:1-29. PubMed PMID:10370901.

285.Jellinger KA. Interaction between a-synuclein and tau in Parkinson's disease comment on Wills et al:
elevated tauopathy and a-synuclein pathology in postmortem Parkinson's disease brains with and
without dementia Exp Neurol 2010; 225: 210-218. Exp Neurol. 2011 Jan; 227 (1) :13-8. PubMed
PMID:20965169.

286.Jenner P. Factors influencing the onset and persistence of dyskinesia in MPTP-treated primates. Ann
Neurol. 2000 Apr; 47 (4 Suppl 1) :S90-9; discussion S99-104. PubMed PMID:10762136.

287.Jenner P. Molecular mechanisms of L-DOPA-induced dyskinesia. Nat Rev Neurosci. 2008 Sep; 9 (9)
:665-77. PubMed PMID:18714325.

288.Johansson PA, Andersson M, Andersson KE, Cenci MA. Alterations in cortical and basal ganglia
levels of opioid receptor binding in a rat model of I-DOPA-induced dyskinesia. Neurobiol Dis. 2001
Apr; 8 (2) :220-39. PubMed PMID:11300719.

289.Johnson DK, Storandt M, Morris JC, Galvin JE. Longitudinal study of the transition from healthy aging
to Alzheimer disease. Arch Neurol. 2009 Oct; 66 (10) :1254-9. PubMed PMID:19822781; PubMed
Central PMCID: PMC2795328.

290.Johnston TH, Fox SH, Mclldowie MJ, Piggott MJ, Brotchie JM. Reduction of L-DOPA-induced
dyskinesia by the selective metabotropic glutamate receptor 5 antagonist 3-[(2-methyl-1,3-thiazol-4-
yl)ethynyl]pyridine in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of
Parkinson's disease. J Pharmacol Exp Ther. 2010 Jun; 333 (3) :865-73. PubMed PMID:20231306.

291.Jokinen P, Scheinin N, Aalto S, Nagren K, Savisto N, Parkkola R, Rokka J, Haaparanta M, Roytta M,
Rinne JO. [(11)C]PIB-, [(18)F]FDG-PET and MRI imaging in patients with Parkinson's disease with
and without dementia. Parkinsonism Relat Disord. 2010 Dec; 16 (10) :666-70. PubMed
PMID:20870446.

292.Juh R, Kim J, Moon D, Choe B, Suh T. Different metabolic patterns analysis of Parkinsonism on the
18F-FDG PET. Eur J Radiol. 2004 Sep; 51 (3) :223-33. PubMed PMID:15294329.

293.Kalaitzakis ME, Pearce RK. The morbid anatomy of dementia in Parkinson's disease. Acta
Neuropathol. 2009 Nov; 118 (5) :587-98. PubMed PMID:19820956.

294.Kauer JA, Malenka RC. Synaptic plasticity and addiction. Nat Rev Neurosci. 2007 Nov; 8 (11) :844-
58. PubMed PMID:17948030.

295.Kelly RM, Strick PL. Macro-architecture of basal ganglia loops with the cerebral cortex: use of rabies
virus to reveal multisynaptic circuits. Prog Brain Res. 2004; 143:449-59. PubMed PMID:14653187.

296.Kemp JM, Powell TP. The structure of the caudate nucleus of the cat: light and electron microscopy.
Philos Trans R Soc Lond B Biol Sci. 1971 Sep 30; 262 (845) :383-401. PubMed PMID:4107495.

297.Kemppainen NM, Aalto S, Wilson IA, Nagren K, Helin S, Briick A, Oikonen V, Kailajérvi M,
Scheinin M, Viitanen M, Parkkola R, Rinne JO. Voxel-based analysis of PET amyloid ligand [11C]PIB
uptake in Alzheimer disease. Neurology. 2006 Nov 14; 67 (9) :1575-80. PubMed PMID:16971697.

298.Kennedy MJ, Ehlers MD. Organelles and trafficking machinery for postsynaptic plasticity. Annu Rev
Neurosci. 2006; 29:325-62. PubMed PMID:16776589; PubMed Central PMCID: PMC1876664.

299.Kessels HW, Malinow R. Synaptic AMPA receptor plasticity and behavior. Neuron. 2009 Feb 12; 61
(3) :340-50. PubMed PMID:19217372.

300.KETY SS, SCHMIDT CF. The nitrous oxide method for the quantitative determination of cerebral
blood flow in man; theory, procedure and normal values. J Clin Invest. 1948 Jul; 27 (4) :476-83.
PubMed PMID:18873797.

301.KETY SS. The theory and applications of the exchange of inert gas at the lungs and tissues. Pharmacol
Rev. 1951 Mar; 3 (1) :1-41. PubMed PMID:14833874.

302.Keyes JW Jr. SUV: standard uptake or silly useless value?. J Nucl Med. 1995 Oct; 36 (10) :1836-9.
PubMed PMID:7562051.

175



303.Khosravani H, Zhang Y, Tsutsui S, Hameed S, Altier C, Hamid J, Chen L, Villemaire M, Ali Z, Jirik
FR, Zamponi GW. Prion protein attenuates excitotoxicity by inhibiting NMDA receptors. J Cell Biol.
2008 May 5; 181 (3) :551-65. PubMed PMID:18443219; PubMed Central PMCID: PMC2364707.

304.Kim DS, Palmiter RD, Cummins A, Gerfen CR. Reversal of supersensitive striatal dopamine D1
receptor signaling and extracellular signal-regulated kinase activity in dopamine-deficient mice.
Neuroscience. 2006; 137 (4) :1381-8. PubMed PMID:16388913.

305.Kipper M. Clinical atlas of PET: with imaging correlation. ISBN 0-7216-3926-7. 2004;

306.Kita H, Kitai ST. Glutamate decarboxylase immunoreactive neurons in rat neostriatum: their
morphological types and populations. Brain Res. 1988 May 3; 447 (2) :346-52. PubMed
PMID:3390703.

307.Klann E. Thwarting dyskinesia by targeting mTORC1. Sci Signal. 2009 Jul 21; 2 (80) :pe42. PubMed
PMID:19622830.

308.Klein JC, Eggers C, Kalbe E, Weisenbach S, Hohmann C, VVollmar S, Baudrexel S, Diederich NJ,
Heiss WD, Hilker R. Neurotransmitter changes in dementia with Lewy bodies and Parkinson disease
dementia in vivo. Neurology. 2010 Mar 16; 74 (11) :885-92. PubMed PMID:20181924.

309.Kleiner-Fisman G, Herzog J, Fisman DN, Tamma F, Lyons KE, Pahwa R, Lang AE, Deuschl G.
Subthalamic nucleus deep brain stimulation: summary and meta-analysis of outcomes. Mov Disord.
2006 Jun; 21 Suppl 14:5290-304. PubMed PMID:16892449.

310.Klivenyi P, Andreassen OA, Ferrante RJ, Dedeoglu A, Mueller G, Lancelot E, Bogdanov M, Andersen
JK, Jiang D, Beal MF. Mice deficient in cellular glutathione peroxidase show increased vulnerability to
malonate, 3-nitropropionic acid, and 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine. J Neurosci. 2000
Jan 1; 20 (1) :1-7. PubMed PMID:10627575.

311.Klunk WE, Engler H, Nordberg A, Bacskai BJ, Wang Y, Price JC, Bergstrom M, Hyman BT,
Langstrom B, Mathis CA. Imaging the pathology of Alzheimer's disease: amyloid-imaging with
positron emission tomography. Neuroimaging Clin N Am. 2003 Nov; 13 (4) :781-9, ix. PubMed
PMID:15024961.

312.Klunk WE, Wang Y, Huang GF, Debnath ML, Holt DP, Shao L, Hamilton RL, Ikonomovic MD,
DeKosky ST, Mathis CA. The binding of 2-(4'-methylaminophenyl)benzothiazole to postmortem brain
homogenates is dominated by the amyloid component. J Neurosci. 2003 Mar 15; 23 (6) :2086-92.
PubMed PMID:12657667.

313.Klunk WE, Engler H, Nordberg A, Wang Y, Blomgvist G, Holt DP, Bergstrom M, Savitcheva I,
Huang GF, Estrada S, Ausén B, Debnath ML, Barletta J, Price JC, Sandell J, Lopresti BJ, Wall A,
Koivisto P, Antoni G, Mathis CA, Langstrom B. Imaging brain amyloid in Alzheimer's disease with
Pittsburgh Compound-B. Ann Neurol. 2004 Mar; 55 (3) :306-19. PubMed PMID:14991808.

314.Klunk WE. Biopsy support for the validity of Pittsburgh compound B positron emission tomography
with a twist. Arch Neurol. 2008 Oct; 65 (10) :1281-3. PubMed PMID:18852340; PubMed Central
PMCID: PMC2637565.

315.Koeppe RA, Holthoff VA, Frey KA, Kilbourn MR, Kuhl DE. Compartmental analysis of
[11C]flumazenil kinetics for the estimation of ligand transport rate and receptor distribution using
positron emission tomography. J Cereb Blood Flow Metab. 1991 Sep; 11 (5) :735-44. PubMed
PMID:1651944.

316.Koga E, Momiyama T. Presynaptic dopamine D2-like receptors inhibit excitatory transmission onto rat
ventral tegmental dopaminergic neurones. J Physiol. 2000 Feb 15; 523 Pt 1:163-73. PubMed
PMID:10673553; PubMed Central PMCID: PMC2269797.

317.Kéhr G. NMDA receptor function: subunit composition versus spatial distribution. Cell Tissue Res.
2006 Nov; 326 (2) :439-46. PubMed PMID:16862427.

318.Konradi C, Cole RL, Heckers S, Hyman SE. Amphetamine regulates gene expression in rat striatum
via transcription factor CREB. J Neurosci. 1994 Sep; 14 (9) :5623-34. PubMed PMID:8083758.

319.Kopin 1J. The pharmacology of Parkinson's disease therapy: an update. Annu Rev Pharmacol Toxicol.
1993; 33:467-95. PubMed PMID:8494348.

176



320.Kosaka K, Tsuchiya K, Yoshimura M. Lewy body disease with and without dementia: a
clinicopathological study of 35 cases. Clin Neuropathol. 1988 Nov-Dec; 7 (6) :299-305. PubMed
PMID:3224472.

321.Kotecha SA, Oak JN, Jackson MF, Perez Y, Orser BA, Van Tol HH, MacDonald JF. A D2 class
dopamine receptor transactivates a receptor tyrosine kinase to inhibit NMDA receptor transmission.
Neuron. 2002 Sep 12; 35 (6) :1111-22. PubMed PMID:12354400.

322.Kdvari E, Gold G, Herrmann FR, Canuto A, Hof PR, Bouras C, Giannakopoulos P. Lewy body
densities in the entorhinal and anterior cingulate cortex predict cognitive deficits in Parkinson's disease.
Acta Neuropathol. 2003 Jul; 106 (1) :83-8. PubMed PMID:12687392.

323.Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K, Kreitzer AC. Regulation of
parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature. 2010 Jul 29;
466 (7306) :622-6. PubMed PMID:20613723.

324.Krohn KA, Muzi M, Spence AM. What is in a number? The FDG lumped constant in the rat brain. J
Nucl Med. 2007 Jan; 48 (1) :5-7. PubMed PMID:17204692.

325.Kruse MS, Prémont J, Krebs MO, Jay TM. Interaction of dopamine D1 with NMDA NR1 receptors in
rat prefrontal cortex. Eur Neuropsychopharmacol. 2009 Apr; 19 (4) :296-304. PubMed
PMID:19186032.

326.Kuhl DE, Koeppe RA, Minoshima S, Snyder SE, Ficaro EP, Foster NL, Frey KA, Kilbourn MR. In
vivo mapping of cerebral acetylcholinesterase activity in aging and Alzheimer's disease. Neurology.
1999 Mar 10; 52 (4) :691-9. PubMed PMID:10078712.

327.Kuhl DE, Minoshima S, Fessler JA, Frey KA, Foster NL, Ficaro EP, Wieland DM, Koeppe RA. In
vivo mapping of cholinergic terminals in normal aging, Alzheimer's disease, and Parkinson's disease.
Ann Neurol. 1996 Sep; 40 (3) :399-410. PubMed PMID:8797529.

328.Kull B, Ferré S, Arslan G, Svenningsson P, Fuxe K, Owman C, Fredholm BB. Reciprocal interactions
between adenosine A2A and dopamine D2 receptors in Chinese hamster ovary cells co-transfected with
the two receptors. Biochem Pharmacol. 1999 Sep 15; 58 (6) :1035-45. PubMed PMID:10509756.

