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Preface

Bioimaging is in the forefront of medicine for the diagnosis and
treatment of neurodegenerative disease. Conventional magnetic
resonance imaging (MRI) uses interactive external magnetic fields
and resonant frequencies of protons from water molecules.
However, newer sequences, such as magnetization-prepared rapid
acquisition gradient echo (MPRAGE), are able to seek higher
levels of anatomic resolution by allowing more rapid temporal
imaging. Magnetic resonance spectroscopy (MRS) images
metabolic changes, enabling underlying pathophysiologic
dysfunction in neurodegeneration to be deciphered. Neuro-
chemicals visible with proton 'H MRS include N-acetyl aspartate
(NAA), creatine/phosphocreatine (Cr), and choline (Cho); NAA
is considered to act as an in vivo marker for neuronal loss and/or
neuronal dysfunction. By extending imaging to the study of
elements such as iron—elevated in several neurodegenerative
diseases—laser microprobe studies have become extremely
useful, followed by X-ray absorption fine-structure experiments.

Positron emission tomography (PET) and single-photon emission
tomography (SPECT) have become important tools in the differential
diagnosis of neurodegenerative diseases by allowing imaging of
metabolism and cerebral blood flow. PET studies of cerebral
glucose metabolism use the glucose analog [ 18F] fluorodeoxyglucose
analog ([!8F]FDG) and radioactive water (H,'°O) and SPECT
tracers use 2°™Tc-hexamethylpropylene amine oxime, (**™Tc-
HMPAO), and %°™Tc-ethylcysteinate dimer (°™Tc-ECD).
Moreover, directimaging of the nigrostriatal pathway with 6-[13F]-
fluoro-1-3,4-dihydroxyphenylalanine (FDOPA) in combination
with PET technology, may be more effective at differentiating
neurodegenerative diseases than PET or SPECT alone.
Radioactive cocaine and the tropane analogs directly measure
dopamine (DA) transporter binding sites and **"Tc-TRODAT-1
is a new tracer that could move imaging of the DA neuronal
circuitry from the research environment to the clinic. [!231]
altropane SPECT may equal and further advance FDOPA PET.

Surgical treatments of neurodegenerative diseases are gaining
attention as craniotomies become more routine, and as patients opt
for surgery because they experience intractable responses to
pharmacotherapy for neurodegeneration. These treatments fall into
three categories: lesion ablation, deep brain stimulation (DBS),
and restorative therapies such as nerve growth factor infusion or
DA cell transplantation along the nigrostriatal pathway,
particularly in Parkinson’s disease. Also, electron micrographics
image amyloid B aggregation in Alzheimer’s disease (AD) and
MRI (gadolinium enhanced) has been successfully exploited to
image neuroinflammation in AD. MR-based volumetric imaging

helps to predict the progression of AD via mild cognitive
impairment (MCI) studies.

Novel neuroimaging technologies, such as neuromolecular
imaging (NMI) with a series of newly developed BRODERICK
PROBE® sensors, directly image neurotransmitters, precursors,
and metabolites in vivo, in real time and within seconds, at separate
and selective waveform potentials. NMI, which uses an
electrochemical basis for detection, enables the differentiation of
neurodegenerative diseases in patients who present with mesial
versus neocortical temporal lobe epilepsy. In fact, NMI has some
remarkable similarities to MRI insofar as there is technological
dependence on electron and proton transfer, respectively, and
further dependence is seen in both NMI and MRI on tissue
composition such as lipids. NMI has already been joined with
electrophysiological (EEG) and electromyographic (EMG) studies
to enhance detection capabilities; the integration of NMI with
MRI, PET, and SPECT can be envisioned as the next advance.

The tracer molecule, [''C] o-methyl-L-tryptophan (AMT) is
already used with PET to study serotonin (5-HT) deficiencies,
presumably attributable to kynurenine enhancement in neocortical
epilepsy patients. Moreover, AMT PET, in addition to FDG PET,
provides reliable diagnosis for pediatric epilepsy syndromes such
as West’s syndrome. Important in children with cortical dysplasia
(CD), FDG PET delineates areas of altered glucose, which can be
missed by MRI. The new tracer, ['!C] flumazenil used with PET
(FMZ PET), has found utility in the detection of epileptic foci in
CD patients with partial epilepsies, and yet normal structural
imagingis observed. Another new 5-HT1A tracer for PET imaging
in abnormal dysplastic tissue is a carboxamide compound called
[BFIFCWAY.

Diagnosis of neocortical epilepsy has been significantly
advanced by IOS or intrinsic optical signal imaging. IOS has its
basis in the light absorption properties of electrophysiologically
active neural tissue, activity caused by focal alterations in blood
flow, oxygenation of hemoglobin, and scattering of light. IOS can
map interictal spikes, onsets and offsets, and horizontal
propagation lines. Thus, I0S is useful for diagnosing “spreading
epileptiform depression.” As with NMI, IOS holds promise for
intraoperative cortical mapping wherein ictal and interictal
margins can be more clearly defined. As does intraoperative MRI
(IMRI) with neuronavigation, these technologies provide what is
called “guided neurosurgery.” Correlative imaging of general
inhalational anesthetics such as nitrous oxide (N,O) during
intraoperative surgery is made possible by NMI technologies with
nano- and microsensors.
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NMI and MRI also enable the differential detection of white
matter versus gray matter in discrete neuroanatomic substrates in
brain, detection which is critical to both the epilepsies and the
leukodystrophies. Although NMI is in its early stage in this arena,
the immediate and distinct waveforms that distinguish white from
gray matter are impressive. Moreover, the early finding of a
leukodystrophy by MRI, particularly relevant for metachromatic
leukodystrophy (MLD), Krabbe’s disease (KD), and X-linked
adrenoleukodystophy (ALD), allows clinicians therapeutic
interventions before overt symptoms are exhibited. Imaging
technologies, pathologies, clinical features, and treatments
for these and other leukodystrophies, including peroxi-
somal disorders and leukodystrophies with macrocrania
(Canavan’s disease and Alexander’s disease), are presented here
in precise detail. The van der Knaap syndrome is a recently
described leukodystrophy in vacuolating megaloencephalic
leukoencephalopathy (VMI). This vanishing white matter disease
highlights the potential of MRS imaging, which was used in its
identification.

Bioimaging in Neurodegeneration provides extensive detail on
pediatric mitochondrial disease, including imaging, pathologies,
clinical features, and treatment or lack of treatment. It is extremely
important to note that in pediatric mitochondrial cytopathies, a
frequent finding on MRIis abnormal myelination, and infants with

leukoencephalopathies, especially leukodystrophies, should be
evaluated for mitochondrial cytopathy. Infarct-like, often transient
lesions not confined to vascular territories are the imaging hallmark
of mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS). [3!P] MRS, which can measure
transient changes in nonoxidative adenosine triphosphate (ATP)
synthesis, and [\ H] MRS, which can measure lactate, are included
in the mitochondrial imaging technologies.

Thus, Bioimaging in Neurodegeneration fulfills the current
need to bring together neurodegeneration with bio- and
neuroimaging technologies that actually enable diagnosis and
treatment. Professionals in neurology, psychiatry, pharmacology,
radiology, and surgery are among many who will greatly benefit.
Neurodegenerative disease is divided into four areas, i.e.,
Parkinson’s disease, Alzheimer’s disease, the epilepsies, and the
leukodystrophies. Chapter authors were selected for their
formidable expertise in each field of medicine, their expertise in
imaging technologies, and their scholarly contributions to
medicine and science. Our appreciation is extended to them, and
their staffs, for their fine research. We thank the editors and staff
at Humana Press for their excellent assistance and support.

Patricia A. Broderick, PhD
David N. Rahni, PhD
Edwin H. Kolodny, MD
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Prologue

Nano- and Microimaging Surgical
Anesthesia in Epilepsy Patients

PATRICIA A. BRODERICK, PhD, DAVID N. RAHNI, PhD,

AND STEVEN V. PACIA, MD

Nitrous oxide (N,0) is a simple and small molecule, consist-
ing of two nitrogen atoms and one oxygen atom (Fig. 1). Yet, its
anesthetic, analgesic, and psychotropic properties are indisput-
able (/-3). Nitrous oxide is reported to act via opiate mecha-
nisms because it induces met-enkephalin and B-endorphin
release in rat and human, and the antinociceptic properties of
nitrous oxide are reversible by naloxone (4,5). Also, but likely
notexclusively, nitrous oxide may exertits effects via glutamate
receptors, that is, administration of (80%) nitrous oxide to rat
hippocampus depresses excitatory currents evoked by N-
methyl-p-aspartate (6,7).

The combination of nitrous oxide and oxygen has found its
way into prehospital emergency treatment of pain (2). Under
the proprietary names, Entonos® and Dolonox®, this combina-
tion in a 40-60% ratio is used by paramedics when treating
acute myocardial infarction (8). In some areas of the world, it
is used in emergency medicine in lieu of opioid analgesics for
the management of painful injuries (9).

In the hospital setting, intraoperatively nitrous oxide is used
adjunctly with other general anesthetics for its well-known “sec-
ond gas effect,” a phenomenon that is caused by its ability to
diffuse quickly from alveoli. However, nitrous oxide, even in
combination with oxygen, rarely is used alone in surgery be-
cause it is a relatively weak general anesthetic (low blood/gas
solubility partition coefficient).

Interestingly, in studies used to map the effects of analge-
sics on pain, cerebral substrates for the nociceptive effects of
nitrous oxide have been identified. Using low concentrations
(20%) nitrous oxide was imaged using positron emission to-
mography and cerebral blood flow (rCBF). Inhalation of 20%
nitrous oxide was found to be associated with enhanced rCBF
in the anterior cingulate cortex (area 24), decreased rCBF in the
hippocampus, posterior cingulate (areas 23,24), and decreased
rCBF in the secondary visual cortices (areas 18,19; ref. 10).

Despite the importance of this small and simple molecule in
surgery, emergency medicine, and dentistry alone, there are
virtually little or no direct techniques available to detect nitrous
oxide unchanged in living tissue. Our purpose here is to present

xiii

such a technique using neuromolecular imaging (NMI) and
carbon based nano- and microsensors.

We describe the experimental design for and the results
from in vitro assays, i.e., studies of nitrous oxide as N,O is
diffused into an electrochemical cell as well as those from in
vivo assays, i.e., studies of nitrous oxide which has stabilized
in living tissue from N,O infusion.

This is the first report of the experimental assay for the
gaseous solution, nitrous oxide and the results from such, in
vitro. High purity (99.9%) commercially available nitrous
oxide (T.W. Smith, Brooklyn, NY) was diffused using a flow-
meter, calibrated at 10 psi, into an electrochemical cell con-
taining saline/phosphate buffer for 5 min to allow the gas to
reach saturation at room temperature. The flowmeter was pur-
chased from Fisher Scientific (Bridgewater, NJ). Nitrous oxide
concentrations in the approximate range of 10-100 uM were
achieved. Figure 2 shows a representative recording of nitrous
oxide detection in vitro. Nitrous oxide detection occurred at the
oxidation (half-wave) potential of 0.53 +0.02 V. In addition,
DA and 5-HT signals are shown because increasing concentra-
tions of DA and 5-HT were aliquoted into the electrochemical
cell for use as standards. Thus, studies with the monoamines
were conducted, which show the selective detection of nitrous
oxide in the presence of the monoamine neurotransmitter.

Procedures for the detection of neurotransmitters and
neurochemicals by BRODERICK PROBE® sensors are
described (11-20).

This is also the first report of the experimental assay for the
gaseous solution, nitrous oxide, and the results from such, in
vivo. Resected living tissue (hippocampal and neocortical)
from temporal lobe epilepsy (TLE) patients was studied. Meth-
ods for patient classification and methods for delineating neu-
rochemical profiles are previously published. Patients were
administered nitrous oxide-oxygen anesthesia in a 40/60%
concentration during intraoperative surgery. Figure 3 shows a
representative recording from an NTLE patient, in vivo. These
images from TLE patients show reliable nitrous oxide signals
that occurred at the oxidation (half-wave) potential of 0.53 +
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NITROUS OXIDE
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Fig. 1. The nitrous oxide molecule.
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Fig. 2. A representative recording showing the detection of DA, 5-
HT, and nitrous oxide (N,O) in saline/phosphate buffer by the
BRODERICK PROBE®sstearate sensor in vitro. The oxidation (half-
wave) potential for N,O is 0.53 V £ 0.02 V. Oxidation potentials for
monoamines confirm previous reports (//-20). Note that the sensi-
tivity of the sensor for the monoamine, 5-HT, is approximately two-
to threefold greater than that for the monoamine DA as previously
reported (19).
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Fig. 3. A representative recording showing the detection of DA, 5-
HT, and nitrous oxide (N,O) in vivo in a TLE patient, specifically an
NTLE patient, a subtype of TLE that typically exhibits DA and 5-HT;
the study was performed witha BRODERICK PROBE®stearate sen-
sor. The oxidation (half-wave) potential for N,O is 0.53 V = 0.02 V.
Oxidation potentials for monoamines confirm previous reports (17—
18). Note that in vivo data exhibit greater concentrations for cat-
echolamines than for indoleamines with the noted exception of white
matter imaging (20).

0.02 V, which is consistent with the detection of nitrous oxide
atthe same oxidation potential in vitro. Further evidence for the
reliable detection of nitrous oxide comes from studies in this
laboratory which has shown the separate detection of nitric
oxide (NO) at an approximate oxidation potential of 0.75V
(21). These data are in general agreement with detection of NO
using the carbon fiber electrode (22). Moreover, the reliable
detection of nitrous oxide comes from the known predictive
ability to detect oxygen at early negative potentials, again
separating the detection of oxygen from that of nitrous oxide.
Finally, the stability of nitrous oxide at physiological tempera-
tures is known (url: www.chm.bris.ac.uk/motm/n2o0/n2oh.htm
[23; retrieved on or about June 3, 2004]). Thus, these studies
confirm the selective detection of nitrous oxide in the absence
and presence of the monoamine neurotransmitters.

Table 1 shows the neuroanatomic location of nitrous oxide
signalsimaged in distinct neocortical neuroanatomic structures
and hippocampal subparcellations. As expected, there was no



Table 1
Nitrous Oxide (N,O) in Resected Temporal Tissues From Human Epilepsy Patients

Patient Number Epilepsy Type

Nyo Signals Imaged in:

2 MTLE Neocortex (G)

3 NTLE Neocortex (G,W); HPC (Granular cells)

4 NTLE Neocortex (G,W); HPC (Polymorphic layer)

5 MTLE Neocortex (G)

6 MTLE HPC (Subiculum)

8 MTLE HPC (Pyramidal layer)

9 NTLE HPC (Pyramidal layer)

10 NTLE Neocortex (G)

13 MTLE Neocortex (G,W); HPC (Polymorphic,
Pyramidal, Mol. layers)

14 MTLE Neocortex (G); HPC (Subiculum)

15 MTLE Neocortex (G,W); HPC (Polymorphic layer)

16 MTLE Neocortex (G,W)

G is gray matter; W is white matter; Patients 7, 11, and 12: MTLE did not exhibit N,O; NTLE,
neocortical temporal lobe epilepsy; MTLE, mesial temporal lobe epilepsy.

apparent difference in the degree of nitrous oxide imaging
between NTLE and MTLE patients, given the caveat that there
were more MTLE patients than NTLE patients.

Insummary, the significance of imaging nitrous oxide anesthesia
inliving tissue is paramount in neurology, neurosurgery, emergency
medicine, toxicology, substance abuse (see ref. 24 for a recent
review), and dentistry. Moreover, the BRODERICK PROBE® sen-
sorsimage nitrous oxide signals online yet separately from monoam-
ines, metabolites, precursors, These data provide promise for
optimizing such a technology for selective nano- and micro-
monitoring and measuring nitrous oxide intraoperatively.
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PARKINSON'’S DISEASE




1 Magnetic Resonance Imaging
and Magnetic Resonance Spectroscopy
in Parkinson’s Disease

Structural vs Functional Changes

W. R. WAYNE MARTIN, MD, FRCP

SUMMARY

Atpresent, conventional magnetic resonance imaging (MRI)
shows no convincing structural changes in Parkinson’s disease
(PD) itself, but it may be useful in helping to distinguish PD
from other neurodegenerative parkinsonian syndromes. Mag-
netic resonance spectroscopy (MRS) also may provide useful
information in distinguishing PD from disorders such as mul-
tiple system atrophy. The general field of MRI and MRS is
evolving rapidly, and a number of new developments may pro-
vide relevant information. Novel pulse sequences, for instance,
may provide more information regarding substantia nigra
pathology in PD. The use of MR technologies to measure
regional concentrations of brain iron should provide more
information regarding the relationship between iron accumula-
tion and parkinsonian symptoms. MRS provides a sensitive
tool to investigate the possible contribution of abnormal brain
energy metabolism to the pathogenesis of PD. MRS also allows
the assessment of other metabolite changes in PD, for example,
providing for the evaluation of associated changes in regional
brain glutamate content. Last, functional MRI provides the
potential to evaluate, in a noninvasive fashion, the role played
by the basal ganglia in motor control and cognition in normal
individuals as well as in PD.

Key Words: Parkinson’s disease; T,-weighted imaging; T2*
effect; brain iron; substantia nigra imaging; progressive supra-
nuclear palsy; hummingbird sign; multiple system atrophy;
corticobasal degeneration; voxel-based morphometry; diffu-
sion-weighted imaging; magnetic resonance spectroscopy;
brain energy metabolism; mitochondrial function; 3'P-magnetic
resonance spectroscopy; functional MRI; event-related fMRI.
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1. INTRODUCTION

The continuing evolution of new techniques for imaging the
central nervous system has produced significant advances in
the investigation of patients with neurodegenerative disorders
and in our understanding of basal ganglia function. Although
magnetic resonance imaging (MRI) has made possible the cor-
relation of structural abnormalities identified in vivo with spe-
cific neurologic syndromes such as parkinsonism, changes in
cerebral function do not always parallel changes in structure.
Magnetic resonance spectroscopy (MRS) has provided insights
into some of the underlying metabolic abnormalities, thereby
providing further insights relating to the underlying pathophysi-
ology of these neurodegenerative syndromes. Brain activation
studies with functional MR imaging (fMRI) have provided
additional information regarding the abnormalities in brain
function associated with these disorders.

2. MRI IN PARKINSONISM

Conventional MRI is based primarily on the interplay
between external magnetic fields and the resonant frequency of
water protons in tissue. Image contrast is related to the specific
imaging parameters used but typically represents a complex
function of proton density and the longitudinal (spin-lattice)
relaxation time (T,) and transverse (spin—spin) relaxation time
(T,) of protons in tissue. Inhomogeneities in the magnetic field
induced by tissue attributes also have an important effect on
image contrast, termed T,*. T,-weighted images tend to dis-
play superior gray—white matter differentiation compared with
T,-weighted sequences, allowing a clear delineation, for
example, of the head of the caudate nucleus from the lenticular
nucleus and of the cerebral cortex from adjacent white matter.
Newer sequences, such as magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE), allow for very short imaging
times and high anatomical resolution. Volumetric studies using
MPRAGE sequences with multiple thin slices are useful in
studies that quantify tissue atrophy. On T,-weighted images
from high field strength MRI systems (1.5 T and greater), the
lenticular nucleus is readily subdivided into the globus pallidus
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and putamen, with the former structure displaying reduced sig-
nal intensity as compared with the latter. This differentiation is
not present at birth but becomes evident within the first year or
two of life, gradually increasing through the first three decades.
The pallidal signal then remains relatively constant until the
sixth or seventh decade, after which the signal attenuation
becomes more prominent. Similar areas of reduced signal are
also seen in the midbrain (red nucleus and substantia nigra pars
reticulata), the dentate nucleus and, to a lesser extent, the puta-
men.

The prominent low-signal regions on T,-weighted images
correlate with sites of ferric iron accumulation as determined
in vitro by Perls’ Prussian blue stain (/). Tissue iron produces
alocal inhomogeneity in the magnetic field that dephases pro-
ton spins, resulting in signal loss and decreased T, relaxation
times (the T,* effect). This iron susceptibility effect is best
observed on heavily T,-weighted images (2,3). The T, changes
are related to the strength of the static magnetic field and are
not observed in normal individuals who are imaged with low
field strength systems. Itis important to note that gradient echo
sequences are much more sensitive to iron-induced suscepti-
bility changes than are the turbo spin echo (or fast spin echo)
sequences that have become the routine method for producing
T,-weighted images on many clinical magnets.

In the early days of clinical MRI, the anatomical detail evi-
dentin images of the midbrain led investigators to evaluate this
technology in patients with Parkinson’s disease (PD), in whom
the major neuropathological changes relate to neuronal loss
from the midbrain substantia nigra pars compacta. As noted
previously, T,-weighted images show a prominent low signal
area in the red nucleus and the substantia nigra pars reticulata,
structures which are separated by the substantia nigra pars
compacta. A narrowing, or smudging of this high signal zone
separating the red nucleus and the pars reticulata has been
reported in PD, consistent with the well-established pathologi-
calinvolvement in this area (4,5). However, conventional MRI
is not sufficiently sensitive at present to detect these changes in
routine clinical applications. Although nigral changes in PD
may be detected in population studies, technical factors, such
as slice thickness, partial volume averaging, and head position-
ing, make it difficult to define reproducible abnormalities in
individual patients in a structure as small as the substantianigra.
An alternative MRI approach to the study of midbrain pathol-
ogy has been reported recently. This approach uses two inver-
sion recovery pulse sequences, based on the hypothesis that
contrast in T{-weighted imaging depends mainly on the intra-
cellular space and that T;-weighted sequences are sensitive to
the changes in intracellular volume that occur with cell death
(6). One sequence is designed to suppress peduncular white
matter and the other to suppress nigral gray matter. These
investigators reported structural changes in the nigra with this
technique, even in the earliest cases of symptomatic disease.
Hu et al.reported that structural changes in the nigra of patients
with PD detected with inversion recovery sequences correlate
with measures of striatal dopaminergic function using
fluorodopa/positron emission tomography (PET; 7).

Conventional MRI is of value in helping to differentiate PD
from other neurodegenerative parkinsonian disorders. In pro-

gressive supranuclear palsy (PSP), MRI has been reported to
delineate atrophy of the midbrain with a dilated cerebral aque-
ductand enlarged perimesencephalic cisterns (8). Patients with
PSP have significantly decreased midbrain diameter than
patients with PD and control subjects (9). Atrophy of the rostral
midbrain tegmentum produces the “hummingbird sign” on
T,-weighted midsagittal images, possibly corresponding to
involvement of the rostral interstitial nucleus of the medial
longitudinal fasciculus, a structure involved in the control of
vertical eye movements (/0). Changes in the superior colliculus
also may correlate with the eye findings, which are prominent
in this condition (/7). Increased signal in periaqueductal
regions also may be seen, coincident with the neuropathologic
finding of gliosis in this region (/2). This technology is particu-
larly valuable in the differential diagnosis of PSP, with up to
33% of patients with the typical clinical presentation having
evidence of multiple cerebral infarcts on MRI (13). Typical
changes in a patient with PSP are illustrated in Fig. 1. In
corticobasal degeneration, decreased signal intensity in the
lenticular nucleus on T,-weighted images, ventricular enlarge-
ment, and asymmetrical cortical atrophy has been reported (/4).

Imaging changes in multiple system atrophy (MSA), which
help to differentiate this condition from PD, have been reported
(15—18). MSA typically is classified as a parkinsonian subtype
(MSA-P), previously known as striatonigral degeneration
(SND), and a cerebellar subtype (MSA-C), previously called
olivopontocerebellar atrophy. The most widely reported change
in MSA has been the presence, particularly on high field
strength instruments, of a low signal in the putamen on T,-
weighted images. A “slit-like void” in the putamen on T,-
weighted images (and to alesser degree on T-weighted images)
in patients with SND has been reported, which Lang et al. (19)
suggest is characteristic, if not pathognomonic, of this disor-
der. In this study, the MRI change correlated with the extent of
neuronal loss and gliosis and with the pattern of iron deposition
evident at autopsy. These authors and others (20) also reported
a high signal rim on the lateral border of the putamen in SND
on T,-weighted images. Wakai et al. (/8) reported in addition,
atrophy in the putamen correlating with the severity of parkin-
sonian symptoms. Kraftetal. (2/) have suggested that the com-
bination of dorsolateral putamenal low-signal with a
high-signal lateral rim is highly specific for MSA since it was
found in 9 of their 15 MSA patients but in none of their 65
patients with PD and none of their 10 patients with PSP. In
contrast, these authors found that putamenal low signal alone
did not exclude a diagnosis of PD. A distinctive pontine high-
signal abnormality, the “hot cross bun” sign, caused by a loss
of pontine neurons and myelinated transverse pontocerebellar
fibers with the preservation of the corticospinal tracts running
craniocaudally, has been reported in patients with MSA (22),
although it is now clear that this appearance is not specific to
this disorder (23). Typical changes in a patient with suspected
MSA-P are illustrated in Fig. 2. In olivopontocerebellar atro-
phy, MRImay show substantial atrophy of the cerebellar cortex
and pons, accompanied by marked enlargement of the fourth
ventricle (24).