329.Kuriakose R, Stoessl AJ. Imaging the nigrostriatal system to monitor disease progression and
treatment-induced complications. Prog Brain Res. 2010; 184:177-92. PubMed PMID:20887875.

330.Kuzis G, Sabe L, Tiberti C, Merello M, Leiguarda R, Starkstein SE. Explicit and implicit learning in
patients with Alzheimer disease and Parkinson disease with dementia. Neuropsychiatry Neuropsychol
Behav Neurol. 1999 Oct; 12 (4) :265-9. PubMed PMID:10527111.

331.Lammertsma AA, Hume SP. Simplified reference tissue model for PET receptor studies. Neuroimage.
1996 Dec; 4 (3 Pt 1) :153-8. PubMed PMID:9345505.

332.Lammertsma AA, Bench CJ, Hume SP, Osman S, Gunn K, Brooks DJ, Frackowiak RS. Comparison of
methods for analysis of clinical [11C]raclopride studies. J Cereb Blood Flow Metab. 1996 Jan; 16 (1)
:42-52. PubMed PMID:8530554.

333.Lanciego JL, Gonzalo N, Castle M, Sanchez-Escobar C, Aymerich MS, Obeso JA. Thalamic
innervation of striatal and subthalamic neurons projecting to the rat entopeduncular nucleus. Eur J
Neurosci. 2004 Mar; 19 (5) :1267-77. PubMed PMID:15016084.

334.Lang AE, Lozano AM. Parkinson's disease Second of two parts. N Engl J Med. 1998 Oct 15; 339 (16)
:1130-43. PubMed PMID:9770561.

335.Lashley T, Holton JL, Gray E, Kirkham K, O'Sullivan SS, Hilbig A, Wood NW, Lees AJ, Revesz T.
Cortical alpha-synuclein load is associated with amyloid-beta plaque burden in a subset of Parkinson's
disease patients. Acta Neuropathol. 2008 Apr; 115 (4) :417-25. PubMed PMID:18185940.

336.LASZLO J, HUMPHREYS SR, GOLDIN A. Effects of glucose analogues (2-deoxy-D-glucose, 2-
deoxy-D-galactose) on experimental tumors. J Natl Cancer Inst. 1960 Feb; 24:267-81. PubMed
PMID:14414406.

337.Latini S, Pedata F. Adenosine in the central nervous system: release mechanisms and extracellular
concentrations. J Neurochem. 2001 Nov; 79 (3) :463-84. PubMed PMID:11701750.

338.Lavin A, Grace AA. Stimulation of D1-type dopamine receptors enhances excitability in prefrontal
cortical pyramidal neurons in a state-dependent manner. Neuroscience. 2001; 104 (2) :335-46. PubMed
PMID:11377838.

177



339.Lebel M, Chagniel L, Bureau G, Cyr M. Striatal inhibition of PKA prevents levodopa-induced
behavioural and molecular changes in the hemiparkinsonian rat. Neurobiol Dis. 2010 Apr; 38 (1) :59-
67. PubMed PMID:20060905.

340.Lee CR, Tepper JM. Basal ganglia control of substantia nigra dopaminergic neurons. J Neural Transm
Suppl. 2009; PubMed PMID:20411769.

341.Lee CS, Samii A, Sossi V, Ruth TJ, Schulzer M, Holden JE, Wudel J, Pal PK, de la Fuente-Fernandez
R, Calne DB, Stoessl AJ. In vivo positron emission tomographic evidence for compensatory changes in
presynaptic dopaminergic nerve terminals in Parkinson's disease. Ann Neurol. 2000 Apr; 47 (4) :493-
503. PubMed PMID:10762161.

342.Lee CS, Schulzer M, Mak EK, Snow BJ, Tsui JK, Calne S, Hammerstad J, Calne DB. Clinical
observations on the rate of progression of idiopathic parkinsonism. Brain. 1994 Jun; 117 ( Pt 3):501-7.
PubMed PMID:8032860.

343.Lee FJ, Wang YT, Liu F. Direct receptor cross-talk can mediate the modulation of excitatory and
inhibitory neurotransmission by dopamine. J Mol Neurosci. 2005; 26 (2-3) :245-52. PubMed
PMID:16012198.

344.Lee FJ, Xue S, Pei L, Vukusic B, Chéry N, Wang Y, Wang YT, Niznik HB, Yu XM, Liu F. Dual
regulation of NMDA receptor functions by direct protein-protein interactions with the dopamine D1
receptor. Cell. 2002 Oct 18; 111 (2) :219-30. PubMed PMID:12408866.

345.Lee J, Zhu WM, Stanic D, Finkelstein DI, Horne MH, Henderson J, Lawrence AJ, O'Connor L, Tomas
D, Drago J, Horne MK. Sprouting of dopamine terminals and altered dopamine release and uptake in
Parkinsonian dyskinaesia. Brain. 2008 Jun; 131 (Pt 6) :1574-87. PubMed PMID:18487277.

346.Lee MC, Yasuda R, Ehlers MD. Metaplasticity at single glutamatergic synapses. Neuron. 2010 Jun 24;
66 (6) :859-70. PubMed PMID:20620872; PubMed Central PMCID: PMC2911980.

347.Lerma J, Zukin RS, Bennett MV. Interaction of Mg2+ and phencyclidine in use-dependent block of
NMDA channels. Neurosci Lett. 1991 Feb 25; 123 (2) :187-91. PubMed PMID:1709267.

348.Levy G, Tang MX, Louis ED, Coté LJ, Alfaro B, Mejia H, Stern Y, Marder K. The association of
incident dementia with mortality in PD. Neurology. 2002 Dec 10; 59 (11) :1708-13. PubMed
PMID:12473757.

349.Lewis SJ, Foltynie T, Blackwell AD, Robbins TW, Owen AM, Barker RA. Heterogeneity of
Parkinson's disease in the early clinical stages using a data driven approach. J Neurol Neurosurg
Psychiatry. 2005 Mar; 76 (3) :343-8. PubMed PMID:15716523; PubMed Central PMCID:
PMC1739569.

350.Li B, Chen N, Luo T, Otsu Y, Murphy TH, Raymond LA. Differential regulation of synaptic and extra-
synaptic NMDA receptors. Nat Neurosci. 2002 Sep; 5 (9) :833-4. PubMed PMID:12195433.

351.Li KW, Hornshaw MP, Van Der Schors RC, Watson R, Tate S, Casetta B, Jimenez CR, Gouwenberg
Y, Gundelfinger ED, Smalla KH, Smit AB. Proteomics analysis of rat brain postsynaptic density
Implications of the diverse protein functional groups for the integration of synaptic physiology. J Biol
Chem. 2004 Jan 9; 279 (2) :987-1002. PubMed PMID:14532281.

352.Lindgren HS, Andersson DR, Lagerkvist S, Nissbrandt H, Cenci MA. L-DOPA-induced dopamine
efflux in the striatum and the substantia nigra in a rat model of Parkinson's disease: temporal and
quantitative relationship to the expression of dyskinesia. J Neurochem. 2010 Mar; 112 (6) :1465-76.
PubMed PMID:20050978.

353.Lippa CF, Duda JE, Grossman M, Hurtig HI, Aarsland D, Boeve BF, Brooks DJ, Dickson DW, Dubois
B, Emre M, Fahn S, Farmer JM, Galasko D, Galvin JE, Goetz CG, Growdon JH, Gwinn-Hardy KA,
Hardy J, Heutink P, lwatsubo T, Kosaka K, Lee VM, Leverenz JB, Masliah E, McKeith IG, Nussbaum
RL, Olanow CW, Ravina BM, Singleton AB, Tanner CM, Trojanowski JQ, Wszolek ZK, DLB/PDD
Working Group. DLB and PDD boundary issues: diagnosis, treatment, molecular pathology, and
biomarkers. Neurology. 2007 Mar 13; 68 (11) :812-9. PubMed PMID:17353469.

354.Lipton SA. The molecular basis of memantine action in Alzheimer's disease and other neurologic
disorders: low-affinity, uncompetitive antagonism. Curr Alzheimer Res. 2005 Apr; 2 (2) :155-65.
PubMed PMID:15974913.

178



355.Lipton SA. Paradigm shift in neuroprotection by NMDA receptor blockade: memantine and beyond.
Nat Rev Drug Discov. 2006 Feb; 5 (2) :160-70. PubMed PMID:16424917.

356.Litvan I, Mohr E, Williams J, Gomez C, Chase TN. Differential memory and executive functions in
demented patients with Parkinson's and Alzheimer's disease. J Neurol Neurosurg Psychiatry. 1991 Jan;
54 (1) :25-9. PubMed PMID:2010755; PubMed Central PMCID: PMC1014293.

357.Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, Auberson YP, Wang YT. Role of
NMDA receptor subtypes in governing the direction of hippocampal synaptic plasticity. Science. 2004
May 14; 304 (5673) :1021-4. PubMed PMID:15143284.

358.Liu XY, Chu XP, Mao LM, Wang M, Lan HX, Li MH, Zhang GC, Parelkar NK, Fibuch EE, Haines M,
Neve KA, Liu F, Xiong ZG, Wang JQ. Modulation of D2R-NR2B interactions in response to cocaine.
Neuron. 2006 Dec 7; 52 (5) :897-909. PubMed PMID:17145509.

359.Logan J. Graphical analysis of PET data applied to reversible and irreversible tracers. Nucl Med Biol.
2000 Oct; 27 (7) :661-70. PubMed PMID:11091109.

360.Logan J, Fowler JS, Volkow ND, Wolf AP, Dewey SL, Schlyer DJ, MacGregor RR, Hitzemann R,
Bendriem B, Gatley SJ. Graphical analysis of reversible radioligand binding from time-activity
measurements applied to [N-11C-methyl]-(-)-cocaine PET studies in human subjects. J Cereb Blood
Flow Metab. 1990 Sep; 10 (5) :740-7. PubMed PMID:2384545.

361.Ldpez IC, Ruiz PJ, Del Pozo SV, Bernardos VS. Motor complications in Parkinson's disease: ten year
follow-up study. Mov Disord. 2010 Dec 15; 25 (16) :2735-9. PubMed PMID:20931632.

362. Lopresti BJ, Klunk WE, Mathis CA, Hoge JA, Ziolko SK, Lu X, Meltzer CC, Schimmel K, Tsopelas
ND, DeKosky ST, Price JC. Simplified quantification of Pittsburgh Compound B amyloid imaging
PET studies: a comparative analysis. J Nucl Med. 2005 Dec; 46 (12) :1959-72. PubMed
PMID:16330558.

363.Louis ED, Marder K, Cote L, Tang M, Mayeux R. Mortality from Parkinson disease. Arch Neurol.
1997 Mar; 54 (3) :260-4. PubMed PMID:9074394.

364.Lozza C, Baron JC, Eidelberg D, Mentis MJ, Carbon M, Marié RM. Executive processes in Parkinson's
disease: FDG-PET and network analysis. Hum Brain Mapp. 2004 Jul; 22 (3) :236-45. PubMed
PMID:15195290.

365.Lundblad M, Picconi B, Lindgren H, Cenci MA. A model of L-DOPA-induced dyskinesia in 6-
hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal function.
Neurobiol Dis. 2004 Jun; 16 (1) :110-23. PubMed PMID:15207268.

366.Lundblad M, Usiello A, Carta M, Hakansson K, Fisone G, Cenci MA. Pharmacological validation of a
mouse model of I-DOPA-induced dyskinesia. Exp Neurol. 2005 Jul; 194 (1) :66-75. PubMed
PMID:15899244.

367.Lundblad M, Vaudano E, Cenci MA. Cellular and behavioural effects of the adenosine A2a receptor
antagonist KW-6002 in a rat model of I-DOPA-induced dyskinesia. J Neurochem. 2003 Mar; 84 (6)
:1398-410. PubMed PMID:12614340.

368.MacDonald JF, Bartlett MC, Mody I, Pahapill P, Reynolds JN, Salter MW, Schneiderman JH,
Pennefather PS. Actions of ketamine, phencyclidine and MK-801 on NMDA receptor currents in
cultured mouse hippocampal neurones. J Physiol. 1991 Jan; 432:483-508. PubMed PMID:1832184;
PubMed Central PMCID: PMC1181337.

369.Maetzler W, Liepelt I, Reimold M, Reischl G, Solbach C, Becker C, Schulte C, Leyhe T, Keller S,
Melms A, Gasser T, Berg D. Cortical PIB binding in Lewy body disease is associated with Alzheimer-
like characteristics. Neurobiol Dis. 2009 Apr; 34 (1) :107-12. PubMed PMID:19162186.

370.Maetzler W, Reimold M, Liepelt I, Solbach C, Leyhe T, Schweitzer K, Eschweiler GW, Mittelbronn
M, Gaenslen A, Uebele M, Reischl G, Gasser T, Machulla HJ, Bares R, Berg D. [11C]PIB binding in
Parkinson's disease dementia. Neuroimage. 2008 Feb 1; 39 (3) :1027-33. PubMed PMID:18035558.

371.Mahon S, Vautrelle N, Pezard L, Slaght SJ, Deniau JM, Chouvet G, Charpier S. Distinct patterns of
striatal medium spiny neuron activity during the natural sleep-wake cycle. J Neurosci. 2006 Nov 29; 26
(48) :12587-95. PubMed PMID:17135420.

372.Maier Hoehn MM. Parkinsonism treated with levodopa: progression and mortality. J Neural Transm
Suppl. 1983; 19:253-64. PubMed PMID:6583311.

179



373.Malenka RC, Nicoll RA. Long-term potentiation--a decade of progress?. Science. 1999 Sep 17; 285
(5435) :1870-4. PubMed PMID:10489359.

374.Maratos EC, Jackson MJ, Pearce RK, Jenner P. Antiparkinsonian activity and dyskinesia risk of
ropinirole and L-DOPA combination therapy in drug naive MPTP-lesioned common marmosets
(Callithrix jacchus). Mov Disord. 2001 Jul; 16 (4) :631-41. PubMed PMID:11481686.

375.Marder K, Tang MX, Cote L, Stern Y, Mayeux R. The frequency and associated risk factors for
dementia in patients with Parkinson's disease. Arch Neurol. 1995 Jul; 52 (7) :695-701. PubMed
PMID:7619026.

376.Marsden CD, Parkes JD. Success and problems of long-term levodopa therapy in Parkinson's disease.
Lancet. 1977 Feb 12; 1 (8007) :345-9. PubMed PMID:64868.

377.Martinez-Martin P, Benito-Le6n J, Alonso F, Catalan MJ, Pondal M, Zamarbide I, Tobias A, de Pedro
J. Quality of life of caregivers in Parkinson's disease. Qual Life Res. 2005 Mar; 14 (2) :463-72.
PubMed PMID:15892435.

378.Mathis CA, Wang Y, Holt DP, Huang GF, Debnath ML, Klunk WE. Synthesis and evaluation of 11C-
labeled 6-substituted 2-arylbenzothiazoles as amyloid imaging agents. J Med Chem. 2003 Jun 19; 46
(13) :2740-54. PubMed PMID:12801237.

379.Mattson MP. Pathways towards and away from Alzheimer's disease. Nature. 2004 Aug 5; 430 (7000)
:631-9. PubMed PMID:15295589; PubMed Central PMCID: PMC3091392.

380.Maycox PR, Deckwerth T, Jahn R. Bacteriorhodopsin drives the glutamate transporter of synaptic
vesicles after co-reconstitution. EMBO J. 1990 May; 9 (5) :1465-9. PubMed PMID:1970294; PubMed
Central PMCID: PMC551836.

381.Mayeux R, Chen J, Mirabello E, Marder K, Bell K, Dooneief G, Cote L, Stern Y. An estimate of the
incidence of dementia in idiopathic Parkinson's disease. Neurology. 1990 Oct; 40 (10) :1513-7.
PubMed PMID:2215941.

382.McKeith 1G. Consensus guidelines for the clinical and pathologic diagnosis of dementia with Lewy
bodies (DLB): report of the Consortium on DLB International Workshop. J Alzheimers Dis. 2006; 9 (3
Suppl) :417-23. PubMed PMID:16914880.

383.McKeith IG, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, Cummings J, Duda JE, Lippa C,
Perry EK, Aarsland D, Arai H, Ballard CG, Boeve B, Burn DJ, Costa D, Del Ser T, Dubois B, Galasko
D, Gauthier S, Goetz CG, Gomez-Tortosa E, Halliday G, Hansen LA, Hardy J, Iwatsubo T, Kalaria
RN, Kaufer D, Kenny RA, Korczyn A, Kosaka K, Lee VM, Lees A, Litvan I, Londos E, Lopez OL,
Minoshima S, Mizuno Y, Molina JA, Mukaetova-Ladinska EB, Pasquier F, Perry RH, Schulz JB,
Trojanowski JQ, Yamada M, Consortium on DLB. Diagnosis and management of dementia with Lewy
bodies: third report of the DLB Consortium. Neurology. 2005 Dec 27; 65 (12) :1863-72. PubMed
PMID:16237129.

384.McNeill TH, Brown SA, Rafols JA, Shoulson 1. Atrophy of medium spiny | striatal dendrites in
advanced Parkinson's disease. Brain Res. 1988 Jul 5; 455 (1) :148-52. PubMed PMID:3416180.

385.Meissner W, Ravenscroft P, Reese R, Harnack D, Morgenstern R, Kupsch A, Klitgaard H, Bioulac B,
Gross CE, Bezard E, Boraud T. Increased slow oscillatory activity in substantia nigra pars reticulata
triggers abnormal involuntary movements in the 6-OHDA-lesioned rat in the presence of excessive
extracellular striatal dopamine. Neurobiol Dis. 2006 Jun; 22 (3) :586-98. PubMed PMID:16531050.

386.Mela F, Marti M, Dekundy A, Danysz W, Morari M, Cenci MA. Antagonism of metabotropic
glutamate receptor type 5 attenuates I-DOPA-induced dyskinesia and its molecular and neurochemical
correlates in a rat model of Parkinson's disease. J Neurochem. 2007 Apr; 101 (2) :483-97. PubMed
PMID:17359492.

387.Melcher CL. Scintillation crystals for PET. J Nucl Med. 2000 Jun; 41 (6) :1051-5. PubMed
PMID:10855634.

388.Menegoz M, Lau LF, Hervé D, Huganir RL, Girault JA. Tyrosine phosphorylation of NMDA receptor
in rat striatum: effects of 6-OH-dopamine lesions. Neuroreport. 1995 Dec 29; 7 (1) :125-8. PubMed
PMID:8742433.

389.Mentis MJ, Mclintosh AR, Perrine K, Dhawan V, Berlin B, Feigin A, Edwards C, Mattis P, Eidelberg
D. Relationships among the metabolic patterns that correlate with mnemonic, visuospatial, and mood

180



symptoms in Parkinson's disease. Am J Psychiatry. 2002 May; 159 (5) :746-54. PubMed
PMID:11986127.

390.Merello M, Lees AJ, Webster R, Bovingdon M, Gordin A. Effect of entacapone, a peripherally acting
catechol-O-methyltransferase inhibitor, on the motor response to acute treatment with levodopa in
patients with Parkinson's disease. J Neurol Neurosurg Psychiatry. 1994 Feb; 57 (2) :186-9. PubMed
PMID:8126502; PubMed Central PMCID: PMC1072447.

391.Merello M, Nouzeilles MI, Cammarota A, Leiguarda R. Effect of memantine (NMDA antagonist) on
Parkinson's disease: a double-blind crossover randomized study. Clin Neuropharmacol. 1999 Sep-Oct;
22 (5) :273-6. PubMed PMID:10516877.

392.Mintun MA, Raichle ME, Kilbourn MR, Wooten GF, Welch MJ. A quantitative model for the in vivo
assessment of drug binding sites with positron emission tomography. Ann Neurol. 1984 Mar; 15 (3)
:217-27. PubMed PMID:6609679.

393.Muissale C, Fiorentini C, Busi C, Collo G, Spano PF. The NMDA/D1 receptor complex as a new target
in drug development. Curr Top Med Chem. 2006; 6 (8) :801-8. PubMed PMID:16719818.

394.Mockett BG, Hulme SR. Metaplasticity: new insights through electrophysiological investigations. J
Integr Neurosci. 2008 Jun; 7 (2) :315-36. PubMed PMID:18763726.

395.Mogi M, Harada M, Narabayashi H, Inagaki H, Minami M, Nagatsu T. Interleukin (IL)-1 beta, IL-2,
IL-4, IL-6 and transforming growth factor-alpha levels are elevated in ventricular cerebrospinal fluid in
juvenile parkinsonism and Parkinson's disease. Neurosci Lett. 1996 Jun 14; 211 (1) :13-6. PubMed
PMID:8809836.

396.Mogi M, Harada M, Kondo T, Riederer P, Inagaki H, Minami M, Nagatsu T. Interleukin-1 beta,
interleukin-6, epidermal growth factor and transforming growth factor-alpha are elevated in the brain
from parkinsonian patients. Neurosci Lett. 1994 Oct 24; 180 (2) :147-50. PubMed PMID:7700568.

397.Mones RJ, Elizan TS, Siegel GJ. Analysis of L-dopa induced dyskinesias in 51 patients with
Parkinsonism. J Neurol Neurosurg Psychiatry. 1971 Dec; 34 (6) :668-73. PubMed PMID:5158780;
PubMed Central PMCID: PMC1083499.

398.Montastruc JL, Celsis P, Agniel A, Demonet JF, Doyon B, Puel M, Marc-Vergnes JP, Rascol A.
Levodopa-induced regional cerebral blood flow changes in normal volunteers and patients with
Parkinson's disease Lack of correlation with clinical or neuropsychological improvements. Mov
Disord. 1987; 2 (4) :279-89. PubMed PMID:3509776.

399.Morgante F, Espay AJ, Gunraj C, Lang AE, Chen R. Motor cortex plasticity in Parkinson's disease and
levodopa-induced dyskinesias. Brain. 2006 Apr; 129 (Pt 4) :1059-69. PubMed PMID:16476674.

400.Morgese MG, Cassano T, Gaetani S, Macheda T, Laconca L, Dipasquale P, Ferraro L, Antonelli T,
Cuomo V, Giuffrida A. Neurochemical changes in the striatum of dyskinetic rats after administration
of the cannabinoid agonist WIN55,212-2. Neurochem Int. 2009 Jan; 54 (1) :56-64. PubMed
PMID:19010365; PubMed Central PMCID: PMC2657321.

401.Morgese MG, Cassano T, Cuomo V, Giuffrida A. Anti-dyskinetic effects of cannabinoids in a rat
model of Parkinson's disease: role of CB(1) and TRPV1 receptors. Exp Neurol. 2007 Nov; 208 (1)
:110-9. PubMed PMID:17900568; PubMed Central PMCID: PMC2128772.

402.Morishita T, Rahman M, Foote KD, Fargen KM, Jacobson CE 4th, Fernandez HH, Rodriguez RL,
Malaty 1A, Bowers D, Hass CJ, Katayama Y, Yamamoto T, Okun MS. DBS candidates that fall short
on a levodopa challenge test: alternative and important indications. Neurologist. 2011 Sep; 17 (5) :263-
8. PubMed PMID:21881468.

403.Morishita W, Lu W, Smith GB, Nicoll RA, Bear MF, Malenka RC. Activation of NR2B-containing
NMDA receptors is not required for NMDA receptor-dependent long-term depression.
Neuropharmacology. 2007 Jan; 52 (1) :71-6. PubMed PMID:16899258.

404.Morissette M, Samadi P, Hadj Tahar A, Bélanger N, Di Paolo T. Striatal Akt/GSK3 signaling pathway
in the development of L-Dopa-induced dyskinesias in MPTP monkeys. Prog Neuropsychopharmacol
Biol Psychiatry. 2010 Apr 16; 34 (3) :446-54. PubMed PMID:20026151.

405.Moro E, Lozano AM, Pollak P, Agid Y, Rehncrona S, Volkmann J, Kulisevsky J, Obeso JA, Albanese
A, Hariz Ml, Quinn NP, Speelman JD, Benabid AL, Fraix V, Mendes A, Welter ML, Houeto JL,
Cornu P, Dormont D, Tornqvist AL, Ekberg R, Schnitzler A, Timmermann L, Wojtecki L, Gironell A,

181



Rodriguez-Oroz MC, Guridi J, Bentivoglio AR, Contarino MF, Romito L, Scerrati M, Janssens M,
Lang AE. Long-term results of a multicenter study on subthalamic and pallidal stimulation in
Parkinson's disease. Mov Disord. 2010 Apr 15; 25 (5) :578-86. PubMed PMID:20213817.

406.Morrish PK, Sawle GV, Brooks DJ. Clinical and [18F] dopa PET findings in early Parkinson's disease.
J Neurol Neurosurg Psychiatry. 1995 Dec; 59 (6) :597-600. PubMed PMID:7500096; PubMed Central
PMCID: PMC1073753.