Schrag et al. (25) studied the specificity and sensitivity of
routine MRI in differentiating atypical parkinsonian syn-
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Fig. 1. Axial (A) and sagittal (B) images showing midbrain atrophy
in PSP. Atrophy of the rostral midbrain tegmentum produces the
“hummingbird sign” evident on the sagittal image.

dromes. In this report, more than 70% of patients with PSP and
more than 80% of those with MSA-C could be classified cor-
rectly. In contrast, only approx 50% of patients with MSA-P
could be classified correctly.

Fig. 2. Axial images of the striatum and midbrain in the parkinsonian
subtype of MSA. T,-weighted images (A) suggest a “slit-like” void
with a high signal rim on the lateral border of the putamen, although
the changes are subtle. Gradient echo images (B) show a more definite
low-signal abnormality in the putamen. Pontine images (C, next page)
show the “hot cross bun” sign.

Three-dimensional volumetric measurements in PD, PSP,
and MSA have demonstrated normal striatal, cerebellar, and
brainstem volumes in PD but reduced mean striatal and
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Fig. 2. (continued)

brainstem volumes in patients with MSA and PSP (26). Those
with MSA also showed a reduction in cerebellar volume.
Although there was substantial overlap in volumetric measure-
ments between groups, a discriminant analysis demonstrated
effective discrimination of most of the MSA and PSP patients
from the normal and PD groups. This analysis, however, did not
separate PD patients from controls. The authors concluded that
MRI-based volumetry might provide a marker to discriminate
typical and atypical parkinsonism.

Voxel-based morphometry (VBM) recently has been applied
to avoid the biases often associated with region of interest-
guided volumetric measurements. VBM allows an objective,
unbiased, comprehensive assessment of anatomical differences
of gray and white matter throughout the brain, unconstrained
by arbitrary region of interest selection. In MSA-P, VBM
revealed selective cortical atrophy affecting primary and higher
order motor areas, such as the supplementary motor area and
anterior cingulate cortex (27). Not surprisingly, VBM revealed
a significant loss of cerebellar and brainstem volume in MSA-
C (28).

The analysis of serial MRI studies has been suggested (29)
as a technique that is capable of demonstrating a characteristic
pattern and progression of atrophy in a single patient with MSA
in whom pathological confirmation of diagnosis was subse-
quently available. In this study, T;-weighted volumetric scans
acquired at two points 14 mo apart were analyzed using a pre-
viously validated nonlinear matching algorithm to obtain a
voxel-by-voxel measure of volume change. The greatest rates
of atrophy were reported in the pons, middle cerebellar
peduncles, and the immediately adjacent midbrain and medulla.

Diffusion weighted imaging is a technique used to study the
random movement of water molecules in the brain. Diffusion

can be quantified by applying field gradients with varying
degrees of diffusion sensitization, allowing the calculation of
the apparent diffusion coefficient in tissue. Because the brain
is organized in bundles of fiber tracts, water molecules move
mainly along these structures, whereas diffusion perpendicu-
lar to the fiber tracts is restricted. Neuronal loss may alter the
barriers restricting diffusion and increase the mobility of
water molecules within the tissue architecture. In comparison
with PD patients and control subjects, patients with MSA-P
have been shown to have significantly higher apparent diffu-
sion coefficient values in the putamen, with complete dis-
crimination of MSA-P from PD based on these values (30).
Similar observations in comparison with controls have been
reported in patients with PSP, although the results indicate
that diffusion-weighted imaging does not differentiate PSP
from MSA-P (31).

Asthe above summary indicates, several different MRI tech-
niques have been applied to these studies. Because of the vari-
ability in technique and the small number of patients included
in most of these reports, further investigation is required to
determine which MRI methodologies provide the highest sen-
sitivity and specificity for the structural changes associated
with PD and related neurodegenerative disorders. Although
MRI may be of some benefit in differential diagnosis, it has not
yet surpassed the role of the clinical neurologist in identifying
these disorders.

MRI does play a major role, however, in the investigation of
parkinsonism that may occur secondary to various structural
brain lesions. Brain tumors may infiltrate or compress the basal
ganglia and brainstem or, by vascular compression, may pro-
duce relative basal ganglia ischemia, thereby causing parkin-
sonism. Involvement of premotor frontal cortex by tumor may
produce similar symptoms. Parkinsonism has been reported to
occur in association with normal pressure or obstructive hydro-
cephalus, subdural hematoma, or multiple infarcts. MRI has a
well-established role in the diagnosis of these disorders.

Focal basal ganglia lesions may also be demonstrated with
MRI in some metabolic or toxic disorders associated with par-
kinsonism. Low-signal changes on all pulse sequences typi-
cally are present in basal ganglia calcification associated with
idiopathic hypoparathyroidism or pseudohypoparathyroidism.
Bilateral symmetrical necrosis of the globus pallidus may be
evident in carbon monoxide (32) or cyanide poisoning (33) or
multiple other toxic/metabolic disorders (34).

3. QUANTITATIVE ESTIMATION OF REGIONAL
BRAIN IRON WITH MRI

The adult brain has a very high iron content, particularly in
the basal ganglia. Direct postmortem measurements have
shown nonheme brain iron to be very low throughout the brain
at birth but to increase gradually in most parts of the brain
during the first two decades of life (35). Brain iron concentra-
tion is maximal in the globus pallidus, substantia nigra, red
nucleus, caudate, and putamen. Abnormally elevated iron lev-
els are evident in various neurodegenerative disorders, includ-
ing PD, in which increased iron in the substantia nigra has been
reported (36,37). Laser microprobe studies indicate that iron
normally accumulates within neuromelanin granules of nigral
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neurons and that iron levels within these granules are signifi-
cantly increased in PD (38). Extended X-ray absorption fine-
structure experiments have shown that ferritin is the only
storage protein detectable in both control and parkinsonian
brain, with increased loading of ferritin with iron in PD (39).

Although ferritin in aqueous solution has a strong effect on
transverse relaxation times, these changes are much less promi-
nent in tissue. Estimation of transverse relaxation times in
patients with PD, using a 1.5-T whole-body imaging system,
showed reduced T, values in substantia nigra, caudate, and
putamen in PD patients as compared with healthy controls (40).
The decrease was small, however, and because of substantial
overlap between groups, the investigators were unable to dif-
ferentiate individual patients from controls with T, measure-
ments. Vymazal et al. (4/) reported nonsignificant T,
shortening in the substantia nigra in PD consistent with iron
accumulation. A more complex relationship between brainiron
changes and disease state in PD, however, was suggested by
Ryvlin et al. (42). These authors reported decreased T, in the
pars compacta of PD patients, regardless of disease duration,
but increased T, values in the putamen and pallidum in those
with duration of illness greater than 10 yr. In this study, puta-
men transverse relaxation time correlated positively with dis-
ease duration. Others have observed an imperfect correlation
between T, values and quantitative assays of iron and ferritin
(43). The lack of a more substantial T, difference between PD
and controls is not surprising because regional iron content is
only one of several determinants of transverse relaxation times
in tissue.

Several investigators have reported MR methods designed
to estimate iron content directly. Bartzokis et al. used the influ-
ence of the strength of the external magnetic field on ferritin-
induced T, changes to derive an index of regional tissue ferritin
levels (44). This method involves the measurement of trans-
verse relaxation rates in the same patient with two different
field strength instruments. Using this method, patients with
earlier-onset PD (onset before the age of 60) were suggested to
have increased ferritin in the substantia nigra, putamen, and
globus pallidus, whereas later-onset patients had decreased
ferritin in the substantia nigra reticulata (45). Others have
exploited the fact that paramagnetic substances, such as iron,
create local magnetic field inhomogeneities that alter trans-
verse relaxation times in the brain (46,47). We have developed
a method that quantifies the effects of paramagnetic centers
sequestered inside cell membranes, based on the interecho time
dependence of the decay of transverse magnetization caused by
local field inhomogeneities that are the result of intracellular
paramagneticions(47). Because the concentration of brain iron
is much greater than that of other paramagnetic ions, such as
manganese and copper, this method enables the estimation of
regional indices of brain iron content.

We used this technique to show a strong direct relationship
between age and both putamen and caudate iron content (48).
This age-related increase may increase the probability of free-
radical formation in the striatum, thereby representing a risk
factor for the development of disorders such as PD in which
nigrostriatal neurons may be affected by increased oxidant
stress, although it should be noted that iron bound to ferritin
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Fig. 3. Putamen iron content in PD and a patient with clinical diagno-
sis of the parkinsonian subtype of multiple system atrophy, expressed
as a function of disease severity based on the Schwab and England
activities of daily living score. The regression line and 95% contfi-
dence limits for inclusion in the PD group are indicated.

mightberelatively nonreactive and therefore unlikely to induce
tissue damage. We also have reported a significant increase in
iron content in the putamen and pallidum in PD and a correla-
tion with the severity of clinical symptomatology with more
severely affected patients having a higher iron content in these
structures (49). We have applied this methodology in stria-
tonigral degeneration and have shown an increase in putamen
iron content in this disorder, beyond the 95% confidence limit
for inclusion in the PD group, even when considering severity
of clinical symptomatology (50). Our observations are sum-
marized in Fig. 3. Using an alternate method developed by
Ordidge and colleagues (46), Gorell et al. reported an increase
in iron-related MR contrast in the substantia nigra in PD, with
a correlation between the increase and disease severity as indi-
cated by simple reaction time (57). Changes compatible with
increased nigral iron content also have been reported by Graham
et al. using a partially refocused interleaved multiple echo pulse
sequence at 1.5 T, although these investigators suggested
reduced iron content in the putamen (52).

In summary, the application of MRI methods to study
regional brain iron contentis in its infancy. Much further inves-
tigation is required to determine which techniques are best able
to provide quantifiable images that correspond to independent
measures of brain iron and to determine the sensitivity and
specificity of changes in basal ganglia iron content that might
be associated with PD and other neurodegenerative disorders.

4. MRS IN PARKINSONISM

MRS provides a noninvasive method of quantifying the
concentration of MR-visible metabolites in the brain. The tech-
nique is based on the general principle that the resonant fre-
quency of a specific metabolite depends on its chemical
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environment. Most clinical MRS studies have concentrated on
the metabolites visible with proton ('H) spectroscopy and mea-
sured in single, localized tissue volumes in the brain. The
metabolites of interest that can be most readily studied with 'H-
MRS at long echo times include N-acetyl aspartate (NAA),
creatine/phosphocreatine (Cr), and choline (Cho). Altered neu-
ronal membrane synthesis and degradation can produce
changes in Cho (53). NAA is contained almost exclusively
within neurons (54) and is therefore considered to act as an in
vivo marker of neuronal loss or dysfunction. Reduced regional
NAA concentration has been reported in conditions character-
ized by neuronal or axonal loss (55-59). Most frequently, NAA
measurements have been based on the regional NAA/Cr ratio.
The rationale for the use of the Cr resonance as the denominator
is based on the concept that creatine and phosphocreatine are in
chemical equilibrium and that the total concentration of both
compounds is expected to remain unchanged by neurodegen-
erative disease processes. Alternate methods are now available
for the measurement of metabolite concentrations, such as those
using water as an internal standard for calibration (60) and
those involving calibration to an external standard (61), which
should allow for a significant improvement of the quantitative
accuracy of '"H-MRS.

Several studies that used "H-MRS in PD have been reported,
reviewed by Davie (62) and systematically by Clarke and
Lowry (63). A large multicenter study of 151 patients with PD
showed no significant difference in either NAA/Cr or NAA/
Cho ratios between controls and patients who were not taking
levodopa (64). Other groups (65-67) have reported similar
results. Similarly, in a small study using absolute metabolite
quantitation, NAA, Cr, and Cho concentrations in PD did not
differ significantly from those in controls (68). Although no
significant difference was observed in the NAA/Cr ratio in
levodopa-treated patients with PD, Ellis et al. reported reduced
NAA/Cr in drug-naive PD patients compared with both the
treated PD group and with the control group (69). These authors
suggested that the reduced ratio in PD might reflect a functional
abnormality of neurons in the putamen that can be reversed
with levodopa treatment. Clarke and Lowry have reported a
significant decrease in the NAA/Cho ratio in PD because of an
increase in the absolute concentration of Cho unassociated with
a change in NAA concentration (70).

O’Neill et al. have recently reported a small study using
quantitative "H-MRS in which multiple tissue volumes were
assessed (71). This study applied more rigorous MR methodol-
ogy than previous studies, including tissue segmentation to
correct for varying gray and white matter content within the
voxel of interest in different patients and the use of spectro-
scopic imaging to provide more widespread sampling of mul-
tiple brain regions. Observations from this study included
decreased Cr concentration in the substantia nigra but normal
NAA and Cho levels, suggesting that the use of simple ratios
such as NAA/Cr may be misleading in PD. No differences in
NAA, Cr, or Cho content were observed between PD patients
and controls in either basal ganglia or multiple cortical vol-
umes. This study also reported that the volumes of putamen,
globus pallidus, and prefrontal cortical gray matter were sig-
nificantly reduced in PD vs. age-matched controls. A negative

correlation was observed between the volume of the substantia
nigra pars compacta and that of the other basal ganglia nuclei
in controls but not PD, although the volume measurements
were based on MRI sequences yielding a relatively low spatial
resolution. Cortical changes in PD have also been reported with
areduced NAA/Cr ratio in motor cortex (72) and in temporo-
parietal cortex (73), possibly related to impaired neuronal func-
tion resulting from a loss of thalamocortical excitatory input.

In contrast to the apparent lack of changes in PD with MR
spectroscopy, there does appear to be a significant reduction in
basal ganglia NAA concentration in MSA. Davie reported 'H-
MRS studies in the lentiform nucleus in controls and in patients
with PD and with clinically probable MSA (65). In MSA, there
was a significant reduction in absolute levels of NAA, particu-
larly in patients with the SND subtype of MSA, suggesting that
the spectroscopic measurement of NAA levels in the lentiform
nucleus may provide a clinically useful technique to help differ-
entiate MSA from PD. Federico et al. showed similar changes
in MSA (74). However, in a study using absolute quantitation of
metabolite concentrations, NAA was reported to be unchanged
in MSA (70).

Axelsonetal. have reported an alternate approach to the analy-
sis of spectroscopic data based on pattern recognition utilizing an
artificial neural network (75). Conventional data analysis in this
study showed no significant abnormalities in metabolite ratios in
PD, whereas trained neural networks could distinguish control
from PD spectra with considerable accuracy.

Several additional issues contribute to the variability of the
results observed in these spectroscopic studies. Most of the stud-
ies reported only a small number of patients, often with fewer
than 10 patients in each group. The patient groups themselves
have varied somewhat from study to study, with some patients
having early, untreated PD, and others having more advanced
disease that requires treatment. Variabilities in the MR tech-
nique itself, for example, in the choice of echo time, may lead
to heterogeneous results. Lastly, the high iron content in the
basal ganglia has a significant impact on the ability to obtain
reproducible high-resolution spectra from this region and may
impact on the accuracy of quantitative results extracted from the
spectra.

5. ENERGY METABOLISM IN PD

Although the etiology of PD is unknown, the possibility of
an underlying defect in mitochondrial metabolism has been
addressed in several biochemical studies (76). There is evi-
dence of reduced complex I activity in the substantia nigra in
PD, and Gu et al. have suggested that a mitochondrial DNA
abnormality may underlie this complex I defect in at least a
subgroup of PD patients (77). Studies in other tissues, however,
have produced conflicting results, perhaps in part because bio-
chemical studies involve removal of mitochondria from their
natural milieu, with consequent mechanical disruption and a
loss of normal control mechanisms. In contrast, MRS provides
the potential to study mitochondrial metabolism in vivo.

The rate of intracellular energy metabolism is reflected by
the ratio of inorganic phosphate (Pi) to phosphocreatine (PCr),
readily measured with 3'P-MRS. The measurement of this ratio
in resting muscle has been shown to be a useful diagnostic test
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for mitochondrial disease (78). Penn et al. have used 3'P-MRS
toinvestigate energy metabolismin muscle in patients with PD.
The Pi/PCr ratio was significantly increased in PD, suggesting
a small, generalized mitochondrial defect (79). Further studies
are needed to determine whether these changes are limited to a
clinically definable subset of parkinsonian individuals. 3'P-
MRS studies of brain have recently been reported in MSA and
PD (80). In these studies, patients with MSA showed signifi-
cantly increased Pi content and reduced PCr content, whereas
those with PD showed significantly increased Pi but unchanged
PCr, suggesting abnormal energy metabolism in both disorders.

The combination of 3'P-MRS and fluorodeoxyglucose/PET
has been used to suggest that temporoparietal cortical glyco-
lytic and oxidative metabolism are both impaired in non-
demented PD patients (87). These observations are consistent
with a previous report of temporoparietal cortical reduction in
NAA/Cr ratio in nondemented PD patients, which correlated
with measures of global cognitive decline independently of
motor impairment (73).

An alternate approach to study energy metabolism is with 'H-
MRS. Normal brain energy production is derived from the oxi-
dative metabolism of glucose by way of the Krebs cycle and,
ultimately, the electron transport chain. A defect at the level of
either of the two latter processes will result in decreased metabo-
lism of pyruvate through these pathways, and increased produc-
tion of lactate. Regional brain lactate concentrations can be
readily assessed with "H-MRS. For example, this methodology
has been used to demonstrate increased occipital lactate levels,
thereby suggesting impaired energy metabolism in Hunting-
ton’s disease (82). We have found similar changes in some but
not all patients with PD (W. R. W. Martin, unpublished obser-
vations), providing further evidence for the presence of a mito-
chondrial defect in this disorder. In contrast, however, Hoang
etal. (83) have reported normal energy metabolism in the puta-
men and in occipital and parietal lobes when using both 3'P- and
'"H-MRS in patients with PD.

6. FUNCTIONAL MRI IN PD

Motor activation studies provide a means to investigate the
regional cerebral mechanisms involved in motor control in
normal subjects and in patients with disorders affecting these
control systems. Typical fMRI experiments involve measure-
mentof regional blood oxygen level-dependent signal increases
associated with specific activation paradigms. These signal
changes occur as a result of the increased local cerebral blood
flow and altered oxyhemoglobin concentration associated with
neuronal activation. Functional MRI experiments have
extended our knowledge of disordered motor control systems,
based on the extensive previous experience obtained with PET/
motor activation studies in control subjects and in patients with
PD. PET studies have suggested that cortical motor areas, such
as the supplementary motor area (SMA), seem to be underac-
tive in akinetic parkinsonian patients (84,85), whereas other
motor areas, such as the parietal and lateral premotor cortex and
the cerebellum, appear to be overactive (86). In comparison
with PET, the application of MR-based methodology has
allowed for improvements in both spatial and temporal resolu-
tion in activation studies.

Sabatini et al. (87) compared the changes induced by a com-
plex sequential motor task performed with the right hand in six
PD patients in the “off” state to six normal subjects. In control
subjects, significant activation was seen in the left primary
sensorimotor cortex, the left lateral premotor cortex, bilateral
parietal cortex, the anterior cingulate cortex, and in the rostral
and caudal parts of the supplementary motor area SMA. In PD
patients, significant activation was seen bilaterally in primary
sensorimotor cortex (left more than right), in bilateral parietal
cortex, in cingulate cortex, and in the caudal but not the rostral
SMA. Between-group comparisons showed increased activa-
tion of the rostral SMA and the right dorsolateral prefrontal
cortex in controls, and increased activation of primary sen-
sorimotor cortex, premotor cortex, and parietal cortex bilater-
ally, as well as the cingulate cortex, and the caudal SMA in PD.
The decreased rostral SMA activation in PD is consistent with
previous PET studies (84,85 ) and is thought to reflect adecrease
in the positive efferent feedback from the basal ganglia-
thalamocortical motor loop due to striatal dopamine depletion.
The widespread increased activation in other motor areas also
is consistent with previous PET studies (86) and suggests an
attempt to recruit parallel motor circuits to overcome the func-
tional deficit of the striatocortical motor loops. The high reso-
lution of fMRI allowed the SMA to be subdivided into two
functionally distinct areas in this study with the rostral compo-
nent corresponding best to the decreased activation noted on
previous PET studies (87).

Event-related fMRI directly reflects signal changes associ-
ated with single movements, thereby avoiding the problem of
a prolonged acquisition time, which may confound data by
invoking cerebral processes unrelated to movement. Haslinger
etal. (88) used this technique to study cerebral activation asso-
ciated with single joystick movements in controls and in PD
patients, both in the akinetic “off” state, and again in the “on”
state after taking levodopa. Control subjects activated primary
sensorimotor and adjoining cortex, as well as the rostral SMA.
Patients in the “off” state showed significant underactivity in
rostral SMA, as well as increased activation in primary motor
and lateral premotor cortex bilaterally. These results are similar
to those reported in the previous block design fMRI study
described by Sabatini et al. (87). In the “on” state, there was
relative normalization of the impaired activation in the rostral
SMA and of the increased activation in primary motor and
premotor cortices. This event-related study provides an
example of the exquisite sensitivity that can be achieved with
fMRI, sufficient to demonstrate the metabolic/hemodynamic
changes associated with the neuronal activity involved in gen-
erating a single voluntary movement.

7. SUMMARY AND CONCLUSIONS

At present, conventional MRI shows no convincing struc-
tural changes in PD itself, but it may be useful in helping to
distinguish PD from other neurodegenerative parkinsonian
syndromes and from the occasional case of parkinsonism sec-
ondary to a focal brain lesion. MRS also may provide useful
information in distinguishing PD from disorders such as MSA.

The general field of MRI and MRS is evolving rapidly, and
there are a number of areas in which we can expect new devel-
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opments to provide relevant information. Novel pulse sequences
may provide more information regarding substantia nigra
pathology in PD. The use of MR as a tool to measure regional iron
concentrations should provide more information regarding the
relationship between iron accumulation and parkinsonian symp-
toms. MRS provides a sensitive tool for the researcher to inves-
tigate in vivo the possible contribution of abnormalities in brain
energy metabolism to the pathogenesis of PD. MRS also allows
the assessment of other metabolite changes in PD, for example,
providing for the evaluation of the potential importance of
changes in regional brain glutamate content. Lastly, fMRI pro-
vides the potential to evaluate, in a noninvasive fashion, the role
played by the basal ganglia in motor control and in cognition in
normal individuals as well as in PD.
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2 Positron Emission Tomography
and Single-Photon Emission Tomography
in the Diagnosis of Parkinson’s Disease

Differential Diagnosis From Parkinson-Like

Degenerative Diseases

PAUL D. ACTON, PhD
SUMMARY

Parkinsonian symptoms are associated with a number of
neurodegenerative disorders, such as Parkinson’s disease,
multiple system atrophy, and progressive supranuclear palsy.
Positron emission tomography (PET) and single-photon emis-
sion tomography (SPECT) now are able to visualize and quan-
tify changes in cerebral blood flow, glucose metabolism, and
neurotransmitter function produced by parkinsonian disorders.
Both PET and SPECT have become important tools in the dif-
ferential diagnosis of these diseases and may have sufficient
sensitivity to detect neuronal changes before the onset of clini-
cal symptoms. Imaging is now being used to elucidate the
genetic contribution to Parkinson’s disease and in longitudinal
studies to assess the efficacy and mode of action of neuro-
protective drug and surgical treatments.

Key Words: Imaging; Parkinson’s disease; multiple sys-
tem atrophy; progressive supranuclear palsy; essential tremor;
differential diagnosis; positron emission tomography (PET);
single-photon emission tomography (SPECT); dopamine trans-
porter; dopamine receptor; cerebral blood flow; cerebral glu-
cose metabolism.

1. INTRODUCTION

The differential diagnosis of the various parkinsonian disor-
ders based on clinical symptoms alone is difficult (/-3). Clini-
cal criteria for the diagnosis of Parkinson’s disease (PD) provide
high sensitivity for detecting parkinsonism but show poor speci-
ficity for identifying brainstem Lewy body disease or for dif-
ferentiating atypical and typical PD (4). Tremor is a classic
feature of PD, although this can also be found in patients with
progressive supranuclear palsy (PSP) and multiple system
atrophy (MSA). Similarly, a general criterion for diagnosing
PDis a good, sustained response to levodopa (L-dopa) therapy,
although, again, this also is found in some patients with MSA

From: Bioimaging in Neurodegeneration
Edited by P. A. Broderick, D. N. Rahni, and E. H. Kolodny
© Humana Press Inc., Totowa, NJ.

13

and dopa-responsive dystonia. Indeed, some post mortem his-
topathological studies have shown that as many as 25% of all
patients who were diagnosed with PD before death had been
misdiagnosed (7,2). Detecting preclinical disease by using bio-
chemical markers for neurodegeneration has not been success-
ful. Familial PD sometimes exhibits a mutation of the
a-synuclein gene, but this cannot be used as a genetic marker
for the majority of cases because the pathogenesis is rarely
related to genetic mutation. These observations have contrib-
uted to the motivation for developing objective neuroimaging
techniques that can differentiate between these disorders.