407.Murase K. Spectral analysis: principle and clinical applications. Ann Nucl Med. 2003 Sep; 17 (6) :427-
34. PubMed PMID:14575374.

408.Myers R. The application of PET-MR image registration in the brain. Br J Radiol. 2002 Nov; 75 Spec
No0:S31-5. PubMed PMID:12519733.

409.Nadjar A, Gerfen CR, Bezard E. Priming for I-dopa-induced dyskinesia in Parkinson's disease: a
feature inherent to the treatment or the disease?. Prog Neurobiol. 2009 Jan 12; 87 (1) :1-9. PubMed
PMID:18938208; PubMed Central PMCID: PMC2916171.

410.Nagatsu T, Sawada M. Biochemistry of postmortem brains in Parkinson's disease: historical overview
and future prospects. J Neural Transm Suppl. 2007; PubMed PMID:17982884.

411.Nai Q, Li S, Wang SH, Liu J, Lee FJ, Frankland PW, Liu F. Uncoupling the D1-N-methyl-D-aspartate
(NMDA) receptor complex promotes NMDA-dependent long-term potentiation and working memory.
Biol Psychiatry. 2010 Feb 1; 67 (3) :246-54. PubMed PMID:19846062.

412 .Nakanishi N, Shneider NA, Axel R. A family of glutamate receptor genes: evidence for the formation
of heteromultimeric receptors with distinct channel properties. Neuron. 1990 Nov; 5 (5) :569-81.
PubMed PMID:1699567.

413.Nakano I, Hirano A. Parkinson's disease: neuron loss in the nucleus basalis without concomitant
Alzheimer's disease. Ann Neurol. 1984 May; 15 (5) :415-8. PubMed PMID:6732189.

414.Nambu A, Tokuno H, Takada M. Functional significance of the cortico-subthalamo-pallidal
‘hyperdirect’ pathway. Neurosci Res. 2002 Jun; 43 (2) :111-7. PubMed PMID:12067746.

415.Nauta HJ, Cole M. Efferent projections of the subthalamic nucleus: an autoradiographic study in
monkey and cat. J Comp Neurol. 1978 Jul 1; 180 (1) :1-16. PubMed PMID:418083.

416.Naydenov AV, Vassoler F, Luksik AS, Kaczmarska J, Konradi C. Mitochondrial abnormalities in the
putamen in Parkinson's disease dyskinesia. Acta Neuropathol. 2010 Nov; 120 (5) :623-31. PubMed
PMID:20740286; PubMed Central PMCID: PMC2955799.

417.Neely MD, Schmidt DE, Deutch AY. Cortical regulation of dopamine depletion-induced dendritic
spine loss in striatal medium spiny neurons. Neuroscience. 2007 Oct 26; 149 (2) :457-64. PubMed
PMID:17888581; PubMed Central PMCID: PMC2094700.

418.Neve KA, Seamans JK, Trantham-Davidson H. Dopamine receptor signaling. J Recept Signal
Transduct Res. 2004 Aug; 24 (3) :165-205. PubMed PMID:15521361.

419.Nicholas AP, Lubin FD, Hallett PJ, Vattem P, Ravenscroft P, Bezard E, Zhou S, Fox SH, Brotchie JM,
Sweatt JD, Standaert DG. Striatal histone modifications in models of levodopa-induced dyskinesia. J
Neurochem. 2008 Jul; 106 (1) :486-94. PubMed PMID:18410512.

420.Nishi A, Watanabe Y, Higashi H, Tanaka M, Nairn AC, Greengard P. Glutamate regulation of
DARPP-32 phosphorylation in neostriatal neurons involves activation of multiple signaling cascades.
Proc Natl Acad Sci U S A. 2005 Jan 25; 102 (4) :1199-204. PubMed PMID:15657149; PubMed
Central PMCID: PMC545831.

421.Nishijima K, Kuge Y, Tsukamoto E, Seki K, Ohkura K, Magata Y, Tanaka A, Nagatsu K, Tamaki N.
Increased [18F]2-fluoro-2-deoxy-D-glucose ([18F]FDG) yield with recycled target [180]water: factors
affecting the [18F]FDG yield. Appl Radiat Isot. 2002 Jul; 57 (1) :43-9. PubMed PMID:12137025.

422.Nitsch C, Riesenberg R. Synaptic reorganisation in the rat striatum after dopaminergic deafferentation:
an ultrastructural study using glutamate decarboxylase immunocytochemistry. Synapse. 1995 Apr; 19
(4) :247-63. PubMed PMID:7792720.

423.Noe E, Marder K, Bell KL, Jacobs DM, Manly JJ, Stern Y. Comparison of dementia with Lewy bodies
to Alzheimer's disease and Parkinson's disease with dementia. Mov Disord. 2004 Jan; 19 (1) :60-7.
PubMed PMID:14743362.

182



424.Nordberg A. Amyloid imaging in Alzheimer's disease. Curr Opin Neurol. 2007 Aug; 20 (4) :398-402.
PubMed PMID:17620873.

425.Nutt JG, Gunzler SA, Kirchhoff T, Hogarth P, Weaver JL, Krams M, Jamerson B, Menniti FS, Landen
JW. Effects of a NR2B selective NMDA glutamate antagonist, CP-101,606, on dyskinesia and
Parkinsonism. Mov Disord. 2008 Oct 15; 23 (13) :1860-6. PubMed PMID:18759356.

426.Nutt JG. Levodopa-induced dyskinesia: review, observations, and speculations. Neurology. 1990 Feb;
40 (2) :340-5. PubMed PMID:2405297.

427.Nutt JG. Continuous dopaminergic stimulation: Is it the answer to the motor complications of
Levodopa?. Mov Disord. 2007 Jan; 22 (1) :1-9. PubMed PMID:16958130.

428.0beso JA, Rodriguez-Oroz MC, Rodriguez M, DeLong MR, Olanow CW. Pathophysiology of
levodopa-induced dyskinesias in Parkinson's disease: problems with the current model. Ann Neurol.
2000 Apr; 47 (4 Suppl 1) :S22-32; discussion S32-4. PubMed PMID:10762129.

429.0h JD, Russell DS, Vaughan CL, Chase TN. Enhanced tyrosine phosphorylation of striatal NMDA
receptor subunits; effect of dopaminergic denervation and L-DOPA administration. Brain Res. 1998
Nov 30; 813 (1) :150-9. PubMed PMID:9824689.

430.0inas M, Polvikoski T, Sulkava R, Myllykangas L, Juva K, Notkola IL, Rastas S, Niinist6 L, Kalimo
H, Paetau A. Neuropathologic findings of dementia with lewy bodies (DLB) in a population-based
Vantaa 85+ study. J Alzheimers Dis. 2009; 18 (3) :677-89. PubMed PMID:19625740.

431.0lanow CW, Obeso JA, Stocchi F. Continuous dopamine-receptor treatment of Parkinson's disease:
scientific rationale and clinical implications. Lancet Neurol. 2006 Aug; 5 (8) :677-87. PubMed
PMID:16857573.

432.0nn SP, West AR, Grace AA. Dopamine-mediated regulation of striatal neuronal and network
interactions. Trends Neurosci. 2000 Oct; 23 (10 Suppl) :S48-56. PubMed PMID:11052220.

433.0uattara B, Grégoire L, Morissette M, Gasparini F, Vranesic I, Bilbe G, Johns DR, Rajput A,
Hornykiewicz O, Rajput AH, Gomez-Mancilla B, Di Paolo T. Metabotropic glutamate receptor type 5
in levodopa-induced motor complications. Neurobiol Aging. 2011 Jul; 32 (7) :1286-95. PubMed
PMID:20036444.

434.0uchi Y, Yoshikawa E, Sekine Y, Futatsubashi M, Kanno T, Ogusu T, Torizuka T. Microglial
activation and dopamine terminal loss in early Parkinson's disease. Ann Neurol. 2005 Feb; 57 (2) :168-
75. PubMed PMID:15668962.

435.Pagonabarraga J, Kulisevsky J, Llebaria G, Garcia-Sanchez C, Pascual-Sedano B, Gironell A.
Parkinson's disease-cognitive rating scale: a new cognitive scale specific for Parkinson's disease. Mov
Disord. 2008 May 15; 23 (7) :998-1005. PubMed PMID:18381647.

436.Pahwa R, Factor SA, Lyons KE, Ondo WG, Gronseth G, Bronte-Stewart H, Hallett M, Miyasaki J,
Stevens J, Weiner WJ, Quality Standards Subcommittee of the American Academy of Neurology.
Practice Parameter: treatment of Parkinson disease with motor fluctuations and dyskinesia (an
evidence-based review): report of the Quality Standards Subcommittee of the American Academy of
Neurology. Neurology. 2006 Apr 11; 66 (7) :983-95. PubMed PMID:16606909.

437.Paoletti P, Neyton J. NMDA receptor subunits: function and pharmacology. Curr Opin Pharmacol.
2007 Feb; 7 (1) :39-47. PubMed PMID:17088105.

438.Paolo AM, Troster Al, Glatt SL, Hubble JP, Koller WC. Differentiation of the dementias of
Alzheimer's and Parkinson's disease with the dementia rating scale. J Geriatr Psychiatry Neurol. 1995
Jul; 8 (3) :184-8. PubMed PMID:7576044.

439.Parashos SA, Maraganore DM, O'Brien PC, Rocca WA. Medical services utilization and prognosis in
Parkinson disease: a population-based study. Mayo Clin Proc. 2002 Sep; 77 (9) :918-25. PubMed
PMID:12233925.

440.Parkinson Study Group. Evaluation of dyskinesias in a pilot, randomized, placebo-controlled trial of
remacemide in advanced Parkinson disease. Arch Neurol. 2001 Oct; 58 (10) :1660-8. PubMed
PMID:11594926.

441.Parkkinen L, Soininen H, Laakso M, Alafuzoff I. Alpha-synuclein pathology is highly dependent on
the case selection. Neuropathol Appl Neurobiol. 2001 Aug; 27 (4) :314-25. PubMed PMID:11532162.

183



442 .Parkkinen L, Pirttila T, Alafuzoff I. Applicability of current staging/categorization of alpha-synuclein
pathology and their clinical relevance. Acta Neuropathol. 2008 Apr; 115 (4) :399-407. PubMed
PMID:18297293; PubMed Central PMCID: PMC2270355.

443.Parsons CG, Gilling K. Memantine as an example of a fast, voltage-dependent, open channel N-
methyl-D-aspartate receptor blocker. Methods Mol Biol. 2007; 403:15-36. PubMed PMID:18827985.

444 Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain transfer constants from multiple-time
uptake data Generalizations. J Cereb Blood Flow Metab. 1985 Dec; 5 (4) :584-90. PubMed
PMID:4055928.

445.Pavese N, Gerhard A, Tai YF, Ho AK, Turkheimer F, Barker RA, Brooks DJ, Piccini P. Microglial
activation correlates with severity in Huntington disease: a clinical and PET study. Neurology. 2006
Jun 13; 66 (11) :1638-43. PubMed PMID:16769933.

446.Pavese N, Evans AH, Tai YF, Hotton G, Brooks DJ, Lees AJ, Piccini P. Clinical correlates of
levodopa-induced dopamine release in Parkinson disease: a PET study. Neurology. 2006 Nov 14; 67
(9) :1612-7. PubMed PMID:17101892.

447.Pavon N, Martin AB, Mendialdua A, Moratalla R. ERK phosphorylation and FosB expression are
associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice. Biol Psychiatry. 2006 Jan 1;
59 (1) :64-74. PubMed PMID:16139809.

448.Pearce RK, Banerji T, Jenner P, Marsden CD. De novo administration of ropinirole and bromocriptine
induces less dyskinesia than L-dopa in the MPTP-treated marmoset. Mov Disord. 1998 Mar; 13 (2)
:234-41. PubMed PMID:9539335.

449.Pei L, Lee FJ, Moszczynska A, Vukusic B, Liu F. Regulation of dopamine D1 receptor function by
physical interaction with the NMDA receptors. J Neurosci. 2004 Feb 4; 24 (5) :1149-58. PubMed
PMID:14762133.

450.Peng J, Kim MJ, Cheng D, Duong DM, Gygi SP, Sheng M. Semiquantitative proteomic analysis of rat
forebrain postsynaptic density fractions by mass spectrometry. J Biol Chem. 2004 May 14; 279 (20)
:21003-11. PubMed PMID:15020595.

451.Peppard RF, Martin WR, Carr GD, Grochowski E, Schulzer M, Guttman M, McGeer PL, Phillips AG,
Tsui JK, Calne DB. Cerebral glucose metabolism in Parkinson's disease with and without dementia.
Arch Neurol. 1992 Dec; 49 (12) :1262-8. PubMed PMID:1449406.

452.Pérez-Otafio I, Ehlers MD. Homeostatic plasticity and NMDA receptor trafficking. Trends Neurosci.
2005 May; 28 (5) :229-38. PubMed PMID:15866197.

453.Perry RJ, Hodges JR. Spectrum of memory dysfunction in degenerative disease. Curr Opin Neurol.
1996 Aug; 9 (4) :281-5. PubMed PMID:8858186.

454.Piccini P, Morrish PK, Turjanski N, Sawle GV, Burn DJ, Weeks RA, Mark MH, Maraganore DM,
Lees AJ, Brooks DJ. Dopaminergic function in familial Parkinson's disease: a clinical and 18F-dopa
positron emission tomography study. Ann Neurol. 1997 Feb; 41 (2) :222-9. PubMed PMID:9029071.

455.Piccini P, Weeks RA, Brooks DJ. Alterations in opioid receptor binding in Parkinson's disease patients
with levodopa-induced dyskinesias. Ann Neurol. 1997 Nov; 42 (5) :720-6. PubMed PMID:9392571.

456.Picconi B, Centonze D, Rossi S, Bernardi G, Calabresi P. Therapeutic doses of L-dopa reverse
hypersensitivity of corticostriatal D2-dopamine receptors and glutamatergic overactivity in
experimental parkinsonism. Brain. 2004 Jul; 127 (Pt 7) :1661-9. PubMed PMID:15155524.

457.Picconi B, Bagetta V, Ghiglieri V, Paillé V, Di Filippo M, Pendolino V, Tozzi A, Giampa C, Fusco FR,
Sgobio C, Calabresi P. Inhibition of phosphodiesterases rescues striatal long-term depression and
reduces levodopa-induced dyskinesia. Brain. 2011 Feb; 134 (Pt 2) :375-87. PubMed PMID:21183486.

458.Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P, Fisone G, Cenci MA, Calabresi P.
Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nat Neurosci. 2003
May; 6 (5) :501-6. PubMed PMID:12665799.

459.Pillon B, Deweer B, Agid Y, Dubois B. Explicit memory in Alzheimer's, Huntington's, and Parkinson's
diseases. Arch Neurol. 1993 Apr; 50 (4) :374-9. PubMed PMID:8460958.

460.Pin JP, Acher F. The metabotropic glutamate receptors: structure, activation mechanism and
pharmacology. Curr Drug Targets CNS Neurol Disord. 2002 Jun; 1 (3) :297-317. PubMed
PMID:12769621.

184



461.Pinheiro PS, Mulle C. Presynaptic glutamate receptors: physiological functions and mechanisms of
action. Nat Rev Neurosci. 2008 Jun; 9 (6) :423-36. PubMed PMID:18464791.

462.Playford ED, Brooks DJ. In vivo and in vitro studies of the dopaminergic system in movement
disorders. Cerebrovasc Brain Metab Rev. 1992 Summer; 4 (2) :144-71. PubMed PMID:1627440.

463.Poewe W. Clinical measures of progression in Parkinson's disease. Mov Disord. 2009; 24 Suppl
2:S671-6. PubMed PMID:19877235.

464.Poewe WH, Lees AJ, Stern GM. Dystonia in Parkinson's disease: clinical and pharmacological
features. Ann Neurol. 1988 Jan; 23 (1) :73-8. PubMed PMID:3345068.

465.Portin R, Rinne UK. Predictive factors for cognitive deterioration and dementia in Parkinson's disease.
Adv Neurol. 1987; 45:413-6. PubMed PMID:3825718.

466.Pozo K, Goda Y. Unraveling mechanisms of homeostatic synaptic plasticity. Neuron. 2010 May 13; 66
(3) :337-51. PubMed PMID:20471348; PubMed Central PMCID: PMC3021747.

467.Prensa L, Parent A. The nigrostriatal pathway in the rat: A single-axon study of the relationship
between dorsal and ventral tier nigral neurons and the striosome/matrix striatal compartments. J
Neurosci. 2001 Sep 15; 21 (18) :7247-60. PubMed PMID:11549735.

468.Prescott 1A, Dostrovsky JO, Moro E, Hodaie M, Lozano AM, Hutchison WD. Levodopa enhances
synaptic plasticity in the substantia nigra pars reticulata of Parkinson's disease patients. Brain. 2009
Feb; 132 (Pt 2) :309-18. PubMed PMID:19050033.

469.Price JC, Klunk WE, Lopresti BJ, Lu X, Hoge JA, Ziolko SK, Holt DP, Meltzer CC, DeKosky ST,
Mathis CA. Kinetic modeling of amyloid binding in humans using PET imaging and Pittsburgh
Compound-B. J Cereb Blood Flow Metab. 2005 Nov; 25 (11) :1528-47. PubMed PMID:15944649.

470.Putterman DB, Munhall AC, Kozell LB, Belknap JK, Johnson SW. Evaluation of levodopa dose and
magnitude of dopamine depletion as risk factors for levodopa-induced dyskinesia in a rat model of
Parkinson's disease. J Pharmacol Exp Ther. 2007 Oct; 323 (1) :277-84. PubMed PMID:17660384.

471.Quik M, Cox H, Parameswaran N, O'Leary K, Langston JW, Di Monte D. Nicotine reduces levodopa-
induced dyskinesias in lesioned monkeys. Ann Neurol. 2007 Dec; 62 (6) :588-96. PubMed
PMID:17960553.

472.Quinn N, Critchley P, Parkes D, Marsden CD. When should levodopa be started?. Lancet. 1986 Oct 25;
2 (8513) :985-6. PubMed PMID:2877169.

473.Quintana A, Melon C, Kerkerian-Le Goff L, Salin P, Savasta M, Sgambato-Faure V. Forelimb
dyskinesia mediated by high-frequency stimulation of the subthalamic nucleus is linked to rapid
activation of the NR2B subunit of N-methyl-D-aspartate receptors. Eur J Neurosci. 2010 Aug; 32 (3)
:423-34. PubMed PMID:20673310.

474.Rabinovici GD, Furst AJ, O'Neil JP, Racine CA, Mormino EC, Baker SL, Chetty S, Patel P, Pagliaro
TA, Klunk WE, Mathis CA, Rosen HJ, Miller BL, Jagust WJ. 11C-PIB PET imaging in Alzheimer
disease and frontotemporal lobar degeneration. Neurology. 2007 Apr 10; 68 (15) :1205-12. PubMed
PMID:17420404.

475.Rajput AH, Offord KP, Beard CM, Kurland LT. A case-control study of smoking habits, dementia, and
other illnesses in idiopathic Parkinson's disease. Neurology. 1987 Feb; 37 (2) :226-32. PubMed
PMID:3808303.

476.Rajput AH, Fenton ME, Birdi S, Macaulay R, George D, Rozdilsky B, Ang LC, Senthilselvan A,
Hornykiewicz O. Clinical-pathological study of levodopa complications. Mov Disord. 2002 Mar; 17
(2) :289-96. PubMed PMID:11921114.

477.Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE. A five-year study of the
incidence of dyskinesia in patients with early Parkinson's disease who were treated with ropinirole or
levodopa 056 Study Group. N Engl J Med. 2000 May 18; 342 (20) :1484-91. PubMed
PMID:10816186.

478.Ravina B, Eidelberg D, Ahlskog JE, Albin RL, Brooks DJ, Carbon M, Dhawan V, Feigin A, Fahn S,
Guttman M, Gwinn-Hardy K, McFarland H, Innis R, Katz RG, Kieburtz K, Kish SJ, Lange N,
Langston JW, Marek K, Morin L, Moy C, Murphy D, Oertel WH, Oliver G, Palesch Y, Powers W,
Seibyl J, Sethi KD, Shults CW, Sheehy P, Stoessl AJ, Holloway R. The role of radiotracer imaging in
Parkinson disease. Neurology. 2005 Jan 25; 64 (2) :208-15. PubMed PMID:15668415.

185



479.Reid WG, Broe GA, Hely MA, Morris JG, Williamson PM, O'Sullivan DJ, Rail D, Genge S, Moss NG.
The neuropsychology of de novo patients with idiopathic Parkinson's disease: the effects of age of
onset. Int J Neurosci. 1989 Oct; 48 (3-4) :205-17. PubMed PMID:2583935.

480.Reid WG, Hely MA, Morris JG, Broe GA, Adena M, Sullivan DJ, Williamson PM. A longitudinal of
Parkinson's disease: clinical and neuropsychological correlates of dementia. J Clin Neurosci. 1996 Oct;
3 (4) :327-33. PubMed PMID:18638897.

481.Rice ME, Cragg SJ. Dopamine spillover after quantal release: rethinking dopamine transmission in the
nigrostriatal pathway. Brain Res Rev. 2008 Aug; 58 (2) :303-13. PubMed PMID:18433875; PubMed
Central PMCID: PMC2879278.

482.Rico AJ, Barroso-Chinea P, Conte-Perales L, Roda E, Gdmez-Bautista V, Gendive M, Obeso JA,
Lanciego JL. A direct projection from the subthalamic nucleus to the ventral thalamus in monkeys.
Neurobiol Dis. 2010 Sep; 39 (3) :381-92. PubMed PMID:20452426.

483.Riedel O, Klotsche J, Spottke A, Deuschl G, Forstl H, Henn F, Heuser I, Oertel W, Reichmann H,
Riederer P, Trenkwalder C, Dodel R, Wittchen HU. Cognitive impairment in 873 patients with
idiopathic Parkinson's disease Results from the German Study on Epidemiology of Parkinson's Disease
with Dementia (GEPAD). J Neurol. 2008 Feb; 255 (2) :255-64. PubMed PMID:18204803.

484.Rinne JO, Portin R, Ruottinen H, Nurmi E, Bergman J, Haaparanta M, Solin O. Cognitive impairment
and the brain dopaminergic system in Parkinson disease: [18F]fluorodopa positron emission
tomographic study. Arch Neurol. 2000 Apr; 57 (4) :470-5. PubMed PMID:10768619.

485.Rippon GA, Marder KS. Dementia in Parkinson's disease. Adv Neurol. 2005; 96:95-113. PubMed
PMID:16383215.

486.Ritter SL, Hall RA. Fine-tuning of GPCR activity by receptor-interacting proteins. Nat Rev Mol Cell
Biol. 2009 Dec; 10 (12) :819-30. PubMed PMID:19935667; PubMed Central PMCID: PMC2825052.

487.Robelet S, Melon C, Guillet B, Salin P, Kerkerian-Le Goff L. Chronic L-DOPA treatment increases
extracellular glutamate levels and GLT1 expression in the basal ganglia in a rat model of Parkinson's
disease. Eur J Neurosci. 2004 Sep; 20 (5) :1255-66. PubMed PMID:15341597.

488.Rose S, Ramsay Croft N, Jenner P. The novel adenosine A2a antagonist ST1535 potentiates the effects
of a threshold dose of I-dopa in unilaterally 6-OHDA-lesioned rats. Brain Res. 2007 Feb 16; 1133 (1)
:110-4. PubMed PMID:17196564.

489.Rosen WG, Mohs RC, Davis KL. A new rating scale for Alzheimer's disease. Am J Psychiatry. 1984
Nov; 141 (11) :1356-64. PubMed PMID:6496779.

490.Rowe CC, Ng S, Ackermann U, Gong SJ, Pike K, Savage G, Cowie TF, Dickinson KL, Maruff P,
Darby D, Smith C, Woodward M, Merory J, Tochon-Danguy H, O'Keefe G, Klunk WE, Mathis CA,
Price JC, Masters CL, Villemagne VL. Imaging beta-amyloid burden in aging and dementia.
Neurology. 2007 May 15; 68 (20) :1718-25. PubMed PMID:17502554.

491.Rupprecht R, Papadopoulos V, Rammes G, Baghai TC, Fan J, Akula N, Groyer G, Adams D,
Schumacher M. Translocator protein (18 kDa) (TSPO) as a therapeutic target for neurological and
psychiatric disorders. Nat Rev Drug Discov. 2010 Dec; 9 (12) :971-88. PubMed PMID:21119734.

492.Rylander D, Parent M, O'Sullivan SS, Dovero S, Lees AJ, Bezard E, Descarries L, Cenci MA.
Maladaptive plasticity of serotonin axon terminals in levodopa-induced dyskinesia. Ann Neurol. 2010
Nov; 68 (5) :619-28. PubMed PMID:20882603.