Structural changes induced by parkinsonian diseases are
generally small and often only evident when the disease is in an
advanced stage. Consequently, the diagnostic accuracy of ana-
tomical imaging modalities (e.g., magnetic resonance imaging
[MRI]) in neurodegenerative disorders is poor (5). Preceding
changes in brain morphology, alterations in the way the brain
consumes glucose, or disruptions in regional cerebral blood
flow (rCBF) may provide useful indicators of neuro-
degeneration. However, it is likely that changes in neurotrans-
mitter function, most notably in the dopaminergic system, will
become evident long before structural, metabolic, or blood flow
variations.

In general, positron emission tomography (PET) and single-
photon emission tomography (SPECT) imaging have provided
a better platform for the diagnosis of parkinsonian disorders
than MRI. Functional imaging of neurodegenerative disease
with PET and SPECT has followed two main paths; studies of
blood flow and cerebral metabolism to detect abnormal tissue
functioning or imaging of the dopaminergic neurotransmitter
system to study the loss of dopamine neurons.

2. IMAGING BLOOD FLOW AND METABOLISM

PET studies of cerebral glucose metabolism have used the
glucose analog ['8F]fluorodeoxyglucose (['®F]FDG), whereas
radioactive water (H,'°0), and the SPECT tracers *™Tc-
hexamethylpropylene amine oxime (*"Tc-HMPAO) and
9mTc-ethylcysteinate dimer (**™Tc-ECD) are markers of cere-
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bral blood flow and perfusion. Striatal glucose metabolism and
perfusion are generally found to be normal in PD (6-10),
although some studies have demonstrated an asymmetry of stri-
atal metabolism (/7). Interestingly, atypical parkinsonian dis-
order has been differentiated from idiopathic PD by the
appearance of striatal metabolic abnormalities in the atypical
group (12), which may provide a useful adjunct to routine clini-
cal examination. Many studies have shown more global corti-
cal hypometabolism or hypoperfusion or a loss of posterior
parietal metabolism with a pattern similar to that observed in
Alzheimer’s, and other neurodegenerative diseases (8,9,13—
18). Others have used the differences in regional metabolism or
rCBF to discriminate between PD and MSA (10,19) or PSP
(20). Studies of blood flow and glucose metabolism in patients
with pure Lewy body disease with no features of Alzheimer’s
disease have consistently shown biparietal, bitemporal
hypometabolism, a pattern that was once thought to represent
the signature of Alzheimer’s.

Imaging studies of glucose metabolism and CBF have shown
important changes concomitant with degeneration in cognitive
performance or autonomic failure (2/-25). Although blood
flow studies have shown a poor correlation with laterality in
hemi-Parkinson’s patients (26), there are clearly dramatic
changes in CBF and glucose metabolism resulting from cogni-
tive impairment (/8,27-29). This is similar in detail to patients
with other neurodegenerative disorders, such as Alzheimer’s
disease and dementia with Lewy bodies (30), but may be useful
to distinguish vascular parkinsonism (37). Interestingly,
patients with gait disorders generally exhibit an internal verbal
cue to compensate for the loss of control in the motor cortex
(32). Blood flow PET imaging also has been used to study the
effects of novel therapies, such as Voice Treatment, on the
reorganization of brain function to compensate for motor dys-
function (33). Studies of blood flow and metabolism have
indicated conflicting results when the on- and off-dopamine
replacement therapy conditions are compared. Both reduced
(11,18,34) and normal (35,36) regional glucose metabolism
and rCBF have been reported after L-dopa treatment.

Recent advances in image analysis, using the voxel-based
statistical techniques, such as statistical parametric mapping
(37,38), may provide greater accuracy in detecting focal
changes in rCBF. These techniques compare changes in rCBF,
voxel-by-voxel, or in glucose metabolism to identify regions of
statistically significant differences. Although statistical para-
metric mapping has found important applications in studies of
blood flow and metabolic changes in neurodegenerative dis-
ease (39,40), it is limited to the comparison of groups of sub-
jects, rather than the diagnosis of individuals. Other statistical
methodologies have been developed to attempt to automate the
diagnosis of patients with PD and other parkinsonian disorders,
based on scans of individual subjects (41,42).

3. IMAGING THE DOPAMINERGIC SYSTEM

In general, the diagnostic accuracy of CBF and glucose
metabolism in differentiating neurodegenerative disorders is
relatively poor in comparison with direct imaging of the dopam-
inergic nigrostriatal pathway (20). Early PET studies of the
nigrostriatal pathway used the uptake of 6-['8F]fluoro-1-3,4-

dihydroxyphenylalanine (['8F]fluorodopa) as a measure of the
integrity of dopamine neurons (43,44). ['8F]fluorodopa mea-
sures changes in aromatic L-amino decarboxylase activity,
which is dependent on the availability of striatal dopaminergic
nerve terminals and is proportional to the number of dopamine
neurons in the substantia nigra (45).

Quantitative parameters associated with ['8F]fluorodopa
uptake, such as the striatal-to-background uptake ratio, and the
influx rate constant, have been shown to be useful indicators of
dopaminergic degeneration in PD and other syndromes (46—
67). Indeed, ['®F]fluorodopa and PET are often regarded as the
“gold standard” in the detection of dopamine neuronal loss
(68), although the contributions from SPECT imaging, and
other direct measures of the dopaminergic binding sites, both
pre- and postsynaptic, are increasing (55,56,69—71). The analy-
sis of ['®F]fluorodopa PET studies is known to have a number
of serious potential problems. ['3F]fluorodopa is metabolized
into a number of diffusible and nondiffusible labeled metabo-
lites (['®F]3-0O-methyl-fluorodopa (30MFD) in peripheral
and brain tissue, and ['®F]dopamine (FDA), ['®F]3-4-dihydro-
xyphenylacetic acid (FdopaC), and ['®Flhomovanillic acid in
brain tissue). A furtherissue with the distribution of ['8F]fluoro-
dopa in PET scans is the kinetic rate constants tend to disagree
with in vitro measurements by a large factor (up to 10 times
lower) (72-76). Despite the fact that in vivo measurements of
the decarboxylation rate, k3, gave values considerably lower
than in vitro measurements, it has been concluded that k5 accu-
rately reflects striatal aromatic L-amino decarboxylase activity
in vivo with ['®F]fluorodopa PET (75,76). Other technical con-
siderations, which are common to all PET and SPECT imaging
techniques, include partial volume effects (62), which decrease
the apparent striatal uptake of these tracers due to the limited
resolution of the scanner.

Direct measurements of dopamine transporter binding sites
are possible with ['!C]cocaine (77), or the cocaine analogs 2[3-
carbomethoxy-3B3-[4-iodophenyl] tropane (B-CIT) and N-®-
fluoropropyl-2f-carbomethoxy-3p3-[4-iodophenyl] tropane
(FP-CIT), labeled with either '8F or ''C for PET or %I for
SPECT (78-80). Other dopamine transporter ligands include
N-[3-iodopropen-2-yl]-23-carbomethoxy-3B-[4-chlorophenyl]
tropane (['231]IPT) (81), its 4-fluorophenyl analog ['>*T]altropane
(82),2B-carbomethoxy-3B-[4-fluorophenyl] tropane ([''C]CFT)
(83), and [''C]d-threo-methylphenidate (84). Of particular
importance is the recent development of the first successful
99mTc-labeled dopamine transporter ligand, *°™Tc-Techne-
tium[2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo[3.2.1]
oct-2-yl]-methyl](2-mercaptoethyl) amino]-ethyl] amino]
ethane-thiolato-N2,N2',52,52'] oxo-[1R-(exo-ex0)] (°*™Tc-
TRODAT-1) (85, 86). Because *™Tc is so much more widely
available and less expensive than '21, this new tracer could
move imaging of the dopaminergic system from a research
environment into routine clinical practice, particularly with
simplified imaging protocols (87).

Several tracers exist for imaging postsynaptic dopamine D2
receptors, using radioactively labeled dopamine receptor
antagonists. The most widely used for SPECT include S-(-)-3-
iodo-2-hydroxy-6-methoxy-N-[(1-ethyl-2-pyrrolidinyl) methyl]
benzamide (['ZT]IBZM) (88-90), S-5-iodo-7-N-[(1-ethyl-2-
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Fig. 1. Transaxial slice at the level of the striatum showing uptake of
9mTc-TRODAT-1 in dopamine transporters in a normal healthy vol-
unteer. Good uptake is seen in the caudate nucleus and putamen, with
background activity throughout the rest of the brain. Image courtesy
of Dr. Andrew Newberg, University of Pennsylvania. See color ver-
sion on Companion CD.

Fig. 2. Uptake of ®"Tc-TRODAT-1 in the striatum of a patient with
mild Parkinson’s disease shows bilateral decrease in tracer concentra-
tion, particularly in the putamen, indicating a loss of dopaminergic
neurons in these brain regions. Image courtesy of Dr. Andrew
Newberg, University of Pennsylvania. See color version on Compan-
ion CD.

pyrrolidinyl) methyl] carboxamido-2,3-dihydrobenzofuran
(['®I]IBF) (91,92), S-N-[(1-ethyl-2-pyrrolidinyl) methyl]-5-

Fig. 3. A patient with hemi-PD exhibits a unilateral decrease in the
uptake of " Tc-TRODAT-1 in the side contralateral to clinical symp-
toms, most severely in the putamen. Although the clinical symptoms
are confined to one side of the body, there also is reduced tracer uptake
in the ipsilateral side, indicating a preclinical reduction in dopamin-
ergic neurons, and demonstrating the sensitivity of imaging tech-
niques for measuring dopaminergic dysfunction before clinical
symptoms become apparent. Image courtesy of Dr. Andrew Newberg,
University of Pennsylvania. See color version on Companion CD.

iodo-2,3-dimethoxybenzamide (['>*I]epidepride) (93,94) and for
PET include S-(-)-3,5-dichloro-N-[(1-ethyl-2-pyrrolidinyl)]
methyl-2-hydroxy-6-methoxybenzamide (['!C]raclopride) (95)
and [''C] or ['®F]N-methylspiroperidol (96,97).

PET and SPECT studies of radiotracer binding to postsyn-
aptic dopamine receptors and presynaptic dopamine transport-
ers have proved to be powerful techniques for quantifying the
loss of dopaminergic neurons in normal aging (98-107), PD
(67,108-162) and other neurodegenerative disorders (48,
143,163—184). Studies of neuronal degeneration associated
with the effects of normal aging have indicated that, whereas
dopamine transporter concentrations decrease as a natural con-
sequence of aging, the changes are small compared with the
effects of disease (106) (Fig. 1). PET and SPECT studies have
indicated a consistent pattern of dopaminergic neuronal loss in
PD, usually with more pronounced depletion in the putamen
rather than in the caudate (Fig. 2). In addition, there is fre-
quently a marked asymmetry, particularly in the early stages
of the disease (Fig. 3), and a good correlation with symptom
severity (1/14,161)andillness duration (/52). Most importantly,
imaging studies may be sensitive enough to detect very early
PD (4,61,115,123,130,141,185-189), perhaps even before
clinical symptoms become apparent.

Characteristically, PD begins with unilateral symptoms of
motor deficit, which gradually progress bilaterally over time.
Studies of patients with early hemi-PD have shown that, despite
the subject exhibiting only one-sided clinical symptoms, the
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PET and SPECT findings demonstrated bilateral decreases in
tracer binding, with a greater reduction in the side contralateral
to the clinical signs (41,115,123,190,191). The ability of PET
and SPECT to detect presymptomatic PD may have important
consequences for the screening of familial PD (187,188,192).
PET and SPECT studies of parkinsonian kindreds have impli-
cated a genetic foundation for familial PD, including mutations
in the parkin gene. Hereditary parkinsonism has been detected
in asymptomatic relatives with heterozygous parkin mutations,
using imaging to determine the extent of neuronal damage
(187,193-196).Indeed, PET and SPECT imaging of the dopam-
inergic system is able to demonstrate presynaptic dysfunction
in asymptomatic relatives, which is fully compatible with early
parkinsonism (/87). Even subjects with apparently normal
alleles exhibited reduced dopaminergic function on imaging,
indicating a preclinical disease in these subjects that is likely to
progress to full PD (187). The same features were observed in
asymptomatic twins, both monozygotic and dizygotic, of a sib-
ling with parkinsonism (/88).

Although most of the PET and SPECT imaging studies have
shown highly significant differences between groups of
Parkinson’s patients and age-matched normal controls, the sta-
tistically significant differential diagnosis of an individual sub-
ject is more problematic. Patients with severe PD are easily
separated from healthy controls even by simple visual inspec-
tion of striatal images, quantified using some form of discrimi-
nant analysis (122,126,150,152,164,186,197)possessing a
sensitivity and specificity close to 100% in the proper clinical
setting. The differentiation between PD and vascular parkin-
sonism (/73,182) and between PD and drug-induced parkin-
sonism (/33) also appears possible using imaging of the
dopaminergic system. However, patients presenting much ear-
lier in the course of the disease are more difficult to detect, with
potentially significant overlap with an age-matched control
group (185,198) and consequential loss of diagnostic accuracy.
The situation may be further complicated if the early differen-
tial diagnosis between several neurodegenerative disorders is
required. Many of the symptoms associated with parkinsonian
disorders are nonspecific, which is why the accurate clinical
diagnosis of these diseases is difficult. Studies have shown
little difference between radiotracer binding to dopamine trans-
porters in patients with PD, MSA, or PSP (164,166) (Fig. 4).
Based on current methods of analysis, it appears that the detec-
tion of early PD, or the differential diagnosis between various
neurodegenerative disorders, may not be possible in individual
cases based on imaging of a single neurotransmitter system
alone (/21). Interestingly, progress on the differential diagno-
sis of PD and other parkinsonian disorders may come from PET
and SPECT imaging outside the brain. Recent studies of the
functional integrity of postganglionic cardiac sympathetic neu-
rons, using [’ I]MIBG or [''C]HED, have indicated a distinct
difference between cardiac autonomic dysfunction in patients
with PD and those with MSA (199,200).

4. MULTIMODALITY AND MULTITRACER STUDIES

Therelative merits of anatomical and functional imaging have
been combined in some studies utilizing either several different
radiotracers or data from both MRI/PET or SPECT. Regional

glucose metabolism has been studied in parkinsonian disorders
with ['8F]FDG and PET, and the data combined with striatal
['®F]fluorodopa uptake measurements to give an improved diag-
nostic indicator, and a better understanding of the underlying
disease processes (19,51,59,201). However, it should be noted
that the improvement was relatively small over the good predic-
tive capabilities of ['8F]fluorodopa by itself in these patient
groups. Some studies have used the complementary information
coming from structural MRI and functional ['8F]FDG PET in
distinguishing between control subjects and patients with MSA
(53,202-205),in whom both focal MRI hypointensities, changes
in striatal and midbrain size, and reduced glucose metabolism
occurred on the side contralateral to clinical symptoms. Mag-
netic resonance spectroscopy adds an important new probe to
complement functional PET and SPECT imaging studies (204).
Other studies have combined data from MRI and postsynaptic
dopamine receptor concentrations using ['>*I]IBZM and SPECT,
giving useful information on the involvement of multiple brain
regions in PSP (206) and MSA (207).

However, the greatest discrimination between various
neurodegenerative disorders may be found using PET or
SPECT imaging of both pre- and postsynaptic dopaminergic
function (116,121,208). A study of ['Z*I]B-CIT and ['Z*T]IBZM
binding in patients with early PD showed marked unilateral
reductions in dopamine transporters measured by ['2*1]3-CIT
concomitant with elevated dopamine D2 receptor binding of
['Z1]IBZM (209). Recent SPECT studies investigating pre-
and postsynaptic dopamine binding sites in the differential
diagnosis of PD, MSA, and PSP have shown promising results,
with a reduction in dopamine transporter availability in all dis-
eases, and some discrimination between disorders in the pat-
tern of dopamine D2 receptor concentrations (/42,210,211)
(Fig. 5). Similar results were observed in PET studies of early
Parkinson’s patients, where striatal ['®F]fluorodopa uptake was
reduced and [!'C]raclopride binding was upregulated, with the
degree of increase in dopamine receptor binding inversely pro-
portional to disease severity (47,53). These studies also used
['®F]FDG imaging of the same patients to determine the opti-
mum combination of neuroreceptor function and glucose
metabolism to differentiate between healthy controls and patients
with PD (47) or MSA (48,53). The results suggest that striatal
['®F]FDG and particularly [''C]raclopride are sensitive to stri-
atal function and may help with the characterization of patients
with MSA, whereas ['8F]fluorodopa can accurately detect
nigrostriatal dopaminergic abnormalities consistent with parkin-
sonian disorders. Other parkinsonian syndromes, such as Wilson
disease, a disorder related to copper deposition, have been stud-
ied using imaging and demonstrate a significant decline in
dopaminergic function, both pre- and postsynaptic, that can be
differentiated from idiopathic PD (770).

SPECT imaging of both pre- and postsynaptic dopamine bind-
ing sites simultaneously has now been performed in nonhuman
primates, using ™ Tc-TRODAT-1 and ['>*I]IBZM or ['ZI]IBF,
separating the two radiotracers based on their different energy
spectra (212,213). The possibility of simultaneously imaging
both dopamine transporters and D2 receptors in neurodegenera-
tive disorders is an exciting prospect, providing a unique probe
in the investigation and diagnosis of these diseases.
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PD
(advanced)

Fig. 4. Presynaptic dopamine transporter imaging with SPECT and ['>*I]JFP-CIT, used to distinguish between disease with and without
nigrostriatal deficit. Whereas neurodegenerative parkinsonian syndromes such as PD, MSA, and PSP present with compromised dopamine
terminal function, illnesses without involvement of those terminals (e.g., essential tremor [ET]) present with normal findings. Images courtesy
of Prof. Klaus Tatsch, University of Munich. See color version on Companion CD.
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Fig. 5. Postsynaptic dopamine D2 receptor imaging with ['2)[]IBZM SPECT used to distinguish between PD and atypical parkinsonian
syndromes. PD patients present with normal or increased D2 receptor binding suggesting preserved or upregulated postsynaptic receptors,
whereas in atypical parkinsonian syndromes (e.g., MSA) D2 receptor binding is reduced, reflecting degeneration of postynaptic receptor
binding sites. Presynaptic terminal function, measured with ['>*I]JFP-CIT SPECT, is compromised in both PD and atypical parkinsonian
syndromes. Images courtesy of Prof. Klaus Tatsch, University of Munich. See color version on Companion CD.

5. IMAGING OTHER
NEUROTRANSMITTER SYSTEMS

Although mostimaging studies have investigated the effects
of parkinsonian disorders on the dopaminergic system, neuro-
pathologic and biochemical studies suggest that serotonin neu-
rons also are affected by the disease process (274). The integrity
of serotonin neurons in the midbrain region can be studied
using the SPECT tracer ['2*I]B-CIT (215,216). Although this
radioligand is more commonly associated with measurements
of the dopamine transporter, it also binds with high affinity to
the serotonin transporter. However, owing to the high concen-
tration of dopamine transporters in the striatum, imaging of the
serotonergic system with this tracer is limited to the midbrain
(217). Despite these technical difficulties, studies suggest that

dopamine and serotonin transporters are differentially affected
in PD, and serotonin transporters in the midbrain region may not
be affected in relatively early stages of PD (218,279). In later
stages of the disease, serotonin transporters are reduced in tha-
lamic and frontal areas of the brain and correlate with scores of
disease severity (139). Indeed, others have demonstrated that
dysfunction in the serotonin system is closely related to the neu-
ropsychiatric symptoms of PD, whereas the dopaminergic sys-
tem correlates more with motor deficits (220). This is not
unexpected, because the serotonin transporter is a well-known
target for antidepressant drugs (221 ). However, the role of imag-
ing the serotonin system in the differential diagnosis of parkin-
sonian disorders is still unclear and may obtain a more promin ent
position using the more selective serotonin transporter PET and
SPECT ligands that have been developed recently (222-230).
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6. CONCLUSION

There are a large number of imaging techniques that can be
used to attempt to differentiate between the various
neurodegenerative disorders. Taken in isolation, many of them
can diagnose parkinsonian disorders with some success. How-
ever, the diagnosis at an early stage in the progression of each
disease, possibly even before clinical symptoms have become
apparent, is much more difficult and may require multiple
imaging modalities or combinations of tracers. The widespread
availability of SPECT imaging, perhaps combined with newer
and less expensive tracers, may lead to the routine implemen-
tation of SPECT scanning in the diagnosis of parkinsonian
disorders.
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3 Positron Emission Tomography
in Parkinson’s Disease

Cerebral Activation Studies and Neurochemical
and Receptor Research
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SUMMARY

The development of positron emission tomography (PET)
and the use of radiotracers designed for the study of cerebral
blood flow and metabolism have provided new insights into
central nervous system function in vivo. Particularly in the case
of Parkinson’s disease, different approaches have permitted a
broader understanding of dopaminergic neurotransmission and
the changes that take place during the progressive loss of
dopaminergic neurons of the substantia nigra. In this chapter,
we review physiological aspects of dopamine metabolism, as
well as the patterns of alterations observed in Parkinson’s dis-
ease and related forms of parkinsonism. Studies of cerebral
metabolism during performance of motor behaviors and
insights derived from imaging into the complications of long
term levodopa treatment (fluctuations and dyskinesias) will
also be considered.

Key Words: Positron emission tomography; Parkinson’s
disease; parkinsonism; dopamine; dopamine receptors.

1. INTRODUCTION

Positron emission tomography (PET) is an invaluable tool
for in vivo assessment of central nervous system (CNS) func-
tioning. Based on chemical, pharmacokinetic, and pharmaco-
dynamic properties of radioligands administered before image
acquisition, as well as different modes of scanning, PET pro-
vides the ability to study regional activation status, cerebral
blood flow (CBF; ref. 1), and neurotransmission. This wide
array of functional techniques has disclosed new perspectives
in the understanding of neurological disease, particularly in the
field of neurodegenerative diseases and movement disorders
(2). In Parkinson’s disease (PD), such functional studies are
establishing the connection between the knowledge of pathol-
ogy and neurochemistry with recent observations of neurotrans-
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mitter metabolism and patterns of regional cerebral activation,
as well as their relationship to treatment and evolving disease.
In this chapter, we will highlight the most important appli-
cations of PET with respect to the normal control of movement
by the basal ganglia (BG) and alterations found in the chronic
state of dopamine depletion that characterizes PD and, to a
lesser extent, other parkinsonian syndromes. For this purpose,
the dopamine system in normal and abnormal conditions, syn-
aptic alterations throughout the course of PD, and the constel-
lation of findings downstream in the cortico-striatal-pallidal-
thalamic-cortical (CSPTC) loop will be reviewed.

2. THE DOPAMINE SYSTEM

In the CNS, dopamine (DA) is synthesized by neurons of the
pars compacta of the substantia nigra (SNc) and the ventral
tegmental area (VTA) in the midbrain. The aromatic amino
acid tyrosine is converted to DA by means of two reactions: the
first one, involving tyrosine—hydroxylase, the rate-limiting
enzyme in this pathway, converts tyrosine into L-3,4-
dihydroxyphenylalanine (L-dopa). The second reaction is
mediated by aromatic L-amino acid decarboxylase (AADC)
and transforms L-dopa into DA, which constitutes approx 80%
of all catecholamines (CAs) in the brain (3). Whereas AADC
is not thought to be rate limiting for DA synthesis in the normal
brain, the situation may be different in PD. DA is packaged via
the vesicular monoamine transporter (VMAT?2) in synaptic
vesicles in concentrations up to 1000 times higher than in
cytosol, until release from dopaminergic terminals after an
action potential. The membrane dopamine transporter (DAT)
is responsible for DA reuptake into presynaptic terminals and
is one of the main determinants of DA extracellular concentra-
tions in the normal brain. The remaining DA in the synaptic
cleft is converted into homovanillic acid by cathecol-c-
methyltransferase (COMT) and monoamine oxidase (4).

Four main pathways distribute DA throughout the CNS: (1)
nigrostriatal; (2) mesolimbic; (3) mesocortical; and (4)
tuberoinfundibular. The first three are of neurological interest
and the last has endocrine functions. The nigrostriatal pathway
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projects from the SNc to the dorsal caudate and putamen. The
mesolimbic and mesocortical pathways project from the VTA
to the telencephalon: the mesolimbic division to the nucleus
accumbens (ventral striatum), olfactory tubercle, and limbic
system; the mesocortical pathway to the frontal cortex (3). The
heterogeneity of DA input to the striatum forms the patho-
physiological basis for the anteroposterior pattern of putaminal
DA denervation in PD discussed in Section 4.2.