493.Rylander D, Recchia A, Mela F, Dekundy A, Danysz W, Cenci MA. Pharmacological modulation of
glutamate transmission in a rat model of L-DOPA-induced dyskinesia: effects on motor behavior and
striatal nuclear signaling. J Pharmacol Exp Ther. 2009 Jul; 330 (1) :227-35. PubMed PMID:19357321;
PubMed Central PMCID: PMC2700169.

494.Sabbagh MN, Adler CH, Lahti TJ, Connor DJ, Vedders L, Peterson LK, Caviness JN, Shill HA, Sue
LI, Ziabreva I, Perry E, Ballard CG, Aarsland D, Walker DG, Beach TG. Parkinson disease with
dementia: comparing patients with and without Alzheimer pathology. Alzheimer Dis Assoc Disord.
2009 Jul-Sep; 23 (3) :295-7. PubMed PMID:19812474; PubMed Central PMCID: PMC2760034.

495.Sadikot AF, Parent A, Francois C. Efferent connections of the centromedian and parafascicular
thalamic nuclei in the squirrel monkey: a PHA-L study of subcortical projections. J Comp Neurol. 1992
Jan 8; 315 (2) :137-59. PubMed PMID:1372010.

186



496.Salmon DP, Bondi MW. Neuropsychological assessment of dementia. Annu Rev Psychol. 2009;
60:257-82. PubMed PMID:18616392; PubMed Central PMCID: PMC2864104.

497.Samadi P, Rajput A, Calon F, Grégoire L, Hornykiewicz O, Rajput AH, Di Paolo T. Metabotropic
glutamate receptor Il in the brains of Parkinsonian patients. J Neuropathol Exp Neurol. 2009 Apr; 68
(4) :374-82. PubMed PMID:19287314.

498.Santini E, Valjent E, Fisone G. Parkinson's disease: levodopa-induced dyskinesia and signal
transduction. FEBS J. 2008 Apr; 275 (7) :1392-9. PubMed PMID:18279379.

499.Santini E, Valjent E, Usiello A, Carta M, Borgkvist A, Girault JA, Hervé D, Greengard P, Fisone G.
Critical involvement of cAMP/DARPP-32 and extracellular signal-regulated protein kinase signaling in
L-DOPA-induced dyskinesia. J Neurosci. 2007 Jun 27; 27 (26) :6995-7005. PubMed PMID:17596448.

500.Santini E, Sgambato-Faure V, Li Q, Savasta M, Dovero S, Fisone G, Bezard E. Distinct changes in
cAMP and extracellular signal-regulated protein kinase signalling in L-DOPA-induced dyskinesia.
PLoS One. 2010 Aug 23; 5 (8) :12322. PubMed PMID:20808799; PubMed Central PMCID:
PMC2925943.

501.Santini E, Alcacer C, Cacciatore S, Heiman M, Hervé D, Greengard P, Girault JA, Valjent E, Fisone G.
L-DOPA activates ERK signaling and phosphorylates histone H3 in the striatonigral medium spiny
neurons of hemiparkinsonian mice. J Neurochem. 2009 Feb; 108 (3) :621-33. PubMed
PMID:19187092.

502.Savola JM, Hill M, Engstrom M, Merivuori H, Wurster S, McGuire SG, Fox SH, Crossman AR,
Brotchie JM. Fipamezole (JP-1730) is a potent alpha2 adrenergic receptor antagonist that reduces
levodopa-induced dyskinesia in the MPTP-lesioned primate model of Parkinson's disease. Mov Disord.
2003 Aug; 18 (8) :872-83. PubMed PMID:12889076.

503.Sawada H, Oeda T, Kuno S, Nomoto M, Yamamoto K, Yamamoto M, Hisanaga K, Kawamura T,
Amantadine Study Group. Amantadine for dyskinesias in Parkinson's disease: a randomized controlled
trial. PLoS One. 2010 Dec 31; 5 (12) :15298. PubMed PMID:21217832; PubMed Central PMCID:
PMC3013111.

504.Sawada M, Imamura K, Nagatsu T. Role of cytokines in inflammatory process in Parkinson's disease. J
Neural Transm Suppl. 2006; PubMed PMID:17017556.

505.Sawamoto N, Piccini P, Hotton G, Pavese N, Thielemans K, Brooks DJ. Cognitive deficits and striato-
frontal dopamine release in Parkinson's disease. Brain. 2008 May; 131 (Pt 5) :1294-302. PubMed
PMID:18362097.

506.Saxton J, Ratcliff G, Munro CA, Coffey EC, Becker JT, Fried L, Kuller L. Normative data on the
Boston Naming Test and two equivalent 30-item short forms. Clin Neuropsychol. 2000 Nov; 14 (4)
:526-34. PubMed PMID:11262721.

507.Schiffer wk. In vivo evaluation of [L1C]JCNS-5161 as a use-dependent ligand for the NMDA glutamate
receptor channel. Journal of Cerebral Blood Flow &amp; Metabolism . 2005; 25:5595.

508.Schiffmann SN, Fisone G, Moresco R, Cunha RA, Ferré S. Adenosine A2A receptors and basal ganglia
physiology. Prog Neurobiol. 2007 Dec; 83 (5) :277-92. PubMed PMID:17646043; PubMed Central
PMCID: PMC2148496.

509.Schiffmann SN, Lledo PM, Vincent JD. Dopamine D1 receptor modulates the voltage-gated sodium
current in rat striatal neurones through a protein kinase A. J Physiol. 1995 Feb 15; 483 ( Pt 1):95-107.
PubMed PMID:7776243; PubMed Central PMCID: PMC1157874.

510.Schiller J, Schiller Y, Stuart G, Sakmann B. Calcium action potentials restricted to distal apical
dendrites of rat neocortical pyramidal neurons. J Physiol. 1997 Dec 15; 505 ( Pt 3):605-16. PubMed
PMID:9457639; PubMed Central PMCID: PMC1160039.

511.Schneggenburger R, Zhou Z, Konnerth A, Neher E. Fractional contribution of calcium to the cation
current through glutamate receptor channels. Neuron. 1993 Jul; 11 (1) :133-43. PubMed
PMID:7687849.

512.Scholz B, Svensson M, Alm H, Skéld K, Féalth M, Kultima K, Guigoni C, Doudnikoff E, Li Q,
Crossman AR, Bezard E, Andrén PE. Striatal proteomic analysis suggests that first L-dopa dose
equates to chronic exposure. PLoS One. 2008 Feb 13; 3 (2) :e1589. PubMed PMID:18270577; PubMed
Central PMCID: PMC2217596.

187



513.Schrag A, Ben-Shlomo Y, Brown R, Marsden CD, Quinn N. Young-onset Parkinson's disease
revisited--clinical features, natural history, and mortality. Mov Disord. 1998 Nov; 13 (6) :885-94.
PubMed PMID:9827611.

514.Schrag A, Jahanshahi M, Quinn N. What contributes to quality of life in patients with Parkinson's
disease?. J Neurol Neurosurg Psychiatry. 2000 Sep; 69 (3) :308-12. PubMed PMID:10945804;
PubMed Central PMCID: PMC1737100.

515.Schrag A, Quinn N. Dyskinesias and motor fluctuations in Parkinson's disease A community-based
study. Brain. 2000 Nov; 123 ( Pt 11):2297-305. PubMed PMID:11050029.

516.Schrag A, Dodel R, Spottke A, Bornschein B, Siebert U, Quinn NP. Rate of clinical progression in
Parkinson's disease A prospective study. Mov Disord. 2007 May 15; 22 (7) :938-45. PubMed
PMID:17415791.

517.Schuster S, Doudnikoff E, Rylander D, Berthet A, Aubert I, Ittrich C, Bloch B, Cenci MA, Surmeier
DJ, Hengerer B, Bezard E. Antagonizing L-type Ca2+ channel reduces development of abnormal
involuntary movement in the rat model of L-3,4-dihydroxyphenylalanine-induced dyskinesia. Biol
Psychiatry. 2009 Mar 15; 65 (6) :518-26. PubMed PMID:18947822.

518.Schwab JM, Schluesener HJ. Microglia rules: insights into microglial-neuronal signaling. Cell Death
Differ. 2004 Dec; 11 (12) :1245-6. PubMed PMID:15359293.

519.Scott L, Kruse MS, Forssberg H, Brismar H, Greengard P, Aperia A. Selective up-regulation of
dopamine D1 receptors in dendritic spines by NMDA receptor activation. Proc Natl Acad Sci U S A.
2002 Feb 5; 99 (3) :1661-4. PubMed PMID:11818555; PubMed Central PMCID: PMC122247.

520.Seamans JK, Gorelova NA, Yang CR. Contributions of voltage-gated Ca2+ channels in the proximal
versus distal dendrites to synaptic integration in prefrontal cortical neurons. J Neurosci. 1997 Aug 1; 17
(15) :5936-48. PubMed PMID:9221790.

521.Selikhova M, Williams DR, Kempster PA, Holton JL, Revesz T, Lees AJ. A clinico-pathological study
of subtypes in Parkinson's disease. Brain. 2009 Nov; 132 (Pt 11) :2947-57. PubMed PMID:19759203.

522.Sesack SR, Carr DB, Omelchenko N, Pinto A. Anatomical substrates for glutamate-dopamine
interactions: evidence for specificity of connections and extrasynaptic actions. Ann N 'Y Acad Sci.
2003 Nov; 1003:36-52. PubMed PMID:14684434.

523.Sesack SR, Aoki C, Pickel VM. Ultrastructural localization of D2 receptor-like immunoreactivity in
midbrain dopamine neurons and their striatal targets. J Neurosci. 1994 Jan; 14 (1) :88-106. PubMed
PMID:7904306.

524.Shah F, Hume SP, Pike VW, Ashworth S, McDermott J. Synthesis of the enantiomers of [N-methyl-
11C]PK 11195 and comparison of their behaviours as radioligands for PK binding sites in rats. Nucl
Med Biol. 1994 May; 21 (4) :573-81. PubMed PMID:9234314.

525.Shen W, Flajolet M, Greengard P, Surmeier DJ. Dichotomous dopaminergic control of striatal synaptic
plasticity. Science. 2008 Aug 8; 321 (5890) :848-51. PubMed PMID:18687967; PubMed Central
PMCID: PMC2833421.

526.Shepherd JD, Huganir RL. The cell biology of synaptic plasticity: AMPA receptor trafficking. Annu
Rev Cell Dev Biol. 2007; 23:613-43. PubMed PMID:17506699.

527.Shigeri Y, Seal RP, Shimamoto K. Molecular pharmacology of glutamate transporters, EAATS and
VGLUTs. Brain Res Brain Res Rev. 2004 Jul; 45 (3) :250-65. PubMed PMID:15210307.

528.Sieradzan KA, Fox SH, Hill M, Dick JP, Crossman AR, Brotchie JM. Cannabinoids reduce levodopa-
induced dyskinesia in Parkinson's disease: a pilot study. Neurology. 2001 Dec 11; 57 (11) :2108-11.
PubMed PMID:11739835.

529.Silverdale MA, Kobylecki C, Hallett PJ, Li Q, Dunah AW, Ravenscroft P, Bezard E, Brotchie JM.
Synaptic recruitment of AMPA glutamate receptor subunits in levodopa-induced dyskinesia in the
MPTP-lesioned nonhuman primate. Synapse. 2010 Feb; 64 (2) :177-80. PubMed PMID:19852073.

530.Skeberdis VA, Chevaleyre V, Lau CG, Goldberg JH, Pettit DL, Suadicani SO, Lin Y, Bennett MV,
Yuste R, Castillo PE, Zukin RS. Protein kinase A regulates calcium permeability of NMDA receptors.
Nat Neurosci. 2006 Apr; 9 (4) :501-10. PubMed PMID:16531999.

531.Sobczyk A, Scheuss V, Svoboda K. NMDA receptor subunit-dependent [Ca2+] signaling in individual
hippocampal dendritic spines. J Neurosci. 2005 Jun 29; 25 (26) :6037-46. PubMed PMID:15987933.

188



532.Soderstrom KE, O'Malley JA, Levine ND, Sortwell CE, Collier TJ, Steece-Collier K. Impact of
dendritic spine preservation in medium spiny neurons on dopamine graft efficacy and the expression of
dyskinesias in parkinsonian rats. Eur J Neurosci. 2010 Feb; 31 (3) :478-90. PubMed PMID:20105237;
PubMed Central PMCID: PMC2940228.

533.Sossi V, de la Fuente-Fernandez R, Schulzer M, Troiano AR, Ruth TJ, Stoessl AJ. Dopamine
transporter relation to dopamine turnover in Parkinson's disease: a positron emission tomography
study. Ann Neurol. 2007 Nov; 62 (5) :468-74. PubMed PMID:17886297.