Dopamine receptors are G protein-coupled structures, origi-
nally divided into two classes based on their effect on adenylyl
cyclase. The D1-like class encompasses D1 and D5 receptors
(3), which are positively linked to adenylyl cyclase and are
thought to have a predominantly excitatory effect (5). D1
receptors are predominantly postsynaptic and are found in the
striatum, substantia nigra pars reticulata (SNr), nucleus
accumbens, olfactory tubercle, cerebral cortex, amygdala, and
subthalamic nucleus (6). There is, therefore, a dense population
of D1 receptors on the terminals of striatonigral projection
neurons (7,8). Receptors of the D2-like class exert a negative
influence over adenylyl cyclase. Their subtypes—D2, D3, and
D4—nhave inhibitory activity and may be pre- or postsynaptic.
D2-like receptors are expressed in the striatum, olfactory
tubercle, nucleus accumbens, SNc¢, and VTA.

Within the striatum, the input nucleus of the CSPTC loop,
two subsets of neurons can be distinguished, based on their DA
receptor characteristics: the first one has mainly D1 receptors
and co-expresses GABA, substance P, and dynorphin, giving
rise to the inhibitory direct pathway to the output nuclei internal
globus pallidus (GPi) and SNr. The second population is mostly
inhibited by DA via D2 receptors, giving rise to the indirect
pathway that, in association with enkephalin, ultimately leads to
increased GPi/SNr activity (9). It should be noted that, for the
purposes of the study of PD and its relationship with different
PET patterns, the D1 and D2 receptors will be mainly consid-
ered.

3. PET SCAN PATTERNS
IN MOVEMENT CONTROL

3.1. ACTIVATION AND REGIONAL CBF PATTERNS
IN NORMAL INDIVIDUALS AND IN PD

The classical view of the basal ganglia function under normal
circumstances is that of a structure in which five separate parallel
circuits, under dual control by the direct and indirect pathways,
subserve specific areas of the neocortex. These segregated path-
ways thus process cortical information from the supplementary
motor area (SMA) and premotor cortex (PMC); dorsolateral
prefrontal cortex (DLPFC); lateral orbitofrontal cortex; anterior
cingulate area; and oculomotor cortex. Their role seems to be the
activation of cortical areas mediating motor, oculomotor, or
cognitive behaviors, as well as alternating the focus of attention
towards novel and rewarding extrapersonal stimuli (70).

Since the introduction of regional CBF (rCBF) and activa-
tion studies with PET, it became possible to analyze cortical
and subcortical patterns during motor performance. Therefore,
either rCBF PET with H,'%0 to detect changes in local blood
delivery during performance of motor or cognitive tasks or
glucose metabolism with '8F-fluorodeoxyglucose ('®F-FDG)
can be used.

Several interrelated aspects of limb movement have been
investigated by means of specific paradigms. Jenkinsetal. (/7)
studied changes in rCBF related to movement frequency in six
right-handed normal subjects moving a joystick with freely
selected directions and found focal activation related to
increasing speed in posterior SMA, bilateral lateral PMC, con-
tralateral sensorimotor cortex, and ipsilateral cerebellar hemi-
sphere and vermis (/7). Also, from the Hammersmith group, a
study of H,'>0O rCBF evaluated patterns of cortical-subcortical
activation during performance of a prelearned sequence of
unimanual finger movements at a constant pace. The authors
observed that progressive complexity of the task was positively
correlated with regional increases in rostral SMA,
pallidothalamic loop (bilateral pallidal and contralateral thala-
mus), right precuneus (Brodmann area 7), and ipsilateral PMC
(ref. 12) . Dettmers et al. (13) evaluated the neural correlate of
strength of finger movement by means of H,'>O PET scan. In
their study, increasing force of right index finger flexion in six
right-handed subjects was related to increases of rCBF in pri-
mary sensorimotor cortex, the posterior part of SMA and cin-
gulate sulcus, and the cerebellar vermis.

Itis hypothesized that the BG function by activating parts of
the cortex into similar frequencies, thereby facilitating the
performance of a motor or cognitive action. This pattern of
activation, referred to as “focused attention,” would be the
physiological substrate for the harmonic performance of
movement. In PD, the imbalance between direct and indirect
pathways as a consequence of dopamine deficiency leads to
overactivation of BG output nuclei and subsequent failure to
achieve the state of focused attention (/0). Several reports have
addressed the changes in CBF and '8F-FDG uptake during dif-
ferent tasks in PD patients. In an inhaled C'O, CBF PET study,
Playford et al. (14) evaluated six PD patients and six controls
at rest during the execution of freely chosen movements and
with programmed repetitive forward movement of a joystick.
For the free-selection task, both groups had similar increases in
blood flow in left sensorimotor and bilateral premotor cortices.
However, PD patients failed to activate the SMA and anterior
cingulate areas, putamen, thalamus, and cerebellum. In the
repetitive task, the control patients had lesser degrees of acti-
vation of right DLPFC, whereas for PD patients this was
observed for right inferior parietal association cortex and right
premotor area (/4). Imagination of movement, when examined
in normal individuals, resulted in activations in the sensorimo-
tor, inferior parietal, bilateral dorsal premotor (PMC), caudal
supplementary motor area, bilateral ventral premotor, right M 1
and left superior parietal cortices, left putamen, and right cer-
ebellum. However, arelationship between imagined movement
complexity and enhanced activation was observed in contralat-
eral PMC and ipsilateral superior parietal cortex and cerebellar
vermis (/5). In PD patients, imagination of movements did not
translate into greater activation of DLPFC or mesial frontal
areas (homolog to SMA in nonhuman primates), and the execu-
tion of movement did not activate DLPFC. Other components
of motor control evaluated by functional imaging include the
differential aspects of activation during unilateral or bilateral
movement and the observation of cerebellar overactivation in
PD. To categorize the rCBF distribution according to complex-
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ity of movement, Goerres et al. (16) created a paradigm for
H,'30 PET, in which six individuals were scanned while per-
forming unimanual, bimanual-symmetric, and bimanual—
asymmetric ballistic finger movement. When subjects moved
one finger, there was contralateral activation of primary sen-
sorimotor cortex, inferior parietal cortex, and precuneus,
whereas bilateral symmetric movement led to bilateral
increases in rCBF. Bilateral asymmetric finger movement, in
comparison with the other tasks, was associated with aug-
mented CBF in rostral SMA. In a Xenon single-photon emis-
sion computed tomography (SPECT) CBF study, Rascol et al.
(17) compared 12 normal subjects, 12 PD patients not currently
onmedication, and 16 PD patients on medication (the two latter
groups exhibiting mainly the akinetic-dominant form) during
performance of unilateral finger-to-thumb movements.
Regions of interest were placed over the cerebral and cerebellar
hemispheres. Both groups of PD patients on medication and
controls had similar values of cerebellar increases in CBF,
whereas PD individuals who were studied off medication had
significantly enhanced activation of ipsilateral cerebellar hemi-
sphere (17).

Findings of overactivation of extrastriatal areas in PD have
been further reproduced and converge with the “preimaging
era” description of the paradoxical gait of PD, in which patients
with advanced akinetic status and a typical short-stepped gait
may experience benefit when helped by visual cues. The pos-
sible physiological mechanism underlying this discrepancy was
investigated by Hanakawa et al. (18) in a study where 10 PD
patients on medication and 10 controls underwent Tc-99m
exametazime (HMPAO) SPECT imaging after walking on a
treadmill. This treadmill was equipped with either parallel or
transverse lines. After walking with each of the line orienta-
tions, the individuals were scanned. The purpose was to observe
changes in rCBF correspondent to changes in cadence (number
of steps/minute), more so in PD patients walking on transverse
visual cues. While walking on the treadmill equipped with
transverse lines, PD patients had marked improvement of
cadence as previously reported and showed significantly
greater activation of lateral premotor cortex, a region known to
have abundant connections to the cerebellum and posterior
parietal cortex (/8). In the setting of BG dysfunction, leading
to a state of impaired activation of SMA and PMC loops
responsible for automatic gait, the use of such an alternate path-
way may represent an adaptation process.

These reports of distant sites activated during execution of
different motor tasks and their underuse in the parkinsonian
state led to the proposal of a rather attractive putative imaging
network of corticosubcortical structures known to be altered in
PD (19). In one of the first articles addressing this issue, '8F-
FDG PET was used in three groups: PD patients, presumed
multiple system atrophy (MSA), and normal controls. The
authors used the scaled subprofile model, a form of principal
components analysis, to determine a topographical covariance
pattern that would allow differentiation of the groups. Indi-
viduals with PD, as a group, had enhanced '8F-FDG uptake in
the pallidum, thalamus, and pons, combined with hypometabo-
lism in the SMA and lateral premotor, DLPFC, and
parietooccipital association cortices. Most interestingly, this

covariance profile correlated with Hoehn and Yahr (H&Y)
stage, rigidity, and akinesia scores, but not with tremor scores
(20). The same model, when applied to early typical and atypi-
cal PD patients, resulted in covariance patterns that were able
to distinguish between the groups of patients (217).

This pattern of subcortical hypermetabolism with hypome-
tabolism in related cortical areas was referred to as the
Parkinson’s disease-related pattern (PRDP) and further showed
quantitative potential. The authors compared 23 early PD
patients (mean H&Y 2.4 + 1.3) with 14 patients with more
advanced disease (mean H&Y 3.2 + 1.2) using clinical assess-
ment and 'F-FDG PET. The magnitude of the PDRP was cal-
culated on an individual basis using topographic profile rating.
This tool disclosed statistically significant results in the dis-
tinction of PDRPs for early and advanced disease and for rigid-
ity and bradykinesia, but once again not for tremor (22). Why
were tremor scores not related to PDRP in these two studies? To
answer this question, the same group conducted '8F-FDG PET
of 16 PD patients, 8 with and 8 without tremor, the former with
Unified Parkinson’s Disease Rating Scale (UPDRS) tremor
score of at least 4, and the latter scoring 0. The groups were
otherwise matched for age, duration of disease, H&Y, and
composite motor UPDRS (exclusive of tremor). Compared with
akinetic patients, the tremulous group had hypermetabolism of
the thalamus, pons, and motor association cortex. A cerebellar-
midbrain-thalamic-cortical network is thought to be indepen-
dently active in PD patients featuring resting tremor (23). These
results are in keeping with neuropathologic findings in tremor-
dominant PD patients, who display more severe neuronal cell
loss in medial SNc¢ and retrorubral field A8, which are related
to dorsolateral striatum and ventromedial thalamus (24).
Patients with essential and writing tremor also were shown to
display bilateral cerebellar, red nucleus, and thalamic
overactivation (25). Interestingly, although olivary metabolism
was not increased in these circumstances, it showed a negative
correlation with improvement of tremor and cerebellar activa-
tion after alcohol intake in essential tremor individuals (26).

The PDRP was further reproduced in other centers (27), and
its imaging substrate was then compared with electrophysi-
ological testing when 42 PD patients underwent '8F-FDG PET
and pallidotomy with intraoperative spontaneous single unit
activity recording of the internal globus pallidus (28). There
was a positive correlation between spontaneous GPi firing rates
and ipsilateral anterior thalamic glucose metabolism, but no
other significant relationship could beestablished between puta-
men and caudate. Although GPi activity is expected to inhibit
thalamic activity through GABAergic neurotransmission, it
should be noted that '8F-FDG measures synaptic rather than
cell body activity and that metabolism may be influenced to a
greater extent by excitatory activity than by inhibitory input
(29). Moreover, other excitatory influences over GPi, such as
those from subthalamic nucleus, may also play a role.

In PD patients under treatment with levodopa (L-dopa),
PET assessment disclosed attenuation of the covariance pro-
file of PDRP, with decreased metabolism in left putamen,
right thalamus, bilateral cerebellum, and left PMC (30). Simi-
larly, these pleiades of CSPTC loop alterations have shown
improvement with surgical treatments, such as pallidotomy
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(31), pallidal deep brain stimulation (32), and subthalamo-
tomy (33), with varying degrees of increased uptake in corti-
cal areas and diminished activity in the BG after the
procedures, and statistically significant correlation with
UPDRS motor scores. Nevertheless, medical and surgical
treatments may apparently benefit patients by different
mechanisms: pallidotomy leads to enhanced '8F-FDG uptake
in primary motor cortex, lateral premotor cortex and DLPFC
(31), whereas L-dopa treatment is associated with reduced
metabolism in prefrontal cortex in nondemented patients,
especially in the orbitofrontal cortex (34). It has been sug-
gested that these different patterns of metabolic improvement
may explain differences in cognitive outcome following the
different interventions (35). Of course, comparisons of this
kind should always be viewed with caution because they refer
to studies conducted with different populations and using
diverse PET protocols.

4. NEUROCHEMICAL AND NEURORECEPTOR
IMAGING OF PD USING PET

4.1. RADIOLIGANDS USED IN THE STUDY OF DA
METABOLISM

Aside from functional imaging of glucose consumption and
rCBF in the CNS, the other cardinal approach to the under-
standing of PD relies on the ability of radioactive ligands to
label specific neurochemical processes and to bind to receptors
and transporters in the striatum and other brain regions. The use
of such tracers provides an opportunity to anatomically quan-
tify the loss of dopaminergic terminals or function, as well as
the synaptic consequences of this loss, and compensatory
changes that take place in the course of disease. For practical
purposes, we will initially consider tracers according to whether
they primarily target presynaptic terminals or postsynaptic
receptors. In the former case, it is possible to assess AADC
activity with 6-['8F]-fluoro-L-dopa (FDOPA). This ligand
reflects the uptake, decarboxylation, and storage of DA (see
Section 4.2.).

Presynaptic markers directed to DAT are mostly tropane
derivatives (cocaine analogs), such as [''C]- or ['8F]-2-[B]-
carbomethoxy-3[B]-(4-fluorophenyl) tropane (CFT, also
known as [!'C]- or ['8F]-WIN 35,428), carbomethoxy-
iodophenyl tropane (CIT), and ['!C]-RTI-32(36). CIT can also
be modified with either a fluoroethyl or fluoropropyl group.
Because of the delayed time to equilibrium, the '8F-labeled FP-
CIT is more suitable than its !'C analog, which has a much
shorter half-life (37). [!!C]-D-threo-methylphenidate (MP)
may also be used to target the DAT, with a higher affinity and
better pharmacokinetic properties than the majority of the
tropanes (38). Although the DAT (but not all of its ligands) is
fairly specific for DA, it has the disadvantage of being subject
to up- or down-regulation by dopaminergic drugs and in
response to extracellular levels of DA (39-41). Thus, findings
may be attributable to disease or a consequence of its treatment.
Numerous tropanes have been labeled with 1-123 for SPECT
imaging of the DAT, and there is to date a single *™Tc labeled
tropane (42). SPECT has the advantage of being more widely
available than PET. However, its resolution is in general lower,
and quantitation can be more difficult (43).

The central VMAT? ligand [!''C]-dihydrotetrabenazine
(DTBZ) offers the opportunity to map the protein that packages
monoamines into synaptic vesicles. In contrast to the DAT,
VMAT?2 is thought to be resistant to pharmacological interfer-
ence, according to the work by Vander Borght et al. (44), in
which intact rats treated with dopaminergic medications
showed no alteration of DTBZ binding. However, DTBZ labels
all monoaminergic neurons, not just those that produce and
release DA. This is largely compensated by the minor concen-
trations of monoamines other than DA in the striatum.

Ligands aimed at postsynaptic DA receptors may bind to
D1- or D2-like receptors. For the D1-like class, the tracers used
include the antagonists [''C]-SCH-23390, [!'C]-SCH-39166,
and a number of [''C]-NNC compounds. D2 receptors can be
labeled using ['!C]- or ['®F]- spiperone or its derivatives, [ '8F]-
benperidol (45) or ['!'C]-raclopride (RAC). The latter is a low
affinity (low nanomolar) competitive antagonist of D2/D3
receptors and its binding (in contrast to that of spiperone or
benperidol) is therefore subject to competitive displacement by
DA itself. This property has been exploited to estimate DA
release after a variety of interventions—physical and pharma-
cological—designed to modulate dopaminergic transmission
(46). RAC binding reflects a combination of total D2-like
receptor density as well as receptor occupancy by DA (or
dopaminergic medications). Thus, to determine the significance
of changes between different patient groups, one would ideally
require multiple scans in order to perform a Scatchard type
analysis (47,48). However, changes in receptor density are
much less likely to occur over a short time span within an indi-
vidual, and are therefore more likely to reflect intervention-
related changes in receptor occupancy (i.e. changes in DA
levels).

4.2. CLINICAL STUDIES

FDOPA was first used to visualize the nigrostriatal system
in humans in the early 1980s (49). Studies in parkinsonism
have been conducted since that time, when it was first used in
MPTP-exposed individuals (50) and PD patients (57). After
image acquisition, FDOPA uptake is usually calculated using
multiple-timepoint graphical analysis (52-53). The typical
finding in idiopathic PD (IPD) is an asymmetric FDOPA
uptake with relative sparing of the caudate compared to puta-
men (39), corresponding to the preferential cell loss in the
ventrolateral tier of the SNc (54). FDOPA may also identify
subclinical deficits of DA production in individuals at genetic
(55) or environmental (50) risk for PD. Of the cardinal signs
of PD, the one that has the best correlation with striatal FDOPA
is bradykinesia, as rated by the Purdue pegboard and modified
Columbia scores (56).

FDOPA uptake is usually quantified using the uptake con-
stant (K;; based on multiple time graphical analysis) using an
arterial plasma-derived input function, or its reference tissue-
based analog, the K. Alternative metrics include the calcu-
lated K5 (decarboxylation rate constant; ref. 57) or the striatal/
background ratio (58). Although FDOPA uptake is generally
taken as “an indirect index of the number of striatal dopamine
terminals and nigral neurons” (59), the relationship between
FDOPA uptake rate constant, striatal DA levels, and nigral cell
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Fig. 1. Fluorodopa uptake measured by PET correlates well with tyrosine hydroxylase cell counts in the substantia nigra (courtesy of E. G.

McGeer and UBC-TRIUMF PET group).

counts is imperfect. One investigation found good correlation
between the three parameters in monkeys treated with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (60), whereas in a more
recent paper, Yee et al. (61) described a positive association
between FDOPA and striatal DA levels, although no correlation
could be established with nigral cell counts. (See Fig. 1.)

Methodological differences may contribute to such dispari-
ties. The study by Yee et al. was performed in animals with
rather mild lesions and the limited dynamic range may have
suppressed the correlation. Conversely, in advanced disease
FDOPA may not be trapped into synaptic vesicles; thus, K; (or
K,c.) cannot be reliably measured (62).

Several studies addressed the issue of FDOPA PET in the
diagnosis and, above all, its potential in the differential diagno-
sis of parkinsonian syndromes in clinical practice. Brooks and
colleagues (63) used FDOPA and S-['!C]-nomifensine, a DA
reuptake blocker, to detect distinctive alterations in IPD com-
pared with parkinsonism-dominant MSA (MSA-P) and pure
autonomic failure patients and controls. Direct comparison
between IPD and MSA-P disclosed a homogeneous reduction
of striatal FDOPA K, in MSA patients, in contrast with the
rostrocaudal gradient in IPD (63). More recently, IPD was
compared with MSA-P by means of FDOPA, RAC, and '8F-
FDG PET as well as 3D-MRI volumetry. FDOPA had similar
K, values in both conditions and some MSA patients displayed
the rostrocaudal gradient typical of IPD. However, unlike IPD,
MSA patients had significantly decreased RAC binding in
posterior putamen and smaller putamen volumes on MRI (64).
These results correspond to the pathological observation that
MSA has a more widespread distribution than the presynaptic
terminal loss of IPD (65,66). Antonini et al. (67) evaluated,
using FDG PET, a series of 56 patients with IPD and 48 patients
with “red flags” for atypical parkinsonism. They found a com-
bination of altered local metabolism in the caudate, lentiform
nucleus, and thalamus that could help to differentiate the two
groups.

Posttraumatic parkinsonism was evaluated with FDOPA
and compared with IPD. The results showed decreased striatal
uptake, with putamen and caudate equally affected, disclosing
a probable distinct pathophysiological process (68). Hence, it
is not currently possible to rely on PET to consistently and
reliably differentiate IPD from other causes of parkinsonism
because the rostrocaudal gradient of abnormal FDOPA uptake
may be seen in other conditions, especially MSA. Some of
the alterations delineating these conditions represent a group
effect and are not suitable for clinical practice on an individual
basis. The same holds true for progressive supranuclear palsy
and corticobasal degeneration. In the latter condition, striatal
FDOPA uptake may be reduced in a relatively symmetrical
fashion, in contrast to the clinical deficits and abnormalities in
glucose metabolism (69).

The rate of disease progression determined with FDOPA
uptake was assessed by Nurmi et al. (70) on two separate
scans after 5 yr follow-up of 10 newly diagnosed PD patients.
They found annual relative rates of decline of 5.9 + 5.1% for
caudate, 8.3 £ 6.3% for anterior putamen, and 10.3 +4.8% for
posterior putamen (p < 0.001). Based on these figures and an
assumption of linear decline, they estimated the preclinical
period of degeneration in the posterior putamen in their cohort
to be 6.5 yr (70). In a larger group of patients, the calculated
yearly decline in FDOPA K . was 8.9% for the same region
(71). Using data from human studies, other authors have esti-
mated that symptoms onset when FDOPA uptake is between
47% and 62% (40) or 75% (71) of normal. However, as stated
above, the relationship between FDOPA uptake and nigral
cell counts should be assessed with caution, taking into account
compensatory changes in degenerating DA terminals. Thus,
AADC activity may increase in remaining neurons during the
course of PD, thereby resulting in increased FDOPA K. This
initially was observed in animal models and replicated in
human investigation. Lee and collaborators (40) used
FDOPA, DTBZ, and MP in 35 PD patients in various disease
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Fig. 2. Axial PET scans in a patient with early PD showing asymmetric reduction of fluorodopa uptake and of dihydrotetrabenazine and p-threo-
methylphenidate binding to the vesicular monoamine and membrane dopamine transporter, respectively. There is additionally a rostrocaudal gradient
of uptake, with the posterior putamen maximally affected. Courtesy of the UBC-TRIUMF PET group. See color version on Companion CD.
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Fig. 3. Relationship between fluorodopa uptake (A) and methylphenidate binding to the membrane dopamine transporter (B) and
dihydrotetrabenazine binding to the vesicular monoamine transporter. All values are expressed as a percentage of age-matched normals. There
are statistically significant increases in fluorodopa uptake, in keeping with upregulation of aromatic amino acid decarboxylase, whereas in
contrast, dopamine transporter binding is reduced. Both changes may occur in an effort to preserve extracellular levels of dopamine. Preprinted

from ref. 40. © Wiley 2000.

stages and 16 normal subjects. PD individuals had FDOPA
uptake values higher than predicted, based on DTBZ binding
to the VMAT, whereas MP binding to the dopamine trans-
porter was relatively reduced (Figs. 2 and 3). These discrep-
ancies were more pronounced in the posterior putamen. These
data provide a strong argument in favor of a functional imag-
ing correlate of adaptive changes in DA terminals.

In contrast to FDOPA or DTBZ, which map the presynaptic
DA terminals involved in PD, the susceptibility of RAC bind-
ing to competitive displacement by DA has been used to assess
the effect of dopaminergic medications and functional surgery.
In normal individuals, repetitive transcranial magnetic stimu-
lation of the motor cortex associated with RAC PET has been
shown to selectively release DA in the ipsilateral ventrolateral
putamen (72) whereas, in keeping with parallel processing in
the basal ganglia, transcranial magnetic stimulation of the

DLPFC leads to the same effect in the caudate nucleus (73). In
early PD, there is increased RAC binding potential (BP), com-
patible with increased D2/D3 receptor availability secondary
to DA denervation (74), and this correlates with ipsilateral
FDOPA levels (75). Although the increase in RAC binding
could conceivably reflect increased availability of D2 recep-
tors consequent to loss of DA, PET studies with [''C]N-
methylspiperone also show increased D2 binding. Because this
ligand is much less susceptible to displacement by endogenous
DA, the increase in D2 binding likely reflects increased recep-
tor density, at least in part (76). In the course of disease, there
is a trend for D2 receptors to return towards normal levels
(74,77). Dopamine release/RAC displacement have been dem-
onstrated to occur in the striatum of PD patients to a lesser
extent than normal subjects during sequential finger move-
ments (78) and intravenous methamphetamine challenges (79).
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Dopamine agonists may lead to decreased endogenous DA
release, presumably via stimulation of presynaptic auto-
receptors (80). The administration of L-dopa also reduces RAC
binding, which is thought to reflect its conversion to DA that is
subsequently released, predominantly in the posterior putamen
(81). Six months of treatment with pergolide also resulted in
decreased BP compared with pretreatment levels, more so in
the posterior striatum than the caudate (82). Two series of six
PD patients who had symptomatic improvement after subtha-
lamic nucleus—-deep brain stimulation reported that the clinical
impact was not related to changes in striatal RAC binding
(83,84).

4.3. PET STUDIES IN FAMILIAL PD

A family history of parkinsonism is present in 5-10% of
individuals with PD. Currently, atleast 10 loci and 5 genes with
both autosomal-recessive and autosomal-dominant patterns of
inheritance recognized. A genetic component for PD is plau-
sible even for sporadic cases because asymptomatic twins of
PDindividuals show decreased putaminal FDOPA uptake (85).
Of utmost importance in the understanding of sporadic PD is
the concept that a number of the recently described mutations
result in impaired function of ubiquitin proteasomal function,
amechanism that is related to the clearance of cellular proteins
(86).

A French group compared young-onset PD subjects with
and without parkin mutations (autosomal-recessive parkin dis-
ease at 6q25.2-27) using FDOPA PET imaging. Both cohorts
had similar findings with asymmetrically reduced uptake and
caudate-to-putamen rostrocaudal gradient. The authors found
no relationship between the type of mutation and PET pattern
(87), although another study of 14 individuals with parkin
mutations found a negative correlation between the number of
mutated alleles and FDOPA uptake (88). The FDOPA asym-
metry (89) and rostrocaudal gradient (90) have not been uni-
formly reproduced in every study of parkin kindreds. It is
noteworthy that even very young-onset PD patients without
parkin mutations may present the same abnormalities, as in the
case of a 14-yr-old patient with symptoms beginning at age 9
who showed striking reduction of FDOPA uptake in keeping
with previous findings regarding asymmetry and preferential
putaminal involvement (97). A study of an Italian family with
adult-onset pseudodominant parkin disease found, aside from
the above noted changes in FDOPA uptake, significant reduc-
tion in RAC binding in symptomatic patients (92). However,
findings of postsynaptic dysfunction in this disorder are not
consistent.

Reports of kindreds harboring the o-synuclein mutation at
G209A (93) and A30P (94) disclosed results closely resem-
bling IPD. Familial frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP17) was evaluated by
Pal et al. (95) using '8F-FDG, FDOPA, and RAC in three
patients of a kindred. They found FDOPA uptake in both
caudate and putamen reduced to a similar degree, as well as
normal to elevated RAC BP and global reduction of cerebral
glucose metabolism, mainly in the frontal lobes (95). Another
study mapping DAT with [''C]-CFT in FTDP17 found

decreases in striatal uptake (both caudate and putamen) that
correlated to the motor UPDRS (96). The extensive changes
caused by the tauopathy of FTDP17 explain the lack of striatal
rostrocaudal gradient and global cortical hypoperfusion.

4.4. PET AND COMPLICATIONS OF LONG-TERM
LEVODOPA THERAPY

After years experiencing a good response to L-dopa, most
PD patients develop an unstable state of inconsistent response
in which three main complications are usually recognized: 1)
motor fluctuations (MF), 2) dyskinesias, and 3) psychiatric
disturbances. MFs ultimately encompass dyskinesias. Aber-
rant responses to L-dopa such as predictable “off” periods are
seen in more than 20% of patients after 5 yr of treatment and
70% after 15 yr of treatment (97). The degeneration of presyn-
aptic terminals was formerly raised as the basis of fluctuations,
rendering the dopaminergic system unable to store DA. How-
ever, investigations of motoric responses to the postsynaptic
DA receptor agonist apomorphine have shown that improve-
mentis at least partially dependent upon the disease stage, lend-
ing support to the concept that postsynaptic alterations may
play a role in the genesis of MF (98).

De la Fuente-Fernandez et al. (99), using FDOPA PET,
studied 15 patients who had a stable response to L-dopa and
52 with MFs . Patients with MF had further decreases in stri-
atal FDOPA uptake compared with those who had a stable
response to L-dopa. As expected, patients with MF had a
more prolonged disease course than the stable subjects, and
the fluctuators had an earlier age of disease onset. This dec-
rement in FDOPA K; persisted even after adjustment for dis-
ease course and matching the two groups. However, there was
significant FDOPA K; overlap between the groups. This find-
ing was interpreted as a suggestion of increased DA turnover
in the fluctuators (99). This was confirmed by a longitudinal
study with RAC PET, in which eight patients with early PD
and a good response to L-dopa after an average of 1.5 yr of
treatment were evaluated (Fig. 4). The subjects had the first
scan washed-out of medications and two additional scans 1 h
and 4 h after a single oral dose of L-dopa. After clinical fol-
low-up for a minimum of 3 yr, four patients developed motor
fluctuations, and three of those also had dyskinesias, as rated
by an examiner blinded to the results of the PET scan. Patients
who developed MF had a pattern of DA release consistent
with an initial marked increase in DA release, followed by an
early return to baseline. This was demonstrated with RAC BP
decreases much more pronounced in fluctuators than in stable
responders 1 h after L-dopa. Conversely, at 4 h, fluctuators
returned to or even surpassed baseline RAC binding values in
contrast to the patients with a persistently stable response,
who showed a slower but more sustained increase in DA
release after treatment with L-dopa. This was the first in vivo
evidence that DA turnover is increased preclinically in indi-
viduals who will develop transient responses to L-dopa (100).
It has not been possible to clearly attribute the development
of MF to alterations in postsynaptic DA receptors, except for
a negative correlation between time of L-dopa treatment and
extent of D1 receptors in putamen (/01-103).
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Fig. 4. (A) [''C]Raclopride binding in patients with a stable response to levodopa (L-dopa), measured at baseline, 1 h, and 4 h after a single
oral dose of L-dopa. In Patients 3, 5, 6, and 7, there is an early reduction in raclopride binding (representing an increase in extracellular
dopamine), followed by an early return to baseline values. These patients went on to develop motor response fluctuations within 3 yr of starting
L-dopa treatment. In the other patients, there is a slower and more sustained increase in extracellular dopamine. These patients still had a stable
response to levodopa after 3 yr of therapy. (B) Mean (+SD) changes in raclopride binding 1 h and 4 h after the oral administration of L-dopa
in patients who maintained a stable response to L-dopa vs those who went on to develop motor response fluctuations. Preprinted from ref. 700.
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There is a growing body of evidence that MF and dyskinesias are
the result of neuronal changes that occur downstream from striatal
dopamine receptors (/04). Thus, altering opioid transmission with
naloxone or with the kappa opioid antagonist nor-binaltorphimine
has been shown to improve dyskinesia without significant negative
impact on antiparkinsonian features (/05—107). The imaging corre-
late of these findings was demonstrated by Brooks et al. (/08) who,
in a comparison of dyskinetic and nondyskinetic patients, found no
differences in BP for ligands of D1 and D2 receptors. However,
binding of the opioid receptor ligand [''C]-diprenorphine was de-
creased in the striatum and thalamus of dyskinetic patients, compat-
ible with increased levels of endogenous opioids.

4.5. PD AND THE PLACEBO EFFECT

Dopamine is related to signaling of learning and reward.
Dopaminergic neurons fire in response to rewarding events or
reward-predicting stimuli, regardless of their specific nature,
but not for nonnoxious aversive stimuli (/09). Functional
imaging studies have shown that the dopaminergic system or
related cerebral areas play a prominent role in tasks and behav-
iors related to reward, such as nicotine (//0) and illicit drug
abuse (111), obesity (112), video game playing (/13), and the
experience of pleasure with music (//4). There are data sup-
porting the notion that the symptomatic benefit experienced
after placebo intake is a form of reward and, therefore, could be
mediated by dopaminergic transmission. Consequently, its
relationship with clinical effect in PD should be distinguished
on abiochemical basis, especially when itis considered that PD
patients may objectively benefit from placebo treatment (715).
De la Fuente-Fernandez et al. (116) provided insight into the
changes that occur in nigrostriatal synapses during exposure to
placebo. Using the RAC displacement paradigm, they found
substantial DA release in response to placebo in the whole

striatum, particularly in the posterolateral putamen. Patients
who experienced benefit from placebo released more DA than
those who did not. A further study of the same group of subjects
addressed the expectation of benefit, which, in contrast to the
subjective experience of benefit, led to DA release in the
nucleus accumbens (ventral striatum), a region that has been
implicated in behavioral responses to rewarding stimuli (1/7).

5. CONCLUSIONS

With PET, it has become possible to understand the spec-
trum of changes that take place in cortical and subcortical struc-
tures in the course of PD, as well as in related diseases
presenting with parkinsonism. The investigation of CBF and
metabolism has disclosed patterns of activation in distant sites
that previously could be only inferred by means of neuroana-
tomical and neuropathological studies. Biochemical alterations
at the receptor level are now visualized in vivo, and the use of
radioligands aimed at different parts of the nigrostriatal syn-
apse makes possible a better understanding of DA metabolism,
such as progression of dopaminergic cell loss and adaptive
mechanisms in these and other neurotransmitter systems.

Is it hoped that future developments in functional imaging
technology, including improved spatial resolution, will permit
the quantitative visualization of smaller subcortical structures,
such as the brainstem, as well as a wider availability of
radioligands targeted to other processes in the CNS.
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How It Compares to Other Positron Emission Tomography
and Single-Photon Emission Tomography Dopamine
Transporters in Early Parkinson’s Disease
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SUMMARY

Positron emission tomography (PET) scan with ['8F]-6-
fluoro- dihydroxyphenylalanine (FDOPA) is currently the
imaging “gold standard” for diagnosing Parkinson’s disease
(PD), but this procedure is available at only a limited number
of facilities. PET cameras are expensive, they require proxim-
ity to a cyclotron, and tests are nonreimbursable. A less costly
and more available test, such as a single photon emission com-
puted tomography (SPECT), may thus be helpful in the diagno-
sis of early or atypical PD, if its sensitivity is comparable with
aPET scan. Altropane is an iodinated form of the N-allyl analog
of WIN 35,428, which acts as a dopamine transport inhibitor.
When radiolabeled with the y-emitting isotope ['2*I], altropane
serves as a SPECT ligand with high affinity and selectivity for
the dopamine transporter. It is a good marker for dopamine
neurons and is useful in detecting PD. There have now been
reported cases that suggest altropane SPECT is comparable, if
not possibly superior, to FDOPA PET scans in detecting early
cases of PD.

Key Words: Altropane; dopamine transporter ligand;
SPECT; PET; Parkinson.

1. MEASURING DOPAMINERGIC ACTIVITY
IN EARLY PARKINSON'’S DISEASE (PD):
ITS CHALLENGES AND SIGNIFICANCE

Early PD can be a difficult diagnosis to be certain of given
the spectrum of clinical symptoms and signs with which a
patient can present. The diagnostic challenges faced by clini-
cians are illustrated by estimates that as many as 25% of
patients diagnosed with idiopathic PD do not have the charac-
teristic Lewy bodies at autopsy, many years further into the
course of disease (1,2). A fraction of these patients have other
parkinsonian disorders such as progressive supranuclear palsy
(PSP), cortico-basal ganglionic degeneration, and multiple
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systems atrophy. The clinical presentation of parkinsonism can
include symptoms of fatigue, for example, dragging one leg or
stiffness in an arm, and can be misconstrued as age-related or,
more commonly, as the result of arthritic conditions. A paucity
of facial expression and decreased spontaneity of speech or
withdrawal from social events, features that often accompany
parkinsonism, may be misinterpreted as depression. The occur-
rence of unilateral “pill-rolling” tremor at rest, although pathog-
nomonic of parkinsonism, is observed in only 40% of patients
with idiopathic PD and fewer still with Parkinson’s variants
such as multiple systems atrophy and PSP (3). Not uncom-
monly, the action and intention tremor that may appear in par-
kinsonism can lead to a false diagnosis of benign essential
tremor—the most prevalent nonparkinsonian movement disor-
der. The characteristic pathology all these parkinsonian disor-
ders have in common is the loss of dopaminergic neurons whose
presynaptic axons end in the caudate and putamen. A surrogate
marker of early disease would ideally measure the loss of
dopaminergic neurons and not be influenced by treatment sta-
tus, age or sex of the patient.

The accurate and early diagnosis of PD and other parkinso-
nian syndromes have become even more critical as clinical trials
in PD have now entered the era of neuroprotection. Soon, it will
be critical that PD patients be identified at the earliest possible
stage, not only for proper inclusion in neuroprotective clinical
trials but also to give the prospective disease-modifying agent
the best chance of slowing or stopping PD progression.

At present the diagnosis of parkinsonian disorders during
life is based on a careful exclusion of structural disorders in the
basal ganglia, clinical observation during a period of time (usu-
ally 2 to 5 yr), and a sustained, robust response to dopamine-
replacement therapy. Although Rajput et al. (3) and Hughes
etal. (4) have shown that the accuracy of the clinical diagnosis
of idiopathic PD improves between the initial diagnosis (65—
74%) and the final diagnosis; still, only 76-82% of patients
with the final (5—12 yr) diagnosis of PD are found to have sub-
stantia nigra loss and Lewy-body type pathology on autopsy.
Rajput et al. suggested that response to levodopa may not be
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specific to the underlying pathology of PD and concluded “there
were no clues to distinguish neurofibrillary tangle parkinsonism
or profound substantia nigra loss without neuronal inclusions
from idiopathic PD” (3). In a community-based retrospective
population study of 402 cases of diagnosed parkinsonism pub-
lished by Meara et al. (5), 74% of cases were “confirmed” as
having parkinsonism and 53% as “clinically probable idio-
pathic PD” when re-evaluated by neurologists following for-
mal diagnostic criteria. This type of inaccuracy has been seen
both in movement-disorders specialty clinics and general brain
pathology registries.

Several in vivo imaging modalities have been evaluated in
patients with parkinsonian disorders. Routine “anatomic” or
structural imaging techniques, including magnetic resonance
imaging, are generally not useful in distinguishing PD from
other neurodegenerative conditions (6). In contrast, “func-
tional” imaging techniques, including positron emission
tomography (PET) using a variety of radioligand agents such as
I8F_6-fluoro-dihydroxyphenylalanine (FDOPA) and '®F-
deoxyglucose ("®FDG), have been used with varying degrees of
success to differentiate PD from other movement disorders
(7,8). Agents evaluated using PET imaging include radiola-
beled phenyltropane analogs that have a binding affinity for the
dopamine transporter, normally found in high concentrations
in the striatal region of the brain. Clinical studies using PET
imaging have demonstrated that striatal uptake of several
phenyltropane analogs is markedly reduced in patients with
PD. However, because of the limited availability and economic
costs, the routine use of PET imaging has not been adopted
widely.

Problems that arise with using agents that bind to the dopam-
ine transporter protein (DAT) to measure early parkinsonism
include uncertainty about the rate of progression of presynaptic
dopaminergic cell loss and latency to onset of clinical disease
(9). Longitudinal PET and single-photon emission computed
tomography (SPECT) studies suggest a relatively rapid or
exponential decline of dopaminergic function in early PD, fol-
lowed by slowing of the degeneration process in the later stages
of the disease (10—12). In a SPECT study using ['2*I]B-CIT, a
significant reduction of striatal binding over the course of 2 yr
was found in the PD group who had symptoms for fewer than
5 years compared with the PD group who had a longer duration
of symptoms (12). However, recent reports using B-CIT show
a slower, more linear decline of striatal binding in the first 5 yr
of the disease (/3). Furthermore, variability on test/retest pro-
tocols, such as the one study published using a 3- to 6-wk inter-
val between scans with B-FP-CIT, also demonstrated a
7.4-7.9% fluctuation in measurements within subjects (/4).
The published multicenter trials for many of the radioligands
report poor negative predictive values for both quantitative and
qualitative methods of interpreting scans (/5). In this regard,
altropane SPECT imaging may be more sensitive than FDOPA
PET for detecting early PD. A report of two patients with clini-
cally defined early PD, summarized later in this chapter, sup-
ports this statement (/5). Finally, the influence of dopaminergic
therapy on DAT homeostasis is not yet clearly understood and
potentially confounds interpretation of both PET and SPECT
scans in early parkinsonism. Whether drugs under current study

are “neuroprotective” or simply “levodopa sparing” may
require imaging of individuals “at risk” for PD during a period
of 5-10 yr without drug therapy. However, the feasibility of such
study and the ethical implications of withholding putative
neuroprotective agents from this control group once abnormal
DAT images are perceived makes such a study unlikely to occur.

2. ALTROPANE: ITS NOVEL PROPERTIES

Recently, radiolabeled phenyltropane analogs have been
modified for SPECT imaging, a technology thatis widely avail-
able in nuclear medicine departments and much less costly than
PET. The first analog in the United States to be studied exten-
sively in vivo was B-CIT, but its equilibration properties
require a 24-h delay between injection and measurement of
DAT in the striatum. Furthermore, B-CIT has an equal affinity
for the serotonin transporter, which may affect the background
counts and tracer distribution (/6). Altropane is a new
phenyltropane analog ('*3I-E-2B-carbomethoxy-3B-nortro-
pane or 'ZI-E-IACT) with pharmacologic properties that make
it more practical for clinical application (Fig. 1). It is rapidly
and widely distributed after administration and the majority of
the drug is cleared in urine during the next 24 to 48 h as iodi-
nated metabolites. It does not significantly bind to human
plasma proteins and requires only 5 to 8 mCi to obtain clearly
defined uptake in the brain. Image acquisition is optimal at 1 h
after injection because of its high binding affinity (Ky, 5.33 nM)
preferential of 28:1 for dopamine over serotonin and relatively
low nonspecific binding (/7). Images are obtained at 10-min
intervals for 1 h after injection and radioactivity approaches
baseline at less than 2 h. No differences in binding have been
noted in healthy subjects older than age 50 of either gender.
Adverse reactions in preliminary studies have been frequent
but clinically insignificant (e.g., mild headache, slight eleva-
tion in blood pressure, bowel frequency).

Phase I trials conducted by Boston Life Sciences, Inc (BLSI)
established age-related binding potentials, safety, and radia-
tion dosimetry in a total of 39 healthy subjects (BLSI report to
FDA April 9, 1999). The Phase II multi-center trial involved
nine study sites, with 12 normal and 25 PD subjects. There was
also a post-hoc blinded qualitative assessment of the images to
determine the sensitivity and specificity of altropane for diag-
nosis of PD. Results showed a sensitivity of 95.8%, specificity
100%, positive predictive value 100%, and negative predictive
value of 91.7% compared with the standard of a movement
disorders specialist (MDS) diagnosis (BLSI report to FDA
August 2, 2000). The final study reviewed to date, a Phase III
multicenter trial involving 50% parkinsonian and 50%
nonparkinsonian movement disorders, was expanded to include
15 sites and a total of 165 patients. The technical variability of
different readers and different cameras for data acquisition was
reflected in an overall accuracy of blinded interpretation of
SPECT images of 79.5% (BLSIreport to FDA March 26,2001).
This still represents a meaningful improvement over the non-
MDS experience of 30-50% false-positive diagnoses of PD
reported in the literature. Another Phase III trial is being
launched soon to assess sensitivity and specificity for distin-
guishing parkinsonian from nonparkinsonian tremor disorders
(IND in process). This trial will compare the diagnostic accu-
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Fig. 1. Altropane (C,¢H, NO,'*IF), which has a molecular weight of
425, has the following chemical structure.

racy of altropane SPECT vs general clinicians in a “real-world”
setting in distinguishing benign essential tremor, drug-induced
tremor and other less well-defined involuntary movements from
early parkinsonism, using the MDS diagnosis as the “gold stan-
dard.”

3. ALTROPANE SPECT VS FDOPA PET IN EARLY PD:
LESSONS FROM TWO CASES

We previously reported two cases of typical, early PD show-
ing nondiagnostic FDOPA PET scans but with unilateral stri-
atal reduction of tracer uptake on altropane SPECT obtained
within 3 mo of the PET scan (18,79). We summarize the high-
lights of these cases in this chapter.

3.1. CASE REPORTS

The first case was of a 54-yr-old right-handed man who had
noticed a rest tremor of the right hand 1 yr before, along with
increased flexion of the elbow. He had no history of central
nervous system infections, stroke, use of drugs that might inter-
fere with dopamine effects, recreational drugs, family history
of PD or similar disorders, head trauma, or other neurological
problems. Magnetic resonance imaging of his brain was nor-
mal. His physical examination revealed a mild, persistent rest
tremor of the right hand; mild rigidity of the right arm; and mild
slowness of finger tapping of the right. He had a mildly dimin-
ished right arm swing and right hand tremor when he walked.
He had Hoehn-Yahr stage 1 (of 5) PD. Pramipexole, a dopam-
ine agonist, at 2.25 mg/d improved his symptoms.

The second case was of a 38-yr-old right-handed man who
had a 1-yrhistory of intermittent tremor of the right hand aggra-
vated by fatigue and stress. He later noted decreased arm swing
on the right when walking, stiffness and joint pain in the right
wrist, and general fatigue. His wife had noted decreased facial
expression, mild dysarthria, and irritability. Magnetic reso-
nance imaging of his brain prior to his evaluation was normal.
There was no history of stroke, central nervous system infec-
tion, head trauma, use of dopamine blocking agents, recre-
ational drugs, or family history of neurological disorders. He
had mild rigidity in all limbs and mildly decreased amplitude
and speed on fine-finger movements, hand opening, and heel
tapping on the right. Rest tremor of the right hand was seen
primarily with reinforcement maneuvers. Gait was normal
except for decreased right arm swing and a right hand tremor.

He also had Hoehn-Yahr Stage 1 PD. His SPECT and PET
scans were obtained 3 mo later. A significant and sustained
response with pergolide, another dopamine agonist, was noted.

3.2. IMAGING METHOD

3.2.1. PET Imaging With 6-['°F]-Fluoro--dopa

Both patients were fasted overnight and all anti-PD medica-
tions were withheld for 12 h prior to PET imaging. Carbidopa
200 mg was given orally 1.5 h before tracer injection to inhibit
decarboxylation. PET studies were performed with a PC-4096
scanner (Scanditronix AB, Sweden) with 15 axial slices and
resolution of 6 mm full width at half maximum (fwhm). The
performance characteristics of this instrument are well described
in the literature (20). Attenuation corrections were performed
from transmission data acquired using a rotating pin source
containing 68Ge. The PET camera was cross-calibrated with a
well scintillation counter. Fluorodopa was prepared following a
previously described procedure (21).

After positioning the patient in the gantry of the PET camera,
7.2 mCi (case 1) and 5 mCi (case 2) of FDOPA were injected
intravenously over the course of 45 s at the start of imaging.
Twelve 10-min sequential emission scans were acquired. Image
reconstruction was performed using a conventional filtered back
projection algorithm to an in-plane resolution of 7 mm fwhm in
adigital matrix of 128 x 128. All projection data were corrected
for attenuation, non-uniformity of detector response, dead time,
random coincidence, and scattered radiation. Details of these
procedures are described elsewhere (22-25).

3.2.2. SPECT Scan Using [ml]-AItropane

To block accumulation of ['2%I] by the thyroid, both subjects
were treated with a 5-d course of saturated solution of potas-
sium iodide (SSKI) starting 24 h before imaging. The brain
SPECT scans were performed after intravenous administration
of 5 mCi of ['ZI]-altropane with four sequential 10-min SPECT
acquisitions performed from O to 40 min. The acquisitions were
performed on a MultiSPECT gamma camera (Siemens,
Hoffman Estates, IL) equipped with fan-beam collimators with
an intrinsic resolution of 4.6 fwhm (for case 1) and a DSI
Ceraspect camera with an annular crystal, with resolution of
approx 6.4 mm fwhm (for case 2). The SPECT cameras were
cross-calibrated by comparing the camera response from a
uniform distribution of ['>3[]-altropane solution in a cylindrical
phantom to an aliquot of the same solution measured with a
well counter. The images were reconstructed with a standard
filtered back projection algorithm using a Butterworth filter.
Attenuation corrections were performed using the Chang algo-
rithm (26). Reconstruction and attenuation corrections were
performed using dedicated computers interfaced to the gamma
cameras. Details of image reconstruction and analysis are
described elsewhere (27).

3.3. RESULTS

In the first case, his PET scan showed mild reduction of
tracer accumulation throughout the left striatum. However, the
reduction in striatal accumulation of the tracer did not reach the
quantitative values for PD (see Figs. 2 and 3; anormal PET scan
is provided for comparison). Quantitative data expressed as
striatal/occipital ratios (SORs) are shown in Table 1. The
distribution of tracer elsewhere in the brain was unremarkable.
The SPECT scan, however, revealed normal activity in the right
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Fig. 2. Left, normal altropane SPECT. Right, normal FDOPA PET. Reprinted with permission from Medical Science Monitor 2001;7:1339-1343.
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Fig. 3. A FDOPA PET of case 1 showing mild reduction of tracer uptake throughout the left striatum but within the normal range. Altropane
SPECT shows markedly reduced activity in the left striatum consistent with PD. Reprinted with permission from Medical Science Monitor

2001;7:1339-1343.

caudate region; mild decreased activity in the right putamen;
but markedly decreased activity diffusely in the left striatum
consistent with PD (Figs. 2 and 3, Table 1).