534.Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M. Alpha-synuclein in Lewy
bodies. Nature. 1997 Aug 28; 388 (6645) :839-40. PubMed PMID:9278044.

535.Spottke AE, Reuter M, Machat O, Bornschein B, von Campenhausen S, Berger K, Koehne-Volland R,
Rieke J, Simonow A, Brandstaedter D, Siebert U, Oertel WH, Ulm G, Dodel R. Cost of illness and its
predictors for Parkinson's disease in Germany. Pharmacoeconomics. 2005; 23 (8) :817-36. PubMed
PMID:16097843.

536.Starkstein SE, Sabe L, Petracca G, Chemerinski E, Kuzis G, Merello M, Leiguarda R.
Neuropsychological and psychiatric differences between Alzheimer's disease and Parkinson's disease
with dementia. J Neurol Neurosurg Psychiatry. 1996 Oct; 61 (4) :381-7. PubMed PMID:8890777;
PubMed Central PMCID: PMC486579.

537.Stavitsky K, Brickman AM, Scarmeas N, Torgan RL, Tang MX, Albert M, Brandt J, Blacker D, Stern
Y. The progression of cognition, psychiatric symptoms, and functional abilities in dementia with Lewy
bodies and Alzheimer disease. Arch Neurol. 2006 Oct; 63 (10) :1450-6. PubMed PMID:17030662.

538.Stephens B, Mueller AJ, Shering AF, Hood SH, Taggart P, Arbuthnott GW, Bell JE, Kilford L,
Kingsbury AE, Daniel SE, Ingham CA. Evidence of a breakdown of corticostriatal connections in
Parkinson's disease. Neuroscience. 2005; 132 (3) :741-54. PubMed PMID:15837135.

539.Stern EA, Kincaid AE, Wilson CJ. Spontaneous subthreshold membrane potential fluctuations and
action potential variability of rat corticostriatal and striatal neurons in vivo. J Neurophysiol. 1997 Apr;
77 (4) :1697-715. PubMed PMID:9114230.

540.Stocchi F, Rascol O, Kieburtz K, Poewe W, Jankovic J, Tolosa E, Barone P, Lang AE, Olanow CW.
Initiating levodopa/carbidopa therapy with and without entacapone in early Parkinson disease: the
STRIDE-PD study. Ann Neurol. 2010 Jul; 68 (1) :18-27. PubMed PMID:20582993.

541.Studholme C, Hill DL, Hawkes DJ. Automated three-dimensional registration of magnetic resonance
and positron emission tomography brain images by multiresolution optimization of voxel similarity
measures. Med Phys. 1997 Jan; 24 (1) :25-35. PubMed PMID:9029539.

542.Su PC, Ma Y, Fukuda M, Mentis MJ, Tseng HM, Yen RF, Liu HM, Moeller JR, Eidelberg D.
Metabolic changes following subthalamotomy for advanced Parkinson's disease. Ann Neurol. 2001
Oct; 50 (4) :514-20. PubMed PMID:11601502.

543.Sunderland T, Hill JL, Mellow AM, Lawlor BA, Gundersheimer J, Newhouse PA, Grafman JH. Clock
drawing in Alzheimer's disease A novel measure of dementia severity. J Am Geriatr Soc. 1989 Aug; 37
(8) :725-9. PubMed PMID:2754157.

544.Surmeier DJ, Shen W, Day M, Gertler T, Chan S, Tian X, Plotkin JL. The role of dopamine in
modulating the structure and function of striatal circuits. Prog Brain Res. 2010; 183:149-67. PubMed
PMID:20696319.

545.Surmeier DJ, Kitai ST. D1 and D2 dopamine receptor modulation of sodium and potassium currents in
rat neostriatal neurons. Prog Brain Res. 1993; 99:309-24. PubMed PMID:7906427.

546.Surmeier DJ, Bargas J, Hemmings HC Jr, Nairn AC, Greengard P. Modulation of calcium currents by a
D1 dopaminergic protein kinase/phosphatase cascade in rat neostriatal neurons. Neuron. 1995 Feb; 14
(2) :385-97. PubMed PMID:7531987.

547.Surmeier DJ, Ding J, Day M, Wang Z, Shen W. D1 and D2 dopamine-receptor modulation of striatal
glutamatergic signaling in striatal medium spiny neurons. Trends Neurosci. 2007 May; 30 (5) :228-35.
PubMed PMID:17408758.

548.Svenningsson P, Lindskog M, Ledent C, Parmentier M, Greengard P, Fredholm BB, Fisone G.
Regulation of the phosphorylation of the dopamine- and cAMP-regulated phosphoprotein of 32 kDa in

189



vivo by dopamine D1, dopamine D2, and adenosine A2A receptors. Proc Natl Acad Sci U S A. 2000
Feb 15; 97 (4) :1856-60. PubMed PMID:10677546; PubMed Central PMCID: PMC26526.

549.Sweet RD, McDowell FH. Five years' treatment of Parkinson's disease with levodopa Therapeutic
results and survival of 100 patients. Ann Intern Med. 1975 Oct; 83 (4) :456-63. PubMed
PMID:1166978.

550.Tai YF, Pavese N, Gerhard A, Tabrizi SJ, Barker RA, Brooks DJ, Piccini P. Imaging microglial
activation in Huntington's disease. Brain Res Bull. 2007 Apr 30; 72 (2-3) :148-51. PubMed
PMID:17352938.

551.Tanner CM. Early intervention in Parkinson's disease: epidemiologic considerations. Ann Epidemiol.
1996 Sep; 6 (5) :438-41. PubMed PMID:8915475.

552.Tedroff J, Pedersen M, Aquilonius SM, Hartvig P, Jacobsson G, Langstrom B. Levodopa-induced
changes in synaptic dopamine in patients with Parkinson's disease as measured by [11C]raclopride
displacement and PET. Neurology. 1996 May; 46 (5) :1430-6. PubMed PMID:8628494.

553.Tison F, Dartigues JF, Auriacombe S, Letenneur L, Boller F, Alpérovitch A. Dementia in Parkinson's
disease: a population-based study in ambulatory and institutionalized individuals. Neurology. 1995
Apr; 45 (4) :705-8. PubMed PMID:7723958.

554. Tomiyama M, Kimura T, Maeda T, Tanaka H, Kannari K, Baba M. Upregulation of striatal adenosine
A2A receptor mMRNA in 6-hydroxydopamine-lesioned rats intermittently treated with L-DOPA.
Synapse. 2004 Jun 1; 52 (3) :218-22. PubMed PMID:15065221.

555.Tozzi A, de lure A, Di Filippo M, Tantucci M, Costa C, Borsini F, Ghiglieri V, Giampa C, Fusco FR,
Picconi B, Calabresi P. The distinct role of medium spiny neurons and cholinergic interneurons in the
D,/A,A receptor interaction in the striatum: implications for Parkinson's disease. J Neurosci. 2011 Feb
2; 31 (5) :1850-62. PubMed PMID:21289195.

556.Trantham-Davidson H, Neely LC, Lavin A, Seamans JK. Mechanisms underlying differential D1
versus D2 dopamine receptor regulation of inhibition in prefrontal cortex. J Neurosci. 2004 Nov 24; 24
(47) :10652-9. PubMed PMID:15564581.

557.Triller A, Choquet D. Surface trafficking of receptors between synaptic and extrasynaptic membranes:
and yet they do move!. Trends Neurosci. 2005 Mar; 28 (3) :133-9. PubMed PMID:15749166.

558.Troiano AR, de la Fuente-Fernandez R, Sossi V, Schulzer M, Mak E, Ruth TJ, Stoessl AJ. PET
demonstrates reduced dopamine transporter expression in PD with dyskinesias. Neurology. 2009 Apr
7;72 (14) :1211-6. PubMed PMID:19020294.

559.Tseng KY, O'Donnell P. Dopamine-glutamate interactions controlling prefrontal cortical pyramidal cell
excitability involve multiple signaling mechanisms. J Neurosci. 2004 Jun 2; 24 (22) :5131-9. PubMed
PMID:15175382.

560.Tsuboi Y, Dickson DW. Dementia with Lewy bodies and Parkinson's disease with dementia: are they
different?. Parkinsonism Relat Disord. 2005 Jun; 11 Suppl 1:S47-51. PubMed PMID:15885629.

561.Tsuboi Y, Uchikado H, Dickson DW. Neuropathology of Parkinson's disease dementia and dementia
with Lewy bodies with reference to striatal pathology. Parkinsonism Relat Disord. 2007; 13 Suppl
3:5221-4. PubMed PMID:18267239.

562.Turjanski N, Lees AJ, Brooks DJ. In vivo studies on striatal dopamine D1 and D2 site binding in L-
dopa-treated Parkinson's disease patients with and without dyskinesias. Neurology. 1997 Sep; 49 (3)
:717-23. PubMed PMID:9305330.

563.Turkheimer FE, Edison P, Pavese N, Roncaroli F, Anderson AN, Hammers A, Gerhard A, Hinz R, Tai
YF, Brooks DJ. Reference and target region modeling of [11C]-(R)-PK11195 brain studies. J Nucl
Med. 2007 Jan; 48 (1) :158-67. PubMed PMID:17204713.

564.Turkheimer FE, Selvaraj S, Hinz R, Murthy V, Bhagwagar Z, Grasby P, Howes O, Rosso L, Bose SK.
Quantification of ligand PET studies using a reference region with a displaceable fraction: application
to occupancy studies with [(11)C]-DASB as an example. J Cereb Blood Flow Metab. 2012 Jan; 32 (1)
:70-80. PubMed PMID:21811290; PubMed Central PMCID: PMC3323353.

565. Turkheimer FE, Hinz R, Gunn RN, Aston JA, Gunn SR, Cunningham VJ. Rank-shaping regularization
of exponential spectral analysis for application to functional parametric mapping. Phys Med Biol. 2003
Dec 7; 48 (23) :3819-41. PubMed PMID:14703160.

190



566.Turman JE Jr, Lee OK, Chandler SH. Differential NR2A and NR2B expression between trigeminal
neurons during early postnatal development. Synapse. 2002 May; 44 (2) :76-85. PubMed
PMID:11891879.

567.Turrigiano GG, Nelson SB. Homeostatic plasticity in the developing nervous system. Nat Rev
Neurosci. 2004 Feb; 5 (2) :97-107. PubMed PMID:14735113.

568.Turrigiano GG. The self-tuning neuron: synaptic scaling of excitatory synapses. Cell. 2008 Oct 31; 135
(3) :422-35. PubMed PMID:18984155; PubMed Central PMCID: PMC2834419.

569.Ulusoy A, Sahin G, Kirik D. Presynaptic dopaminergic compartment determines the susceptibility to
L-DOPA-induced dyskinesia in rats. Proc Natl Acad Sci U S A. 2010 Jul 20; 107 (29) :13159-64.
PubMed PMID:20615977; PubMed Central PMCID: PMC2919904.

570.Valastro B, Andersson M, Lindgren HS, Cenci MA. Expression pattern of JunD after acute or chronic
L-DOPA treatment: comparison with deltaFosB. Neuroscience. 2007 Jan 5; 144 (1) :198-207. PubMed
PMID:17055656.

571.Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, Corvol JC, Stipanovich A, Caboche J,
Lombroso PJ, Nairn AC, Greengard P, Hervé D, Girault JA. Regulation of a protein phosphatase
cascade allows convergent dopamine and glutamate signals to activate ERK in the striatum. Proc Natl
Acad Sci U S A. 2005 Jan 11; 102 (2) :491-6. PubMed PMID:15608059; PubMed Central PMCID:
PMC544317.

572.van der Stelt M, Fox SH, Hill M, Crossman AR, Petrosino S, Di Marzo V, Brotchie JM. A role for
endocannabinoids in the generation of parkinsonism and levodopa-induced dyskinesia in MPTP-
lesioned non-human primate models of Parkinson's disease. FASEB J. 2005 Jul; 19 (9) :1140-2.
PubMed PMID:15894565.

573.van Eimeren T, Pellecchia G, Cilia R, Ballanger B, Steeves TD, Houle S, Miyasaki JM, Zurowski M,
Lang AE, Strafella AP. Drug-induced deactivation of inhibitory networks predicts pathological
gambling in PD. Neurology. 2010 Nov 9; 75 (19) :1711-6. PubMed PMID:20926784; PubMed Central
PMCID: PMC3033606.

574.Vanhoutte P, Bading H. Opposing roles of synaptic and extrasynaptic NMDA receptors in neuronal
calcium signalling and BDNF gene regulation. Curr Opin Neurobiol. 2003 Jun; 13 (3) :366-71.
PubMed PMID:12850222.