In the second case, his PET scan showed mildly reduced
uptake in the left striatum (Fig. 4). However, the SORs were not
outside the normal range (Table 1). The SPECT scan revealed
definite unilateral reduction of uptake in the left posterior puta-
men consistent with PD (Fig. 4, Table 1).

Both patients carried a clinical diagnosis of probable PD
based on the presence of unilateral rest tremor, rigidity, and

bradykinesia with a sustained significant response to dopamine
agonist monotherapy. Both patients obtained their PET scans
prior to SPECT scans but within a 3-mo interval. No medica-
tion adjustment or worsening of parkinsonism was noted dur-
ing this period. Although the SORs of both patients by
['8F]-FDOPA PET fell within the normal range, despite mild
striatal reduction of tracer uptake, there was a clear reduction
of tracer uptake in the striatum contralateral to their parkinso-
nian side using ['>*I]-Altropane SPECT. Although parkinso-
nian ranges of SORs may differ among institutions, making it
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Table 1

Quantitative Data on PET Scans (Expressed as Striato-Occipital Rations)

PET Scan Normal (mean + SD) PD (mean + SD) Case 1 Case 2
Left caudate 224+0.3 1.51 £0.08 2.68 223
Left anterior putamen 224+0.3 1.51 +0.08 2.64 2.45
Left posterior putamen 224+0.3 1.51 +£0.08 2.13 2.01
Right caudate 237 +0.15 1.58 £0.17 2.77 2.61
Right anterior putamen 2.37+0.15 1.58 +0.17 2.73 2.64
Right posterior putamen 2.37+0.15 1.58 +0.17 2.23 2.52

SPECT - ALTROPANE

PET - FDOPA

Fig.4. AFDOPA PET of Case 2 showing mildly reduced uptake in the left striatum within the normal range. Altropane SPECT shows definite
unilateral reduction of uptake in the left posterior putamen consistent with PD. Reprinted with permission from Medical Science Monitor

2001;7:1339-1343.

difficult to compare sensitivities of imaging modalities in
detecting mild PD, the asymmetry of tracer uptake in the SPECT
scans was unmistakable in these two patients. Although further
studies are needed to define its potential role in detecting
presymptomatic, early, and atypical PD cases, SPECT imaging
using [!2*I]-altropane may be an accessible, rapid, and sensi-
tive imaging modality for detecting early PD.

4. OTHER PROMISING DOPAMINE
TRANSPORTER RADIOLIGANDS USED IN EARLY PD

Excitement about novel DAT ligands is increasing as
researchers improve synthetic processes and develop creative
methods for incorporating radioisotopes. Efforts in this area
seek to improve on each of the essential characteristics of a
useful DAT ligand: high striatal-to-cerebellar uptake ratio; high
selectivity for the DAT; efficient manufacturing process with
high purity and specific activity; and striatal localization rate
well-matched to the isotope’s half-life (27). In addition, aca-
demic and industry investigators hope to find DAT ligands that
have broader applications. Thus, investigation of these com-

pounds has increasingly turned toward demonstrating and
enhancing their clinical utility.

4.1. SPECT RADIOLIGANDS

4.1.1. "®I-B-CIT Analogs

Although '?3I-B-CIT is clearly useful in imaging striatal
DAT, its pharmacokinetic characteristics delay imaging until
the day after radioligand injection (28). It also may be some-
what less specific than desired, having a tendency to accumu-
late at serotonin transporters (29,30). Thus, N-Q-fluoralkyl
analogs !'ZI-FP-B-CIT (N-3-fluoropropyl-2-B-carboxy-
methoxy-3-fB [4-iodophenyl]-nortropane) and !>’ I-FE-B-CIT
(N-(2-fluoroethyl)-2-B-carboxymethoxy-3-B-(4-iodophenyl)-
nortropane) were developed. Both of these compounds bind to
live and postmortem striatal DAT within 30 min and wash out
of the occipital cortex and midbrain within 100 min (28). Their
binding specificities for DAT approximate that of '23I-3-CIT
(with B-FE-CIT being perhaps less specific; refs. 31,32). Thus,
their pharmacokinetics may be comparable, if not superior, to
altropane’s (peak striatal binding within 15 min, return to back-
ground levels within 120 min; ref. 26).
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In diagnosis and evaluation of PD, multiple studies have
demonstrated '?*I-FP-B-CIT’s ability to reveal reduced DAT
density, perhaps more effectively than '2*I-B-CIT (33-35). Like
its progenitor, '2I-FP-B-CIT is also able to detect bilateral
decreases in striatal DAT density in PD patients with minimal
or unilateral symptoms (36). However, there is still some dis-
agreement about whether striatal DAT density as measured by
I23_.FP-B-CIT correlates with the stage of PD or the severity of
PD symptoms (32,37,38).

4.1.2. ”"Tc-TRODAT-1

To improve the clinical utility of DAT SPECT, several
groups have investigated radioisotopes with greater stability
than '2I. One such radioisotope is **™technetium (°**™Tc). A
relatively long half-life makes *™Tc useful for clinical appli-
cations of SPECT because of its improved transportability and
ease of manufacturing. In addition, *™Tc costs approximately
$0.30/mCi ('?*I costs $30/mCi; ref. 39).9°™Tc-TRODAT-1 ([2-
[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo [3,2,1] oct-
2-yl] methyl] (2-mercaptoethyl) amino] ethyl] amino]
ethanethiolato (3-)-N2,N2',52,52'loxo-[1R-(ex0-ex0)]), first
used in humans in 1996 (40), was the first site-specific **™Tc-
based brain-imaging agent (39). It can be produced from a kit
(41), without a cyclotron, which gives it an enormous advan-
tage over all 'Z3I-based radioligands. It takes 4 h to achieve its
optimal striatal/cortical binding ratio (42).

9mTechnetium-TRODAT-1 has shown some promise in
evaluating PD. Uptake of *™Tc-TRODAT-1 in the posterior
putamen was significantly reduced in a controlled study of 42
patients with PD (43). In another study of 34 patients with PD,
putaminal uptake of " Tc-TRODAT-1 was significantly cor-
related with Hoehn and Yahr stage; in addition, bilaterally
decreased putaminal uptake could be identified in patients with
Stage I disease (44). ™ Technetium-TRODAT-1 has also been
reported to be able to distinguish idiopathic PD between from
vascular parkinsonism (45).

4.2. PET RADIOLIGANDS

Radioligands used in PET imaging are generally taken up
into the striatum at a slower rate than altropane. In addition, the
expense of PET and the necessity of a nearby cyclotron makes
PET less clinically accessible than SPECT. However, the better
spatial resolution of PET is important in many research appli-
cations, and may increase in importance as knowledge about
the neuropathological basis for basal ganglia diseases grows.

4.2.1. B-CFT and Derivatives

B-CFT (2-B-carbomethoxy-3-B-(4-fluorophenyl)tropane, or
WIN 35,428) is a cocaine analog that binds selectively to DAT.
Radioactive labeling with carbon-11 (''C) produces a specific
DAT radioligand, !'C-B-CFT. Practical use of ''C-B-CFT is
limited by the mismatch between its relatively slow uptake into
striatum (peak levels at 80-90 min; ref. 46) and the short half-
life (20 min) of ''C.

One of the earliest discoveries using !'C-B-CFT was that
more than more than 70% destruction of dopaminergic cells
was required to produce parkinsonian symptoms in 1-methyl-
4phenyl-1,2,3,6-tetrahydropyridine-lesioned monkeys (47).
'C-B-CFT can reliably discriminate between changes in DAT
distribution caused by PD and PSP (48). It may also be used to
detect dopaminergic cell loss in early PD (49).

B-CFT also has been labeled with fluorine-18 ('3F), which
has a radioactive half-life of 109.8 min and relatively low-
energy positrons; those features allow for longer imaging times
and higher-resolution images than with ''C (50). '8F-B-CFT
reaches peak striatal binding at approx 225 min. Therefore,
althoughitcapably images DAT (50) and monitors the progress
of PD (51,52), the relationship between its striatal localization
and isotope half-life is less-than-ideal.

4.2.2. 3-CIT AND DERIVATIVES

Developed in 1993, B-CIT (2-B-carbomethoxy-3-B-(4-
iodophenyl)tropane) is another cocaine analog with affinity for
DAT. It achieves a striatal/cerebellar radioactivity ratio of 5
within about 90 min after injection (53). It does, however,
exhibit some binding nonspecificity and is detectable on sero-
tonin and noradrenaline transporters in the thalamus (54). In
addition, its uptake into the striatum can be influenced by
cerebral perfusion.

'C-B-CIT-FE may have some advantages over the other
cocaine analogs, with more rapid peak binding (60 min; ref. 55)
and similar ability to differentiate between movement disor-
ders and diagnose PD (56,57).

4.2.3. B-CBT and Derivatives

Methyl-2-B-carbomethoxy-3-3-(4-bromophenyl)tropane
(B-CBT) was developed to study the role of the halogenated site
in DAT selectivity of cocaine analogs (58). Its radioactively
brominated form ("°Br-B-CBT) reaches peak concentration in
the striatum in about 60 min and remains there for about 4 h,
with a striatal-to-cerebellar activity ratio between 17 and 22
(58). In a study of 18 patients with PD, 7°Br-B-CBT demon-
strated reduction of DAT density better than '3fluorodopa but
was not able to stratify disease severity (59).

In summary, although PET scan with ['8F]-6-flouro-dopa is
currently the imaging “gold standard” for diagnosing PD, this
procedure is available at only a limited number of facilities. PET
cameras are expensive, they require proximity to a cyclotron,
and tests are nonreimbursable. Hence, the need for a less expen-
sive and universal test such as a SPECT, especially in detecting
early or atypical PD and other movement disorders, still remains.
ADAT ligand with ideal pharmacologic properties using SPECT
imaging, such as altropane, may prove to be an accessible, rapid
and sensitive test in detecting early and/or atypical PD.
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SUMMARY

Parkinson’s disease (PD) is a common movement disorder
marked by progressive degeneration of dopamine (DA) neu-
rons in the substantia nigra and striatum. The hallmark of motor
symptoms in PD includes the resting tremor, rigidity, bradyki-
nesia, and posture instability. Medical therapy to replace lost
DA works well initially but becomes ineffective and less toler-
ated over time. The chronic use of dopaminergic medications
leads to motor fluctuations and dyskinesias in patients at more
advanced stages. The transplantation of viable DA tissue into
the brain is a promising new treatment to reinnervate neurons
along the nigrostriatal pathway. In patients with PD, cell sur-
vival and clinical benefit have been observed after fetal nigral
grafting. Position emission tomography allows in vivo imaging
of neuropathophysiology resulting from dopaminergic dys-
function that is inherent in PD by measuring cerebral blood
flow, metabolism, and neuroreceptor binding. It offers aunique
window for assessing the functional recovery of the brain and
its clinical correlation after medical or surgical interventions.
In this chapter, we describe the use of positron emission tomog-
raphy in providing sensitive biomarkers in PD and its applica-
tion in evaluating the surgical outcome of embryonic DA cell
transplantation.

Key Words: Fetal tissue transplantation; Parkinson disease;
neurodegeneration; neurosurgical intervention; emission to-
mography.

1. INTRODUCTION TO POSITRON EMISSION
TOMOGRAPHY (PET) IMAGING

PET is a modern imaging system for visualizing and quan-
tifying cerebral function in the human brain. It is based on the
use of a number of short-lived radiotracers that are directly
involved in physiological processes. Current scanners have a
three-dimensional image resolution of 2-4 mm and are suffi-
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cient enough to study small animals and humans respectively.
Conventionally, PET data are acquired as dynamic images over
atime window of up to 90 min after intravenous administration
of a radiotracer and analyzed using a region of interest (ROI)
approach. Time activity curves are calculated automatically
from a set of anatomical areas determined on PET or coregis-
tered magnetic resonance image (MRI). Functional parameters
are calculated by using compartment analysis with an input
function from arterial blood sampling or a reference tissue
assumed to have alow and nonspecific uptake. At present, PET
studies are performed noninvasively without taking blood
samples to simplify the protocol. Radiotracer binding in the DA
system is measured by a simple activity ratio between the stria-
tum and the reference tissue or a kinetic constant computed
from multiple time graphical analysis of dynamic series (7,2).

Brain mapping algorithms such as statistical parametric
mapping (SPM) represent a complementary and more accurate
way for analyzing PET imaging data. This method allows the
objective detection of localized and uneven changes in func-
tional parameter over the whole brain, independent of any pre-
vious assumptions implicit in a ROI analysis. Statistical
comparison is performed on a voxel basis after transforming all
images into the stereotactic Talairach coordinate system (3,4).
Areas with significant changes are examined by overlaying the
active clusters onto an MRI brain template created in the same
standard brain space. This approach has greatly improved our
ability to measure gradual alteration of brain function in neu-
rological disorders as well as to investigate disease progres-
sion and therapeutical interventions.

2. IMAGING PATHOPHYSIOLOGY OF PD

In vitro and in vivo studies in humans have demonstrated
that idiopathic PD is preceded by early degeneration of DA
neurons in the ventrolateral substantia nigra pars compacta
projecting to the posterior and dorsal putamen (5-8). With dis-
ease progression, nigrostriatal projections to more anterior and
ventral putamen areas begin to decrease, with late loss of pro-
jections to the caudate nucleus. This leads to widespread decline
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of brain function through impaired dopaminergic projections
to and from the cortex.

Motor symptoms in PD patients develop after a preclinical
period and evolve from unilateral to bilateral involvement. A
clinical diagnosis is made if the patient shows at least two of the
four cardinal signs of PD with a good response to levodopa
treatment. A variable degree of cognitive impairment in frontal
function is also present during advanced stages of the disease.
The severity of the overall symptoms is evaluated objectively
by standardized ratings such as Unified Parkinson’s Disease
Rating Scale (UPDRS). PET imaging has provided important
insightinto the functional anatomy of PD by measuring changes
in biochemical, hemodynamic and metabolic systems of the
brain.

2.1. PRESYNAPTIC DA FUNCTION

['8F]fluorodopa (FDOPA) is the radioligand used mostly
for quantifying the nigrostriatal dopaminergic dysfunction in
PD. This tracer measures the rate of FDOPA decarboxylation
and subsequent storage in the dopaminergic nerve terminals.
FDOPA uptake is estimated by using a striatal/occipital ratio
(SOR: striatal/occipital — 1) (9,10) or influx constant (K;) com-
puted from dynamic data (1/-13).

It has been established that FDOPA uptake is reduced in the
posterior putamen butrelatively preserved in the caudate nucleus
and anterior putamen in early stages of PD (/3-16). FDOPA
uptake is decreased in both putamen (60%) and caudate (40%)
in patients with advanced PD (Fig. 1). This has been valuable in
discriminating PD from normal controls and also in early differ-
ential diagnosis of PD from other atypical parkinsonisms. More
importantly, FDOPA uptake indices in putamen and caudate
have been consistently shown to correlate negatively with
the severity of motor symptoms in PD. FDOPA binding is a
suitable marker to follow disease progression (17,18).

SPM analysis of K; maps has detected significant reductions
of FDOPA uptake not only in the bilateral striata and substantia
nigrabut also in the midbrain and pons with increasing severity
of PD (15). K in the caudate has a negative association with
performance in the attention-demanding interference task. K;
in the frontal cortex has a positive correlation with performance
in the digit span, verbal fluency, and verbal immediate-recall
tests. This suggests that dysfunction of the DA system has an
impact on the cognitive impairment of patients with PD.

We have recently demonstrated that the simple uptake index
SOR is statistically comparable with influx constant K; in
revealing striatal DA deficiency in PD and predicting clinical
correlation with objective measures of disease severity (10).
The measurement of K; takes a longer time and may not be
tolerated by patients with severe movement disorders. How-
ever, SOR can be measured relatively easily in a short period
of time and allows us to shorten and further simplify the proto-
col for longitudinal clinical trials.

The accuracy of FDOPA uptake measured in PET studies is
confounded by two factors: (1) transport of metabolites across
the blood—brain barriers may affect quantification of FDOPA
binding (22,23). This potentially makes FDOPA binding in-
sensitive to age-related decline in presynaptic dopaminergic
function. Therefore, striatal FDOPA uptake indices may over-
estimate the number of dopaminergic nerve terminals.

Imaging of dopamine transporter (DAT) is another way for
probing the impaired nigrostriatal dopaminergic system in PD.
DAT is expressed on dopaminergic nigral terminals, and quan-
tification of striatal DAT appears to be directly related to the
extent of nigral cell degeneration (24). This has received more
attention in recent years as radiotracers that bind to the striatal
DAT have been successfully developed for both PET and
SPECT imaging. The most common agents are the cocaine
analogs, such as (?*I)B carbomethoxy-iodophenyl tropane
(CIT) and ('8F)FP-BCIT (25, 26), as well as [B]-carbomethoxy-
3[B]-(4-fluorophenyl) tropane (CFT) labeled with ('®F) and
(!1C) (27-29). DAT binding is estimated by an uptake ratio or
distribution volume ratio between the striatum and a reference
tissue such as cerebellum.

A number of studies have demonstrated DAT binding
ligands as effective markers of nigrostriatal dopaminergic
degeneration in aging and parkinsonism (30,31). Striatal DAT
binding indices decline by 6% per decade in normal controls,
reflecting cell loss associated with aging process. DAT imag-
ing reliably differentiates PD subjects from normal volunteers
and other PD-like syndromes, and the degree of striatal binding
correlates inversely with clinical measures of PD severity
(27,28,31). DAT binding in the orbitofrontal cortex also is sig-
nificantly lower in nondemented patients with early PD and
correlates negatively with scores for mentation and depression
(29). The reduction in mesocortical or mesolimbic function
may contribute to the mental and behavioral impairment ob-
served in PD.

DAT imaging reveals the same pattern of neuron degenera-
tionin PD as FDOPA. However, anumber of dual tracer experi-
ments in the same sets of subjects have shown that reductions
in DAT binding are larger than those in FDOPA (7,8,16,23).
This confirms the absence of upregulation in DAT imaging as
compared with FDOPA imaging. It also has been observed that
PET imaging with DAT can provide images with better resolu-
tion and higher signal-to-noise ratio over FDOPA (9,11). We
have improved the ability of DAT imaging to track the time
course of disease onset and evolution by introducing a brain
mapping strategy (32). DAT may be a more sensitive marker
for assessing nigrostriatal cell loss in parkinsonism and its res-
toration by dopaminergic therapies.

2.2. POSTSYNAPTIC DA FUNCTION

Altered postsynaptic DA function in PD has also been inves-
tigated with a number of PET radioligands. It is known that
dopaminergic transmission is facilitated mainly by D1 and D2
receptors in the striatum. Striatal D1 receptor binding is usually
measured with [''C]SCH23390 and remains normal in early
PD patients who are not on drug therapy (33). However, D1
binding seems to be reduced by 10% if a patient receives treat-
ment with levodopa for several years (34).

Striatal D2 receptor binding is most often estimated using
[''C]raclopride (RAC) and is mildly elevated in early phases of
PD, untreated with antiparkinsonian medications (34—36). The
elevation is particularly pronounced in the putamen. This
upregulation is reversed with DA replacement therapy at more
advanced stage (37) . Striatal D2 binding remains unchanged in
the putamen but reduced by 16% in the caudate after continued
medical treatment (34).
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Fig. 1. FDOPA images of one patient with advanced PD scanned at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA
cell implantation in the bilateral putamen. Both postoperative scans show gradual increases in FDOPA uptake, particularly in the putamen,
where DA loss was the largest preoperatively. See color version on Companion CD.

Because RAC has alow affinity to D2 receptors, PET imag-
ing with this tracer has been widely used to measure DA release
under interventions that modulate dopaminergic systems. The
amount of release is estimated by the percentage reduction in
RAC binding as a result of the competition between external
stimulation and endogenous DA. It has been reported that stri-
atal RAC binding relative to baseline is reduced in PD after
acute levodopa administration, most notably in the posterior
putamen (18%), followed by the anterior putamen (12%), and
the caudate nucleus (6%) (38). The magnitude of reduction is
correlated with the drug-free disability of motor function. This
gradient of DA release is consistent with the topographic pat-
tern of DA lesions portrayed by presynaptic PET imaging
markers. Another study has recently demonstrated that phar-
macological challenge with methamphetamine produces sig-
nificantly reduced DA release in striatum, but normal levels of
prefrontal DA release in advanced PD compared with the nor-
mal controls (39). Putamen DA release in PD is correlated with
residual DA storage capacity measured by FDOPA uptake.

Release of endogenous DA can also be induced with behav-
ior modulation tasks. Compared with a resting baseline, RAC
binding is reduced significantly throughout the striatum in
healthy volunteers during the execution of a sequential finger
movement (40). PD patients show smaller reductions in RAC
binding with the same motor paradigm in striatal areas less
affected by the disease process. This is consistent with the
notion that deficiency in synaptic DA is contributing to the
impaired performance of sequential movement in PD.

In addition, RAC is also useful in investigating the mecha-
nism of motor fluctuation in PD patients treated for several
years with levodopa (41). It is reported that 1 h after a dose of
orally administered levodopa, the estimated increase in the
synaptic level of DA is three times higher in fluctuators than in
stable responders receiving the same drug regimen. Increased

level of synaptic DA is maintained only in stable responders
after 4 h. The rapid increase in synaptic DA observed in
fluctuators suggests that increased DA turnover might play a
role in levodopa-related motor complications.

2.3. CEREBRAL BLOOD FLOW (CBF) AND
METABOLIC IMAGING

Lost dopaminergic projections in PD cause profound
changes in resting and activated brain hemodynamics and
metabolism by disturbing the normal function of striato—
pallido—thalamocortico—striatal pathways. PET imaging with
['O]H,0 and ['®F]fluorodeoxyglucose (FDG) have been used
to measure regional CBF (rCBF) and glucose metabolism in
PD. However, general results show that rCBF and glucose
metabolism at resting states are either normal or increased in
parts of the basal ganglia and decreased in the selected cortical
areas contralateral to the more affected limbs (42—44). Bilater-
ally affected PD patients show more diffuse abnormality in the
cortex.

['SO]H,O/PET imaging has been mainly used in brain acti-
vation studies to investigate impaired motor function in PD
under different stimuli as compared with normal volunteers.
Brain mapping algorithms such as statistical parametric map-
ping (SPM) are used to localize significant changes in tCBF
relative to baseline. For example, reduced activationis observed
in PD patients in the contralateral putamen and the anterior
cingulate, supplementary motor area (SMA), and dorsolateral
prefrontal cortex (DLPFC) when performing simple motor
tasks (45-47). These cortical areas receive their inputs mainly
from the striatum and the impaired activations in SMA and
DLPFC may explain the difficulty the PD patients have in
initiating and executing this kind of movement. In contrast,
increased activation is observed in the precuneus and premotor
and parietal cortices when PD patients perform long sequential
finger movements (48). More complex movements lead to
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greater activations in the premotor and parietal cortices with
additional increases in the anterior cingulate and SMA. This
means that cortical areas receiving less input from the striatum
are recruited in PD patients to activate SMA and prefrontal
cortex. Increased cortical activity from the other areas is a good
example of brain plasticity in neurological disorders.

Brain network analysis is a more powerful strategy to map
abnormal topographic organizations of cerebral function asso-
ciated with PD. This is based on the use of principal component
analysis toidentify functional connectivity among a set of brain
areas (49,50). These areas form a distinct brain network in
which local functional indices vary simultaneously as a single
entity. Using FDG/PET data, we have identified a PD-related
metabolic covariance pattern (PDRP) marked by hypermetabo-
lism in the putamen and thalamus, cerebellum, and pons and
hypometabolism in the cortical motor cortex, such as premotor,
pre-SMA, and posterior parietal areas (5/-53). A simple index
can be computed prospectively to measure the expression of
PDRP network activity in each individual brain. Network
activity is positively correlated with disease severity ratings in
PD and is highly sensitive in discriminating PD from other
atypical parkinsonism.

Network analysis has also been used in ['O]JH,O/PET data
to generate unique topographic patterns of rCBF activations
associated with behavior components of explicit motor
sequence learning in the early stages of PD (54,55). The cova-
riance pattern related to acquisition performance exhibits
increased activation in the left DLPF, ventral prefrontal, and
rostral premotor areas but not in the striatum (activated in nor-
mal subjects). The covariance pattern related to retrieval per-
formance shows increased activation in the right DLPF and
bilaterally in the precuneus, premotor, and posterior parietal
cortices. These results show that in early stages of PD, net-
works for sequence learning incite additional cortical activa-
tions to compensate for striatal dysfunction.

Insummary, PET imaging studies with a variety of radiotrac-
ers have revealed specific and characteristic functional abnor-
malities underlying PD. Presynaptic dopaminergic function and
cerebral topographic organizations are altered not only in the
striatum but also in certain areas of the cortex. Striatal indices
of impaired presynaptic DA function and activity of an abnor-
mal metabolic brain network are correlated with clinical rat-
ings of motor dysfunction in PD. PET imaging affords an
objective way to evaluate disease progression and assess the
efficacy of experimental therapeutics.