575.Varanese S, Perfetti B, Monaco D, Thomas A, Bonanni L, Tiraboschi P, Onofrj M. Fluctuating
cognition and different cognitive and behavioural profiles in Parkinson's disease with dementia:
comparison of dementia with Lewy bodies and Alzheimer's disease. J Neurol. 2010 Jun; 257 (6) :1004-
11. PubMed PMID:20094726.

576.Venton BJ, Zhang H, Garris PA, Phillips PE, Sulzer D, Wightman RM. Real-time decoding of
dopamine concentration changes in the caudate-putamen during tonic and phasic firing. J Neurochem.
2003 Dec; 87 (5) :1284-95. PubMed PMID:14622108.

577.Vidailhet M, Bonnet AM, Marconi R, Durif F, Agid Y. The phenomenology of L-dopa-induced
dyskinesias in Parkinson's disease. Mov Disord. 1999; 14 Suppl 1:13-8. PubMed PMID:10493399.

578.Villalba RM, Smith Y. Differential structural plasticity of corticostriatal and thalamostriatal axo-
spinous synapses in MPTP-treated Parkinsonian monkeys. J Comp Neurol. 2011 Apr 1; 519 (5) :989-
1005. PubMed PMID:21280048; PubMed Central PMCID: PMC3049901.

579.Villalba RM, Smith Y. Striatal spine plasticity in Parkinson's disease. Front Neuroanat. 2010 Dec 10;
4:133. PubMed PMID:21179580; PubMed Central PMCID: PMC3004242.

580.Vingerhoets FJ. Dyskinesia in Parkinson disease: back for the future?. Neurology. 2009 Apr 7; 72 (14)
:1202-3. PubMed PMID:19349599.

581.Wang H, Pickel VM. Dopamine D2 receptors are present in prefrontal cortical afferents and their
targets in patches of the rat caudate-putamen nucleus. J Comp Neurol. 2002 Jan 21; 442 (4) :392-404.
PubMed PMID:11793342.

582.Wang J, O'Donnell P. D(1) dopamine receptors potentiate nmda-mediated excitability increase in layer
V prefrontal cortical pyramidal neurons. Cereb Cortex. 2001 May; 11 (5) :452-62. PubMed
PMID:11313297.

191



583.Wang Z, Kai L, Day M, Ronesi J, Yin HH, Ding J, Tkatch T, Lovinger DM, Surmeier DJ.
Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is
mediated by cholinergic interneurons. Neuron. 2006 May 4; 50 (3) :443-52. PubMed PMID:16675398.

584.Watabe H, Channing MA, Der MG, Adams HR, Jagoda E, Herscovitch P, Eckelman WC, Carson RE.
Kinetic analysis of the 5-HT2A ligand [11C]MDL 100,907. J Cereb Blood Flow Metab. 2000 Jun; 20
(6) :899-909. PubMed PMID:10894173.

585.Watabe H, Ikoma Y, Kimura Y, Naganawa M, Shidahara M. PET kinetic analysis--compartmental
model. Ann Nucl Med. 2006 Nov; 20 (9) :583-8. PubMed PMID:17294668.

586.Waxman EA, Lynch DR. N-methyl-D-aspartate receptor subtypes: multiple roles in excitotoxicity and
neurological disease. Neuroscientist. 2005 Feb; 11 (1) :37-49. PubMed PMID:15632277.

587.Wenthold RJ, Petralia RS, Blahos J I1, Niedzielski AS. Evidence for multiple AMPA receptor
complexes in hippocampal CA1/CA2 neurons. J Neurosci. 1996 Mar 15; 16 (6) :1982-9. PubMed
PMID:8604042.

588.Wenthold RJ, Yokotani N, Doi K, Wada K. Immunochemical characterization of the non-NMDA
glutamate receptor using subunit-specific antibodies Evidence for a hetero-oligomeric structure in rat
brain. J Biol Chem. 1992 Jan 5; 267 (1) :501-7. PubMed PMID:1309749.

589.West AR, Grace AA. Opposite influences of endogenous dopamine D1 and D2 receptor activation on
activity states and electrophysiological properties of striatal neurons: studies combining in vivo
intracellular recordings and reverse microdialysis. J Neurosci. 2002 Jan 1; 22 (1) :294-304. PubMed
PMID:11756513.

590.Westphal RS, Tavalin SJ, Lin JW, Alto NM, Fraser ID, Langeberg LK, Sheng M, Scott JD. Regulation
of NMDA receptors by an associated phosphatase-kinase signaling complex. Science. 1999 Jul 2; 285
(5424) :93-6. PubMed PMID:10390370.

591.Wichmann T, DeLong MR. Functional neuroanatomy of the basal ganglia in Parkinson's disease. Adv
Neurol. 2003; 91:9-18. PubMed PMID:12442660.

592.Wickens JR, Arbuthnott GW, Shindou T. Simulation of GABA function in the basal ganglia:
computational models of GABAergic mechanisms in basal ganglia function. Prog Brain Res. 2007;
160:313-29. PubMed PMID:17499122.

593.Wills J, Jones J, Haggerty T, Duka V, Joyce JN, Sidhu A. Elevated tauopathy and alpha-synuclein
pathology in postmortem Parkinson's disease brains with and without dementia. Exp Neurol. 2010 Sep;
225 (1) :210-8. PubMed PMID:20599975; PubMed Central PMCID: PMC2922478.

594.Wilson AA, Garcia A, Jin L, Houle S. Radiotracer synthesis from [(11)C]-iodomethane: a remarkably
simple captive solvent method. Nucl Med Biol. 2000 Aug; 27 (6) :529-32. PubMed PMID:11056365.

595.Wilson CJ, Chang HT, Kitai ST. Origins of post synaptic potentials evoked in spiny neostriatal
projection neurons by thalamic stimulation in the rat. Exp Brain Res. 1983; 51 (2) :217-26. PubMed
PMID:6194007.

596.Wilson CJ, Kawaguchi Y. The origins of two-state spontaneous membrane potential fluctuations of
neostriatal spiny neurons. J Neurosci. 1996 Apr 1; 16 (7) :2397-410. PubMed PMID:8601819.

597.Wilson CJ, Groves PM. Fine structure and synaptic connections of the common spiny neuron of the rat
neostriatum: a study employing intracellular inject of horseradish peroxidase. J Comp Neurol. 1980
Dec 1; 194 (3) :599-615. PubMed PMID:7451684.

598.Wilson CJ, Groves PM, Kitai ST, Linder JC. Three-dimensional structure of dendritic spines in the rat
neostriatum. J Neurosci. 1983 Feb; 3 (2) :383-8. PubMed PMID:6822869.

599.Yahr MD, Duvoisin RC, Hoehn MM, Schear MJ, Barrett RE. L-Dopa (L-3,4-dihydroxyphenylanine)--
its clinical effects in parkinsonism. Trans Am Neurol Assoc. 1968; 93:56-63. PubMed PMID:4885744.

600.Yamamoto N, Soghomonian JJ. Metabotropic glutamate mGIuR5 receptor blockade opposes abnormal
involuntary movements and the increases in glutamic acid decarboxylase mRNA levels induced by I-
DOPA in striatal neurons of 6-hydroxydopamine-lesioned rats. Neuroscience. 2009 Nov 10; 163 (4)
:1171-80. PubMed PMID:19660528; PubMed Central PMCID: PMC2760628.

601.Yang CR, Seamans JK, Gorelova N. Developing a neuronal model for the pathophysiology of
schizophrenia based on the nature of electrophysiological actions of dopamine in the prefrontal cortex.
Neuropsychopharmacology. 1999 Aug; 21 (2) :161-94. PubMed PMID:10432466.

192



602.Yang CR, Seamans JK. Dopamine D1 receptor actions in layers V-VI rat prefrontal cortex neurons in
vitro: modulation of dendritic-somatic signal integration. J Neurosci. 1996 Mar 1; 16 (5) :1922-35.
PubMed PMID:8774459.

603.Yao WD, Spealman RD, Zhang J. Dopaminergic signaling in dendritic spines. Biochem Pharmacol.
2008 Jun 1; 75 (11) :2055-69. PubMed PMID:18353279; PubMed Central PMCID: PMC2443745.

604.Yasui T, Fujisawa S, Tsukamoto M, Matsuki N, lkegaya Y. Dynamic synapses as archives of synaptic
history: state-dependent redistribution of synaptic efficacy in the rat hippocampal CA1. J Physiol. 2005
Jul 1; 566 (Pt 1) :143-60. PubMed PMID:15845579; PubMed Central PMCID: PMC1464737.

605.Yin HH, Lovinger DM. Frequency-specific and D2 receptor-mediated inhibition of glutamate release
by retrograde endocannabinoid signaling. Proc Natl Acad Sci U S A. 2006 May 23; 103 (21) :8251-6.
PubMed PMID:16698932; PubMed Central PMCID: PMC1472459.

606.Yong SW, Yoon JK, An YS, Lee PH. A comparison of cerebral glucose metabolism in Parkinson's
disease, Parkinson's disease dementia and dementia with Lewy bodies. Eur J Neurol. 2007 Dec; 14 (12)
:1357-62. PubMed PMID:17941855.

607.Young CE, Yang CR. Dopamine D1/D5 receptor modulates state-dependent switching of soma-
dendritic Ca2+ potentials via differential protein kinase A and C activation in rat prefrontal cortical
neurons. J Neurosci. 2004 Jan 7; 24 (1) :8-23. PubMed PMID:14715933.

608.Yung KK, Bolam JP, Smith AD, Hersch SM, Ciliax BJ, Levey Al. Immunocytochemical localization
of D1 and D2 dopamine receptors in the basal ganglia of the rat: light and electron microscopy.
Neuroscience. 1995 Apr; 65 (3) :709-30. PubMed PMID:7609871.

609.Zaja-Milatovic S, Milatovic D, Schantz AM, Zhang J, Montine KS, Samii A, Deutch AY, Montine TJ.
Dendritic degeneration in neostriatal medium spiny neurons in Parkinson disease. Neurology. 2005 Feb
8; 64 (3) :545-7. PubMed PMID:15699393.

610.Zeng BY, Pearce RK, MacKenzie GM, Jenner P. Alterations in preproenkephalin and adenosine-2a
receptor mRNA, but not preprotachykinin mRNA correlate with occurrence of dyskinesia in normal
monkeys chronically treated with L-DOPA. Eur J Neurosci. 2000 Mar; 12 (3) :1096-104. PubMed
PMID:10762340.

611.Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML, Wilson B, Zhang W, Zhou Y, Hong JS, Zhang
J. Aggregated alpha-synuclein activates microglia: a process leading to disease progression in
Parkinson's disease. FASEB J. 2005 Apr; 19 (6) :533-42. PubMed PMID:15791003.

612.Zheng P, Zhang XX, Bunney BS, Shi WX. Opposite modulation of cortical N-methyl-D-aspartate
receptor-mediated responses by low and high concentrations of dopamine. Neuroscience. 1999; 91 (2)
:527-35. PubMed PMID:10366010.

613.Zhou FM, Liang Y, Dani JA. Endogenous nicotinic cholinergic activity regulates dopamine release in
the striatum. Nat Neurosci. 2001 Dec; 4 (12) :1224-9. PubMed PMID:11713470.

614.Zigmond MJ. Do compensatory processes underlie the preclinical phase of neurodegenerative disease?
Insights from an animal model of parkinsonism. Neurobiol Dis. 1997; 4 (3-4) :247-53. PubMed
PMID:9361301.

615.Zukin SR, Javitt DC. Phencyclidine receptor binding as a probe of NMDA receptor functioning:
implications for drug abuse research. NIDA Res Monogr. 1993; 133:1-12. PubMed PMID:8232509.

Books and Chapters

616.Cepeda C, André VM, Jocoy EL, Levine MS, Van Dongen AM. NMDA and Dopamine: Diverse
Mechanisms Applied to Interacting Receptor Systems . 2009; PubMed PMID:21204414.

617.Salter MW, Dong Y, Kalia LV, Liu XJ, Pitcher G, Van Dongen AM. Regulation of NMDA Receptors
by Kinases and Phosphatases. 2009; PubMed PMID:21204420.

618.0ther (Non-standard citation)

619.BOROD J. Normative data on the boston diagnostic aphasia examination, parietal lobe battery, and the
boston naming Test . 1980; DOI: 10.1080/01688638008403793.

620.Kaplan E. The Boston Naming Test,2nd ed. Philadelphia: Lea and Febiger;. 1983.

621 Wechsler. Wechsler Memory Scale, 3rd ed. San Antonio, TX:The Psychological Corporation;. 1997.

193