3. MEDICAL AND SURGICAL
TREATMENTS OF PD

PD is one of the primary neurodegenerative disorders asso-
ciated with a progressive loss of nigrostriatal DA neurons and
areduction in striatal DA. This leads to impaired function on a
set of relay stations as part of a cortical-basal ganglia motor
loop. Pharmacological treatment is always the first course of
action at the early phases of the illness. Medication therapy
provides adequate control of symptoms over several years by
restoring presynaptic DA production and release in the brain.
However, long-term treatment is limited by increasing disabil-
ity and the development of motor fluctuations and abnormal

involuntary movement known as dyskinesia (56). It has been
suspected that the dyskinesias may result from erratic increase
in storage and release of DA and its subsequent interaction with
postsynaptic DA receptors.

A number of surgical interventions are viable options to give
further symptomatic relief and minimize any drug-induced
complications. This is intended to protect or restore dopamin-
ergic transmission by repairing dysfunctional basal ganglia
circuits. Different neurosurgical approaches have been exten-
sively discussed elsewhere by other investigators (57,58).
Basically there are three general types. The traditional method
is to make an ablative lesion to disrupt part of the circuit. How-
ever, this method is irreversible postoperatively. The second
method is deep brain stimulation (DBS) where an electrode is
implanted in the central part of the brain to electronically modu-
late the circuit. This method has received more attention
because it is reversible and adjustable postoperatively (59).
Ablative lesion and DBS have been performed at different parts
of the thalamus, pallidum, and subthalamus to compensate for
the biochemical effect of DA deficiency. The third method is
brain restorative therapies such as nerve growth factor infusion
or DA cell transplantation along the nigrostriatal pathway.
These techniques all use the principle of stereotactic functional
neurosurgery to determine the optimal location of the target
using image guidance and microelectrode recording.

PET imaging markers described above provide important
functional basis for introducing effective interventions and
directly assessing their therapeutic efficacy. Imaging evalua-
tionis absolutely necessary because clinical observation is most
likely to be insensitive to incremental improvement in the brain
function. This can be performed by measuring longitudinal
changes in functional indices in PD patients before and after the
treatment. The patients should be off dopaminertic medica-
tions for at least 12 h before PET scanning to minimize any
confounding effects.

Inrecent years, many imaging studies have demonstrated an
association between relative regional changes in brain function
induced by treatment and corresponding clinical performance.
It has been reported that impaired rCBF activations in regions
involved in simple motor tasks can be restored by levodopa
infusion and DBS of the internal globus pallidus (GPi) (60,61 ).
UPDRS motor ratings are improved by more than 34% and
rCBF increases correlate with independent measures of
enhanced motor behavior. Both therapies also establish spe-
cific but similar relationships in motor sequence learning
(55,62). Other brain-activation experiments have shown that
stimulation of subthalamic nucleus significantly alleviates prin-
cipal motor symptoms in PD (63-65). However, this interven-
tion seems to cause some degree of cognitive impairment in the
patients.

In addition, FDG/PET imaging has also been used to exam-
ine the effect of these treatments on metabolic substrates. We
have shown that subthalamic lesion and GPi DBS have respec-
tively reduced metabolism in several relay stations of the basal
ganglia motor circuit that are overactive in PD and increased
metabolism in the premotor area and the cerebellum (66-68).
Treatment-induced metabolic changes are associated with clini-
cal improvement given by UPDRS motor ratings.
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An alternative way for evaluating the surgical outcome of
cerebral brain function is the use of neural network analysis. It
is based on an algorithm to calculate the global expression of a
PD-related topographic pattern associated with abnormal
metabolism. For instance, we have consistently shown that the
network activity of PDRP is decreased in PD patients after
effective treatments: subthalamotomy, GPi-DBS, and levodopa
infusion (66—69). The interval changes in network activity
mediated by these interventions are all correlated significantly
with the improvement in clinical outcome.

However, the restorative therapies try to correct the biochemi-
cal defect in PD by promoting the survival of host neurons in the
nigrostriatal circuit or replacing the lost dopaminergic neurons.
Glial cell line-derived neurotrophic factor (GDNF) is a potent
neurotrophic factor with restorative effects in a wide variety of
rodent and primate models of PD. In a recent study, GDNF has
been delivered directly into the putamen of 5 PD patients in a
safety trial (70). After 1 yr, there is a40% improvement in the off-
medication motor UPDRS and a 60% improvement in the activi-
ties of daily living score. Medication-induced dyskinesias are
reduced by 64% and not observed in PD patients off medication
during chronic GDNF delivery. PET scans show a significant
28% increase in putamen FDOPA uptake after 18 mo. This sug-
gests a direct effect of GDNF on DA function and supports it as
a viable treatment for PD.

4. DA NEURON TRANSPLANTATION:

Transplantation of embryonic DA neurons into the nigro-
striatal pathway is a fundamental way to treat patients with
advanced PD that is complicated by motor fluctuations and
dyskinesias. Itis assumed that healthy DA cells can reinnervate
the host neurons to functionally compensate the biochemical
abnormalities of PD but also to arrest its progression. In animal
models of PD, fetal nigral transplants have been shown to sur-
vive grafting into the striatum, provide extensive striatal rein-
nervation, and improve motor function.

The principle and surgical strategy of fetal cell implantation
in humans have been described in detail (77,72). Briefly, fetal
grafts derived from human embryonic mesencephalic tissue
are stereotactically implanted into the striatum of patients with
PD. The tissue is harvested 6 to 9 wk after conception, and the
transplantation typically requires three to four donors per side.
Cyclosporine may be administered for a period of time to pro-
vide immune suppression. Clinical outcome is evaluated by
standardized ratings during off states at baseline and at regular
postoperative intervals following transplantation. Functional
imaging provides a valuable adjunct to clinical evaluation when
assessing the efficacy of this treatment.

4.1. IMAGING WITH FDOPA

Animal models of parkinsonism induced with a neurotoxin
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) have
played an important role in the development of cell transplan-
tation surgery (73,74). This has been performed mainly in pri-
mates and mice to provide controlled striatal lesions to test
various aspects of transplantation strategy. The functional res-
toration of the DA innervation of striatum has been investi-
gated in MPTP-lesioned Gottingen minipigs after grafting of
fetal pig mesencephalic neurons (75). Pigs received bilateral

grafts to the striatum of tissue blocks harvested from fetal pig
mesencephalon with and without immunosuppressive treat-
ment after grafting. Neurons marked by tyrosine hydroxylase
(TH) were counted in the grafts by stereological methods.

The MPTP persistently reduced the relative FDOPA activ-
ity in striatum by 60%. Grafting restored the rate of FDOPA
decarboxylation and normalized the performance in motor
function at 3 and 6 mo after surgery. The biochemical and
functional recovery was associated with survival of about
100,000 TH-positive graft neurons in each hemisphere at the
end of 6 mo. Immunosuppression did not induce a greater
recovery of FD-OPA uptake or increase the number of TH-
positive graft neurons or the volumes of the grafts. Pig ventral
mesencephalic allografts can restore functional DA innerva-
tion in adult MPTP-treated minipigs, in agreement with other
animal experiments and an early study in two PD patients
induced by MPTP (76).

Since early 1990s, many studies in PD patients have been
performed to evaluate the safety and efficacy of fetal nigral
transplantation into the striatum. This has evolved from unilat-
eral transplantation (77-80) to bilateral transplantation (8/-83)
for a more complete functional recovery. Patients received
transplants in caudate and putamen and exhibited significant
clinical benefits along with increased FDOPA uptake in the
grafted areas. Doses of medications often were reduced, result-
ing in the resolution of drug-related complications. One serial
study followed six patients for 24 mo after bilateral fetal nigral
transplantation in the putamen (84,85). Activities of daily liv-
ing, motor, and total UPDRS scores during the off state
improved significantly compared with baseline. Mean total
UPDRS off score improved 32%. Mean putamenal FDOPA
uptake on PET image increased significantly at 6 and 12 mo
relative to baseline. This increase correlated with clinical
improvement as demonstrated in an earlier study with unilateral
grafts (78). Two patients died 18 mo after transplantation from
causes unrelated to the surgery. Histopathological analysis of
their brains confirmed survival of TH immunoreactive cells and
abundant reinnervation of the putamen (86).

Five parkinsonian patients were transplanted bilaterally
into the putamen and caudate (87). To increase graft survival,
the lipid peroxidation inhibitor tirilazad mesylate was admin-
istered to the tissue before implantation and intravenously to
the patients for 3 d thereafter. During the second postopera-
tive year, the mean daily levodopa dose was reduced by 54%
and the mean UPDRS motor score was reduced by 40%. At
10-23 mo after grafting, a mean 60% increase of FDOPA
uptake in the putamen, and 24 % increase in the caudate were
observed compared with preoperative values. The pattern of
motor recovery did not differ from other previous studies with
putamen grafts alone. The amount of mesencephalic tissue
implanted in each putamen and caudate was 42% and 50%
lower, respectively, compared with previously transplanted
patients. Despite this reduction in grafted tissue, the magni-
tudes of symptomatic relief and graft survival were very simi-
lar. These results suggest that tirilazad mesylate may improve
survival of grafted DA neurons in patients.

Most previous clinical trials on DA cell transplantation have
used a small number of patients with an open-label design that
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may suffer from a potential placebo effect or investigator bias.
The first double-blind, placebo-controlled surgical trial of hu-
man embryonic DA cell implantation in PD has been described
(88). Forty patients with severe PD (mean age 57 yr; mean
duration 14 yr) were randomly assigned to either transplanta-
tion or placebo surgery. In the transplant recipients, cultured
mesencephalic tissue from four embryos was implanted into
the putamen bilaterally without immunosuppression. The sham
group had a mock surgery but without fetal cell implantation.
Among younger patients (age =60 yr), standardized tests
revealed significantimprovement in total motor UPDRS (30%,
p < 0.01) in the transplantation group as compared with the
sham-surgery group. There was no significant improvement in
older patients in the transplantation group, nor was any change
in the sham group regardless of age. Fiber outgrowth from the
transplanted neurons was detected at postmortem examination
in one transplant recipient who died from unrelated causes
during the first postoperative year.

One of the concerns is whether this trial has any effect on the
cognitive status of transplant recipients. Analysis of detailed
neuropsychological data in our transplantation cohort before
and 1 y after surgery showed that postsurgical change in cog-
nitive function was not significantly different between real and
sham surgery groups (89). Most neuropsychological measures
in both groups remained unchanged at the 1-yr follow-up.
Hence, embryonic DA neurons can be implanted safely into the
putamen bilaterally without impairing cognition in patients
with PD.

Using PET imaging with FDOPA, we first evaluated the
recovery of nigrostriatal dopaminergic function in 39 surviv-
ing patients scanned before and 1 yr after surgery (90). Inves-
tigators who were blinded to treatment status and clinical
outcome analyzed the images. We also determined the effects
of age on the interval changes in FDOPA. After unblinding,
we detected a significant increase in FDOPA uptake in the
bilateral putamen of the group receiving implants compared
with the placebo surgery patients (40%, p < 0.01). Increases
in putamen FDOPA uptake were similar in both younger and
older (age >60 yr) transplant recipients. Significant reduc-
tions in putamen uptake were evident in younger placebo-
operated patients (-6.5%, p < 0.05) but not in their older
counterparts. This reduction reflected an ongoing disease
process over time. PET changes were significantly correlated
with clinical outcome only in the younger patient subgroup
(r=0.58, p <0.01). Our results suggest that patient age does
not affect graft viability or development in the first postopera-
tive year. However, host age may alter the time course of the
downstream functional changes that are necessary for appre-
ciable clinical benefit.

The survival and function of the graft were also evaluated at
the second postoperative year in our transplant group (Table 1).
UPDRS scores at the first and second years improved by 20%
and 30%, respectively, relative to baseline (Fig. 2). Concur-
rently, putamen FDOPA uptake increased significantly by 40%
at the first year and 44% at the second year (Fig. 3). Both mea-
sures seemed to show slight improvements at the second year
compared to the first year although the differences did notreach
significance (Table 1).

To complement the ROI results described above, we also
mapped the interval changes in FDOPA uptake over time using
SPM (Fig. 4; Table 2). Comparing the first postoperative year
to preoperative baseline, we localized the relative increase to
the posterior putamen (left: x =-28, y=-2,z=2mm, Z,, =
4.7;right x=30,y=-8,z=2mm, Z_,, =4.6; p<0.001). The
same patterns of FDOPA increase were seen comparing the
second year to the baseline. Relative to the first year, SPM was
able to reveal further increase at the second year in the most
posterior portion of the ventral putamen, with alower statistical
significance (p < 0.01). This additional engraftment might be
responsible for the continued clinical improvement at two years
post implantation. No significant differences were seen in the
nonimplanted caudate in all of these comparisons.

In summary, the therapeutical efficacy of fetal cell trans-
plantation in PD has been proven consistently despite the
absence of immunosuppressive treatment and ongoing disease
progression. Current clinical trials with FDOPA PET imaging
suggest that the apparent symptomatic relief is associated with
the establishment of synaptic connections between the grafted
neurons and the host brain. The double-blinded trial shows
absence of a measurable placebo effect based on UPDRS
changes at 1 yr after the surgery. Although young patients seem
to show functional recovery in the first postoperative year, it
remains to be seen whether the older transplant recipients will
improve clinically during later follow-up. In accordance with
previous reports by other investigators, some of patients in our
transplant cohort have also demonstrated sustained graft sur-
vival and function beyond 4 to 6 yr after transplantation.

4.2. IMAGING OF DA TRANSPORTER

PET imaging with DAT radioligands may be used as
molecular markers to assess striatal presynaptic function in PD
patients after DA cell transplantation. This has been demon-
strated in a unilateral rat model of neurotransplantation with
[''C]CFT and microPET scanner (91). Parkinsonian lesions
were created by injecting 6-hydroxydopamine. DAT binding in
the lesioned striatum was reduced to 15% to 35% of the
unoperated side. After grafting with non-DA cells from dorsal
mesencephalon, the binding remained to levels observed before
transplantation and rats had no behavioral recovery. In con-
trast, after DA neuronal transplantation, behavioral recovery
occurred only after the specific DAT binding had increased to
75% to 85% of the intact side.

DAT radioligand has also been used to investigate the role
of implanting DA neurons in the clinical manifestation of
levodopa-induced dyskinesia in a rat model of PD (92). Dys-
kinesia was induced gradually during the course of 1 mo with
alow dose of levodopa in 6-hydroxydopamine-treated rats who
subsequently received embryonic ventral mesencephalic tissue
inthe striatum. Dyskinesiaimproved significantly in the grafted
rats after another 3 mo of continued levodopa treatment. The
severity of residual dyskinesia correlated negatively with the
density of DA nerve terminals in the striatum and this compli-
cation became resolved when DAT binding was more than 10—
20% of normal.

At present, there have been no systematic human trials of
DA cell transplantation using DAT imaging. A human study
has compared the striatal uptake of DAT with FDOPA in six
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Table 1
Mean Values and Interval Changes in Clinical Outcome
and Putamen FDOPA Uptake

Mean Values Interval Changes (%)
PRE POSTI POST2 POSTI/PRE  POST2/PRE POST2/POSTI
Putamen FDOPA Uptake A Putamen FDOPA Uptake
0.53+0.02 0.72+0.04 0.73+0.05 403+10.0b 43.6x11.5b 2.6+4.0
Total Motor UPDRS A Total Motor UPDRS
60.9 +5.3 49.2+59 422+45 -19.6+6.8a -288+53¢c -26+124
ap >0.01
bp < 0.001
cp < 0.0001

Imaging and clinical data (mean + standard error) are measured at baseline (PRE) and 1
(POST1) and 2 (POST2) years following embryonic dopamine cell implantation in 19 transplant
recipients. A refers to the percent change between two conditions (A — B) x 100/B with the
statistical significance calculated from paired t-test.

*

T t

PRE POST1 POST2

Fig. 2. Total motor UPDRS scores measured at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data
are mean from 19 transplant recipients taken 12 h after antiparkinsonian medications. The error bars represent the mean standard error.
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Fig. 3. Putamen FDOPA update measured at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data are
mean specific binding from 19 transplant recipients calculated at 95 min after tracer injection. The error bars represent the mean standard error.

patients with PD grafted with fetal mesencephalic cells (93).  the amount of ventral mesencephalic tissue used for implanta-
There was no change in DAT binding in the grafted putamen,  tion. The clinical benefit induced by the graft seems to be more
despite a significant increase of FDOPA uptake. Clinical and  related to increased dopaminergic activity than improved
FDOPA uptake changes after the grafts were correlated with  dopaminergic innervation in the host striatum. It is important to
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Fig. 4. Mapping of FDOPA uptake at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data from
19 transplant recipients are compared by paired tests using SPM. Transplantation results in significantly increased FDOPA uptake in the
bilateral posterior putamen at both postoperative time points. Comparison of POST2 and POST1 shows significant bilateral increase in the most
posterior part of ventral putamen, reflecting continued innervation 2 yr after implantation. See color version on Companion CD.

Table 2

Statistical Characteristics of Brain Regions
With Significant Increases in FDOPA Uptake

POSTI > PRE POST2 > PRE POST2 > POSTI
Regions Zow X Y Z 2z X Y Z Z. X Y Z
LeftPutmen 47 28 -2 2 49 28 —4 0 33 -30 -6 -4
Right Putamen 4.6 30 -8 2 52 32 -2 2 34 32 6 4

Data represent Z scores and Talairach coordinates (mm) of peaks within the significant clusters
detected by statistical parametric mapping of FDOPA binding from PET images (Fig. 4).

note that this is only a preliminary study and has not been rep-
licated. More work is necessary to determine whether FDOPA
is the optimal tracer to evaluate grafted PD patients.

4.3. IMAGING OF POSTSYNAPTIC DA RECEPTORS

D1 and D2 receptor imaging may also provide a dopamin-
ergic molecular basis of functional recovery in the nigrostriatal
system after neural transplantation. An increase in the number
of functional D1 and D2 DA receptors is likely to indicate a
more extensive integration of the graft with the host brain. PET
with [1!C]SCH 23390 and RAC has been used to examine the
effect of donor stage on the survival and function of embryonic
striatal grafts in the adult rat brain (94). The grafts from the
youngest donors showed a significant increase in D1 and D2

receptor binding when compared with the lesion-alone group.
This increase was correlated with the improved motor function
in therats. Striatal grafts from younger donors produced greater
behavioral recovery than grafts prepared from older embryos
due to the increased proportion of viable tissue within the grafts.

PET with RAC is capable of measuring synaptic DA release
from embryonic nigral transplants. This was performed in a PD
patient demonstrating the sustained and marked clinical im-
provement, as well as gradual increase of FDOPA uptake to
normal during a period of 10 yr after grafting in the unilateral
putamen (95). RAC binding to DA D2 receptors was measured
with saline or methamphetamine infusion. Binding at baseline
was normal in the grafted putamen but upregulated in the
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nongrafted putamen and caudate. Drug-induced binding reduc-
tion was also restored to the normal level in the grafted puta-
men. These results suggest that graft has successfully
normalized DA storage and D2 receptor occupancy in the den-
ervated striatum.

4.4.IMAGING WITH FUNCTIONAL BRAIN ACTIVATION

H, 130 with PET can be a useful tool to study the recovery
of striatocortical functional systems in patients treated with
fetal cell implantation. It is reported that recovery of move-
ment-related cortical function has been delayed in PD after
striatal dopaminergic grafting (96). The cortical activation
was still impaired at 6.5 mo after transplantation, although
motor symptoms and mean striatal DA storage capacity had
significantly improved. At 18 mo after surgery, there was
further significant clinical improvement without any more
increase in striatal FDOPA uptake. The surgery significantly
improved rostral supplementary motor and dorsal prefrontal
cortical activation during performance of joystick move-
ments, in agreement with the results of subthalamic nucleus
DBS (63,65). These data suggest that it is not enough for the
graft to simply deliver DA and that functional integration of
the grafted neurons within the host brain is necessary to pro-
duce substantial clinical recovery in PD.

Presently, this type of study can also be performed using
functional magnetic resonance imaging to measure alternation
in regional cerebral blood volume (rCBV). rCBV is an indica-
tor of neuronal metabolism as it is linked to the cerebral oxy-
gen consumption varying in response to motor tasks. Two PD
patients with clinically excellent outcome after transplanta-
tion were examined this way with a repetitive motor task (97).
Activation was recorded consistently in the part of the puta-
men receiving the graft, suggesting that the formation of neu-
ral connections between host and transplanted tissues as the
same paradigm also activates the putamen in normal volun-
teers.

It is known that DA release in response to amphetamine
challenge induces a significant increase in rCBV in specific
parts of the corticostriatal circuitry. One double-blind study in
aunilateral rat model of PD reported complete absence of TCBV
activation to amphetamine in striatum and cortex ipsilateral to
the lesion (98). Cell graft in the lesioned striatum resulted in
appreciable amphetamine-induced activation in the striatum
and sensorimotor cortex, similar in magnitudes to those in the
contralateral intact hemisphere. No response was evident in
control rats with sham surgery. This study demonstrates that
behavioral restoration in animal models parallels observation
from functional MRI data.

4.5. IMAGING WITH METABOLIC MARKERS

FDG/PET imaging can be very useful in mapping the meta-
bolic brain response to neuronal cell implantation in the human
trials of PD patients. This has been proven repeatedly with
other neurosurgical therapies summarized earlier. In the first
open-label human trial for stroke (99), 12 patients with chronic
basal ganglia infarction and motor impairment were investi-
gated before and 6 and 12 mo after stereotactic implantation of
cultured human neuronal cells. Alterations in glucose metabo-
lism in the stroke area at 6 and 12 mo after implantation corre-
lated positively with motor performance measures. The results

suggest improved local cellular function or engraftment of
implanted cells in some of these patients.

5. POTENTIAL COMPLICATIONS
AFTER TRANSPLANTATION

Complications related to the intrastriatal transplantation of
human embryonic mesencephalic tissue are usually mild and
transient as reported by most of clinical trials with PD. All
patients have bilateral dyskinesias before grafting that are
greatly decreased a few months after the surgery because of
concurrent reduction in dopaminergic drugs. However, as the
number of graftrecipients increases, dyskinesias in the absence
of or with only minimal amounts of dopaminergic medication
have been reported after the surgery. One study examined five
patients during the course of 1-3 yr after unilateral implanta-
tion in the caudate and putamen (/00). There was a moderate
increase in FDOPA uptake in the grafted putamen along with
a different degree of bilateral improvement in motor skills.
Delayed asymmetrical dyskinesias were observed in three
patients on the side contralateral to the graft. It was speculated
that this might reflectincreased presynaptic storage and release
of DA induced by the graft in the host striatum.

One recent study reported that mild to moderate dyskinesias
increased during postoperative off-phases in 14 patients who
were followed long-term after grafting (/01). Varied implan-
tation targets had been employed in this group of PD patients.
Dyskinesia severity was not related to the magnitude of graft-
derived dopaminergic innervation measured by FDOPA
uptake. This retrospective study seems to suggest that
dyskinesias are not associated with the excessive growth of
grafted dopaminergic neurons. However, the experimental
design in that report is somewhat limited as a result of the large
variability in grafting strategy and dyskinesia symptoms, as
well as the absence of controls from the same transplant cohort
who were free of this complication.

Persistent dyskinesias have been observed during off states
in 5 of 33 patients who received fetal transplants as part of the
double-blind trial (88). This phenomenon took place during
the second postoperative year after marked improvement of
clinical signs in the first year. Using FDOPA PET, we sought
to determine whether this complication resulted from specific
alterations in DA function after DA cell implantation (102).
Caudate and putamen FDOPA uptake in five dyskinetic patients
were compared with those from 12 age- and disease duration-
matched transplantrecipients who were free of dyskinesia. We
found that FDOPA uptake did not differ at baseline between
both groups. However, putamen FDOPA uptake was signifi-
cantly increased (p < 0.005) in dyskinetic transplant recipients
at 12 and 24 mo after transplantation. SPM analysis revealed
that hyperactive areas were predominantly localized to two
zones within the left putamen. In addition to the posterodorsal
zone in which a prominent reduction in FDOPA uptake was
present at baseline, the dyskinetic group also a relative increase
ventrally, in which preoperative dopaminergic input was rela-
tively preserved. Postoperative FDOPA uptake did not reach
supranormal values over the 24-mo period. These results sug-
gest that unbalanced increases in dopaminergic function can
complicate the outcome of neuronal transplantation for par-
kinsonism.
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Although there appears to be a link between suboptimal
recovery of presynaptic function and graft-induced dyskinesia,
its exact mechanism remains unknown. The onset of dys-
kinesias is also likely to come from interactions with postsyn-
aptic receptors. Although striatal D1 and D2 receptor binding
did notchange in drug-induced dyskinesia (/03), PET imaging
with ['!C]diprenorphine indicated that binding to opioid recep-
tors in the striatum and thalamus was reduced compared with
nondyskinetic patients.

H, 130 PET studies of patients with focal limb dyskinesias
showed that rCBF after oral levodopa were increased during
dyskinesias in putamen, and motor, premotor and dorsal pre-
frontal cortices (/03). Dyskinesias might be associated with
derangement of basal ganglia opioid transmission, resulting in
overactivity of basal ganglia-frontal projections. Further PET
imaging studies may help find better ways to treat graft-induced
dyskinesia or improve the transplanting strategy to prevent the
occurrence of this potential side effect.

6. NEW DEVELOPMENT AND PROSPECTIVE

DA cell transplantation is one of the most fundamental
neuroprotective and restorative therapies to treat PD. However,
a number of challenges still remain that limit its widespread
clinical applications (/04), including the development of sus-
tainable sources of DA tissue, introduction of neurotrophins,
improved transplantation strategy, as well as comprehensive
imaging methods to better evaluate the postoperative recovery
in the brain function.

6.1. ALTERNATIVE SOURCES OF DA TISSUE

The major obstacle is that this cell replacement strategy
needs large amounts of human fetal mesencephalic tissue to
achieve appreciable and sustainable therapeutic effects. This
may not be widely available because of ethic and practical
considerations. There is a growing interest to find other sources
of viable DA cells for use in humans. A postmortem study has
presented histological evidence of fetal pig neural cell survival
and growth over several months after transplantation into the
striatum of a PD patient (/05). Pig neurons extended axons
from the graft sites into the host brain. It has also been demon-
strated that transplantation of embryonic porcine ventral mes-
encephalic tissue into PD patients is well tolerated and free of
serious adverse events (/06). The tissue was deposited unilat-
erally in the caudate and putamen of 12 patients with cyclo-
sporine immunosuppression. Despite a slight improvement of
20% in clinical UPDRS ratings, there was no change in FDOPA
uptake at 1 yr after transplantation as compared to that at
baseline. This is similar to early trials of human embryonic
allografts that transplanted small amounts of tissue. The
absence of increase in FDOPA uptake could also reflect low
survival rates of DA neurons as a result of immunoreactions.
Nevertheless, the surgery is safe with no evidence of transmis-
sion of porcine endogenous retrovirus measured from periph-
eral blood mononuclear cells.

Stem cells derived from human embryos may hold promise
as a virtually unlimited source of self-renewing progenitors for
transplantation. One study has described that transplanting
small amounts of undifferentiated mouse embryonic stem cells
unilaterally into the rat striatum leads to their proliferation into

fully differentiated DA neurons (98). These DA neurons caused
gradual and sustained behavioral recovery of DA-mediated
motor asymmetry. Parallel increase in DAT binding was seen
in the grafted striatum (equal to 75-90% of the intact side) and
correlated with the number of neurons counted at postmortem
in the graft. In contrast, there was much less DAT activity in
sham controls. These findings demonstrate that transplanted
embryonic stem cells can develop spontaneously into DA neu-
rons to restore cerebral function and behavior in an animal
model of PD. Other types of substitute DA cells and DA neu-
rons cultivated from human embryonic cells are currently under
investigation and may become available in the near future
(74,107). A new therapy closely related to DA transplantation
is the use of genetic manipulation to normalize DA production
and delivery in the brain. This pioneering development has
been actively tested in animal models of PD (108,109). How-
ever, clinical trials of these cell and gene therapies in patients
can be contemplated only after vigorous evaluations in experi-
mental parkinsonism.

6.2. USE OF NERVE GROWTH FACTORS

The second obstacle is that DA cells have low survival rates
in culture and after grafting in the brain. Neurotrophic growth
factors such as GDNF have neuroprotective effects on dopam-
inergic neurons both in vitro and in vivo (73). An animal study
has been performed in which 6-hydroxydopamine lesions were
created in the left medial forebrain bundle of rats (1/0). Mes-
encephalic tissue was suspended in solutions with GDNF before
transplantation into the left striatum. This treatment enhanced
graft-induced compensation of amphetamine-stimulated rota-
tions and recovery of striatal DAT binding of ['!C]RTI-121
measured by PET. It significantly prolonged graft survival as
shown in post mortem analysis.

Exposure of human fetal nigral tissue to GDNF may enhance
survival of stored dopaminergic cells and promote graft sur-
vival. A human study described that cells stored with GDNF
had a 30% increase in survival time compared with those with-
outGDNF (/71). TwoPD patients received bilateral putaminal
implants of fetal dopaminergic cells exposed to GDNF. FDOPA
uptake in the putamen of these patients was more than doubled
relative to baseline 12 mo after surgery. This substantial
increase is much larger than those reported in previous human
trials with DA neurons alone. Therefore, GDNF is not only a
viable neuroprotective agent, but also effective in improving
the survival and functional activity of mesencephalic grafts.

6.3. IMPROVEMENT IN TRANSPLANTATION STRATEGY

Current cell transplantation surgery in PD has been mainly
on reinnervating the striatum. Evidence from preclinical data
suggests that simultaneous intrastriatal and intranigral grafts
may produce a more complete functional recovery. A recent
study evaluated three patients who received implants of fetal
mesencephalic tissue in putamen and substantia nigra bilater-
ally (112). Clinical improvement was noted in total UPDRS
along with an increase in the mean FDOPA uptake in the puta-
men and nigra 12 mo after surgery. [t remains to be seen whether
this double transplant strategy is better than others in clinical
trials with more patients.

The overall goal of DA cell transplantation is to repair the
nigrostriatal pathway and fully restore dopaminergic function
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in the striatocortical circuits. It has been suggested that optimal
outcome of this intervention is age-dependent and may vary
according to preoperative clinical status and biochemical deficit
of the patient. This calls for a surgical strategy that is tailored to
the time course of the disease inindividual patients. PET imaging
with presynaptic markers offers an objective criteria to select
patients and optimize the design of transplantation strategy. This
process might be facilitated by the use of a three-dimensional
gradient map quantifying the absolute loss of striatal binding in
PD relative to normal (32). The map is superimposed on an MRI
brain template so that DA cells could be delivered locally to
achieve a more homogeneous reinnervation after grafting.

6.4. EVALUATION WITH MULTIPLE
IMAGING MARKERS

To establish whether the transplantation fully restores the
cerebral brain function in PD patients, it is necessary to evalu-
ate its efficacy by multitracer PET imaging. Previous studies
have documented both striatal and frontal reductions in presyn-
aptic DA function and their relationships with motor and cog-
nitive impairment (15,29). The capacity to release endogenous
DA in these areas has also been proven by measuring reduction
in postsynaptic D2 receptor binding induced by pharmacologi-
cal challenges (39). The successful DA transplantation should
maximally increase and sustain the levels of these parameters
of dopaminergic function postoperatively.

PET FDG or H, 'O activation studies are ideal to investigate
the graft-mediated recovery of metabolic or blood flow function
and its role in improving motor and cognitive impairment in
patients with PD. The best way is likely to involve acquiring
presynaptic DA imaging, FDG, and rCBF activation data in the
same patients before and after transplantation. Increasingly,
imaging of brain activation can be performed using functional
MRI with appropriate stimuli. Together, this hybrid approach
would provide an unique opportunity to study the correlation
among multiple indices of brain function and their respective
relationships with clinical and behavior improvement.

7. CONCLUSION

Fetal nigral tissue can be transplanted into the striatum
bilaterally in patients with advanced PD safely and with little
morbidity. Human trials in conjunction with PET imaging have
demonstrated consistent long-term clinical benefit and increased
FDOPA uptake. Neurotrophins such as glial cell line-derived
neurotrophic factor can promote survival and growth of
implanted dopaminergic cells. Clinical improvement appears to
be related to the survival and function of transplanted fetal tissue.
In addition, DA transporter seems to be a more valuable imag-
ing marker for quantifying dopaminergic nerve terminals. The
recovery of cortical function may be better investigated by map-
ping DA-regulated metabolic and hemodynamic changes in the
striatum and associated brain circuitry. Functional imaging with
PET will continue to play a key role in evaluating and optimizing
this surgical therapy for successful use in the treatment of PD and
other brain disorders resulting from neurodegeneration.
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6 Neurotoxicity of the Alzheimer’s
B-Amyloid Peptide

Spectroscopic and Microscopic Studies

DAVID R. HOWLETT, PhD

SUMMARY

Alzheimer’s disease (AD) is characterized pathologically
by the presence in the brain of extracellular deposits of the -
amyloid or Abeta (AB) protein and intracellular neurofibrillary
tangles composed of hyperphosphorylated tau. Molecular
genetic data, largely based on familial AD patients, led to the
“The Amyloid Hypothesis” being proposed, where the aggre-
gation and deposition of A is a pathogenic feature of the dis-
ease. The AP protein generally is described as a 39- to 43-amino
acid peptide, although that barely hints at the complexities
encountered in trying to understand the process by which it
folds, aggregates, is deposited and, at some stage, is believed to
bring about neuronal cell degeneration. This chapter, therefore,
explores how many microscopic and spectroscopic techniques
have been used in attempts to understand the A fibrillization
process and to provide a means of generating agents capable of
halting A deposition and hence disease progression in AD.

Key Words: AB; beta-amyloid; -amyloid; Alzheimer’s
disease; neurotoxicity; B-sheet formation; fibrillization.

1. INTRODUCTION

A century ago, Alois Alzheimer described the histopatho-
logical analysis of the brain of an unusual case of dementia,
reporting the presence of a “peculiar substance” (Alzheimer
1907 Uber eine eigenartige Erkrankung der Hirnrinde.
Centralblatt fiir Nervenheilkunde und Psychiatrie 30, pp. 1 77—
179). That peculiar substance has now been subjected to a vast
armamentarium of protein biophysical technologies in attempts
to unravel the fundamental mysteries of the etiology of
Alzheimer’s disease (AD). The lack of any means of halting
disease progression and the inevitably of its outcome has been
an important driving force in providing the support for several
decades of study of the biochemical manifestations of AD.
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The “peculiar substance” is the B-amyloid -protein (A, also
known as beta-A4, amyloid B, ABeta, BAP), which is derived
from the proteolytic cleavage of the amyloid precursor protein
(APP) (1), amuch larger membrane-spanning protein of uncer-
tain biological function. However, because AP is the major
component of senile plaques in AD, it has been postulated that
itis responsible for the neuronal cell loss observed in the vicin-
ity of the plaques. The role of A in the pathogenesis of AD has
been widely reviewed and will not be repeated in this present
chapter, although it is necessary to touch on the basic tenet of
the Amyloid Hypothesis (2) in that aggregated AP protein is
deposited in senile plaques and that somewhere between pro-
teolytic cleavage from APP and deposition in plaques the A3
protein is the cause of the neurodegeneration.

In discussing the makeup of senile plaque, the term “Af
proteins” is used because the amyloid plaque is composed of
not just the 39 to 43 amino acid peptides reported in early stud-
ies (1,3,4) but of a whole series of N- and C-terminally trun-
cated species (5). Cerebrospinal fluid (CSF) also contains many
differing-length AP forms (6). In general, the longer forms
of AP fibrillize faster and although AP 1-40 is the major
species in the CSF and blood vessels (7), AR 1-42 is the
major form in plaques (8).

Biochemical studies have investigated the behavior of the
full-length AP 1-40 and AP 1-42 amino acid peptides plus many
shorter fragments used because of their increased solubility. Of
the two longer forms, a number of factors have led to AP 1-40
being widely studied: (1) it exhibits amyloidogenicity and neu-
rotoxicity (see Sections 2.1. and 3.1.); (2) it possesses the abil-
ity to be initially disaggregated so that the kinetics of the
fibrillization process can be studied in a sensible time window,
which is a major plus for studying the fibrillization process; (3)
itis relatively easy to synthesize (compared with AB1-42); and
(4) it was more readily available commercially in the first half
of the 1990s.

The earliest studies of A in vitro provided a warning of the
confusion that has persisted to this present day in terms of the
actions of the peptide at the cellular level in that both trophic
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and toxic responses were observed on central nervous system
neurons in culture. When initially exposed to synthetic A,
hippocampal neurons showed enhanced survival and increased
neurite outgrowth (9—11) although after several days in culture,
neuronal degeneration was observed (/7). In vivo, however,
AP was reported to be directly neurotoxic (12,13). Some clarity
regarding the in vitro actions of AP} has been provided by vari-
ous studies showing that the cytotoxic properties of the peptide
are dependent on its aggregation state (/4-17).

The aggregation state of the AP peptide and its relationship
to neuronal cell death in AD has been the subject of hundreds
of reports in the scientific literature. A major requirement in
such studies is the ability to be able to determine the biophysi-
cal state of the peptide. This forms the basic thread of this
chapter—how imaging techniques, from spectroscopy to
microscopy, have aided our understanding of the biophysical
and biological properties of Ap.

2. THE AB AGGREGATION PROCESS

As atitle, “The AP Aggregation Process” may be somewhat
misleading because it implies that we understand the process.
There is no doubt that synthetic AB 1-40 peptide, when dis-
solved in aqueous medium and incubated at 37°C, undergoes
conformational changes resulting in the appearance of long
straight fibrils. Figure 1 shows electron micrographs of two
examples of fibrils formed from AP 1-40 with differing fibril
diameters and periodicities (Fig 1A) and possible splitting or
unraveling (Fig 1B). In both micrographs, but particularly at
the 44-h time point (Fig 1A), there are numerous examples of
what appear to be shorter, often globular structures that may
represent early protofibrillar forms. Both electron microscopy
and atomic force microscopy (AFM) have been widely used to
image visually the changes that occur when A is incubated in
vitro although this tells us little about the biophysical process
involved or what is happening at the molecular level.

With both full-length and truncated AP peptides, various
solvent systems have been used to improve solubilization of the
peptide. Additionally, to provide the starting material for study-
ing the aggregation process, the consensus of opinion is that
peptide devoid of any B-sheet structure is required. Several
solvents (e.g., hexafluoroisopropanol, trifluorethanol, dimeth-
ylsulphoxide) have been used, although itis known that organic
solvents do affect AP aggregation (18). Fezoui et al (19) have
claimed that initial dissolution of AP 1-40 in sodium hydrox-
ide solution (2 mM) followed by sonication and lyophilization
resulted in peptide solutions with enhanced solubility and
fibrillization reproducibility. Certainly, circular dichroism
(CD) spectroscopy and AFM suggested that peptide prepared
in this way had superior properties for fibrillization studies
(19). Because the behavior of AP peptides is so dependent on
initial solubilization method and even the particular batch of
AB, it is obviously difficult to reconcile these data with the
behavior of endogenous A proteins in the CNS. Only time will
tell which, if any, resembles the fate of AP cleaved from APP
in the AD brain.

The development of the ability to be cytotoxic to neuronal-
type cultures has been repeatedly shown to be associated with
the formation of multimeric forms of AP. However, the precise

conformational changes and molecular reorganization of the
peptide that accompany the acquisition of that property is still
somewhatunclear. Inrecent years, much attention has focussed
on small oligomers, protofibrils, and amyloid-derived dif-
fusable ligands (ADDLSs) as being the neurotoxic forms of A,
and various analytical techniques have been used to monitor
the formation of these species and their relationship to neuronal
cell death.

2.1. THE AD AMYLOID FIBRIL ASSEMBLY PROCESS

Unfortunately, many AP fibrillization reports only describe
the biophysical changes in the peptide and so tell us nothing
about biological properties, that is, neurotoxicity. However,
much of our basic understanding of the fibrillization process
stems from this literature and hence itis vital that it is discussed.

AP fibril formation is proposed as being a nucleation-depen-
dent mechanism where the nucleus grows by the incorporation
of additional protein molecules. The rate-limiting step in this
process is the formation of the AP nucleus (20). The precise
nature of the AP nucleus is unknown, although data from quasi-
elastic light-scattering studies have suggested the formation of
micelles in solution on route to fibril formation (27). Light-
scattering data from these authors (22,23) have suggested that
AP forms dimers and tetramers. There also is evidence that
during the nucleation process, fibrillization can occur by the
addition of AB monomer to nonamyloidogenic seed (20). Fur-
thermore, fibril growth can be accelerated by the addition of
preformed fibrils, that is, by seeding (24), suggesting that the
AP nucleus may simply be preformed mature fibrils.

The kinetics of fibril extension have been studied by using
surface plasmon resonance (SPR) where fibrillar A is immo-
bilized onto the sensor chip (25). The application of monomeric
AR to the SPR flow cell resulted in increases in the SPR signal.
Parallel AFM studies confirmed fibril extension. The use of SPR
allowed the authors to determine that the extension reaction and
linear dissociation phase were consistent with a first-orderkinetic
model and, by using this model, the critical monomer concentra-
tion and equilibrium association constants were calculated. How-
ever, care should be taken with the interpretation of data
employing immobilized A because the strong interaction
between amyloid proteins and surfaces such as mica, used in
AFM studies, can result in the formation of fibrils morphologi-
cally different from the intact amyloid fibrils (26).

Understanding the molecular structure of the A} peptide has
been thwarted by its noncrystalline, insoluble nature that ren-
ders it unsuitable for high resolution techniques such as X-ray
crystallography and solution phase nuclear magnetic resonance
(NMR). Because the fibrils are noncrystalline, diffraction pat-
terns are difficult to resolve, although early studies did suggest
an anti-parallel B-sheet arrangement (27,28). Fourier-transform
infrared (FTIR) spectroscopy data confirms the B-sheet struc-
ture of the amyloid fibrils and also is supportive of an anti-
parallel alignment of the B-strands (29,30). More recently,
X-ray diffraction studies on orientated fibrillar bundles have
confirmed the cross-f diffraction pattern characteristic of amy-
loid fibrils (31,32). The data from these studies suggests the
presence of hydrogen bonded parallel chains in B-strand con-
formation running parallel to the long axis of the fibril thus
forming (3-sheet ribbon-like structures. Reviewing X-ray dif-
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Fig. 1. Freeze-dried, rotary low-angle replica of AP 1-40. AP 1-40 (batch ZK051 Bachem UK Ltd) was dissolved in 0.1% acetic acid at 0.46
mM. Further dilutions to 11.6 uM were made in phosphate-buffered saline. Peptide solutions were incubated for (A) 44 h and (B) 9 d at 37°C
in aqueous solution pH 7.4. Possible split fibre arrowed. Magnification (A,B) x168,000. Scale bar, 100 nm

fraction and electron microscope (EM) data, Perutz et al. (33)  fibrils (10-12 nm) is similar to those found in amyloid plaque
have suggested that amyloid fibrils may exist as water-filled  (34,35). The periodicity of the fibril twists has been noted by
nanotubes. Negatively stained electron micrographs typically  both EM (7/7) and by AFM (36,37) and may reflect either the
show unbranched straight fibrils with periodic twists, often of ~ composition being a series of composite units or a helical twist
length greater than lum (e.g., ref. /7). The diameter of these  in the fibril.
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The data described above show that being able to monitor
the fibrillization process by multiple analytical means, there-
fore, is almost a prerequisite for gaining a thorough under-
standing of the process and, subsequently, how inhibitors might
act. In studying the effects of melatonin, for instance, Pappolla
and colleagues (38) have used EM to demonstrate the inhibi-
tion of fibril production during the course of 2—-6 h (AP 1-42)
or48 h (AP 1-40) at a melatonin to AP ratio of 1:2.5. Under the
stated condition, CD spectroscopy showed that freshly dis-
solved peptides contained some [(3-sheet structure and that the
addition of melatonin to either peptide resulted in an immediate
increase in random coil conformation and a decrease in B-sheet
formation with time. Such early events describing interactions
between melatonin and AP were not observed in EM studies.
Furthermore, NMR spectroscopy revealed that the effects of
melatonin were dependent on structural interactions between
melatonin and A rather than being associated with the antioxi-
dant effects of the former. Similar data have been reported by
Skribanek et al (39) who, by use of EM, CD spectroscopy, and
electrospray mass spectrometry, were able to show hydropho-
bic interactions between melatonin and AP 1-40. Attempts to
pindown further the site of interaction by employing proteolytic
cleavage in line with mass-spectrometry suggested that the
interaction might be between the hormone and the 29-40 seg-
ment of AB 1-40 (39). These two studies (38,39), therefore,
demonstrate the benefits of studying A fibrillization by an
array of techniques.

2.2. FACTORS REGULATING A AGGREGATION

As commented earlier, many AP aggregation studies have
investigated the behavior of AP peptides in aqueous buffer/salt
solutions, attempting to draw correlations with plaque forma-
tion in the brain, almost ignoring the fact that in vivo conditions
will be very different to simple inorganic buffers or salt solu-
tions. This is maybe surprising knowing how easy it s to affect
AP fibrillization by factors such as pH, ion content, tempera-
ture, and metals. However, the fundamental question remains
as to what affects and regulates AP fibrillization and plaque
formation in the brains of patients with AD.

It is perhaps not surprising that pH value plays an important
role in the determination of AP peptide conformation. Some
years ago it was shown that the pH-dependent polymerization
of AP 1-40 results in the formation of species of peptide with
different physical and biological properties (40), although to
complicate matters further, the nature of that species varied from
batch to batch of peptide (Fig. 2; Howlett, unpublished).
Although all five batches of AP 1-40 shown in Fig. 2 produced
some degree of oligomer formation, albeit with slightly different
pH optima, as illustrated by the immunoassay data, only batch
MWO0241 was cytotoxic in subsequent cell-based testing in IMR
32 human neuroblastoma cells (data not shown). This is obvi-
ously a very major problem in the overall interpretation of stud-
ies of the physical behavior of AP peptides when comparing data
between laboratories using differing starting materials.

Other groups have also noted effects of pH on AP
fibrilllization. Antzutkin et al. (41) compared AP 10-35 and 1-
42 incubated at room temperature at pH 3.7 and 7.4 with the
peptide solutions being constantly agitated. Using EM and
scanning transmission EM, they found that AB 10-35 formed

single protofilaments at pH 3.7 but paired or higher order
bundles at pH 7.4. Solid-state NMR indicated parallel B-sheet
organization at both pH values. With AP 1-42, parallel B-sheet
and unpaired protofilaments were also observed with A 1-42
at both pH 3.7 and 7.4. Solid-state NMR data with AB 1-40
fibrils and site-directed spin-labeling experiments with both A}
1-40 and AP 1-42 fibrils are also consistent with in-register par-
allel B-sheets (42,43). Interestingly, the solid-state NMR data
suggest that the structure of AP 1-42 is not significantly different
than that of AB 1-40 and does not offer any evidence to explain
the greater amyloidogenicity of the longer peptide (44).

A quasielastic light-scattering study by Lomakin and col-
leagues (21) showed that at low pH, AB 1-40 does form fibrils
that resemble those found in senile plaques. Analysis of the pro-
cess suggested that above a certain concentration peptide
micelles formed and that fibrils may nucleate within these
micelles. This technique, therefore, aids the kinetic analysis of
AB fibrillization.

Metals appear to play an important role in the fibrillization
of AP in the brain and abnormal interactions between metals
and the amyloid peptide may provide a basis for understanding
the development of AD (for review, see ref. 45). Zinc, copper,
and iron all are found at high levels in brain regions normally
associated with AD pathology, particularly the neocortex.
These metal ions induce AP aggregation and the interactions
between AP and metal ions have thus become the potential
target for therapeutic intervention. Raman spectroscopy has
been used to explore these interactions and indicates that the
amino acid residues involved in both Cu(II) and Zn(II) binding
to AP are the histidine residues at positions 6, 13, and 14 (46).
Iron, however, binds primarily to the phenolic oxygen atom of
the tyrosine residue at position 10 but also to the carboxylate
groups of the glutamate and aspartate side chains. The binding of
Cu(II) to the three histidine residues has been confirmed by an
NMR and electron spin resonance (ESR) study, also suggesting
the involvement of the tyrosine residue at position 10 (47).

A number of studies have tried to link findings of senile
plaque-associated proteins with AP fibrillization, largely on
the basis that these proteins may facilitate heterogeneous nucle-
ation. These include proteins such as apolipoprotein E, alpha-
I-antichymotrypsin, heparan sulphate proteoglycan, laminin,
and acetylcholinesterase.

The enzyme acetylcholinesterase (AChE) is found in close
proximity to both senile and diffuse plaques and with cere-
brovascular amyloid (48,49). In senile plaques it is found
mainly associated with the plaque core, suggesting that it may
play arole in mature fibril formation. Indeed, EM studies have
shown that AChE accelerates the formation of AP 1-40 fibrils
in vitro (50). Using short peptide fragments (A 12-28 and A
25-35), these workers demonstrated that AChE-amyloid com-
plexes form during the fibrillization process, data consistent
with the close association of AChE and A in the senile plaque
(51). The effects of AChE on B-sheet content of AP 1-40 prior
to fibril formation has been demonstrated by parallel monitor-
ing with CD spectroscopy and electron microscopy (52). Thus,
it would appear that AChE is capable of inducing a conforma-
tional change in the AP peptide that facilitates subsequent
fibrillization.



CHAPTER 6 / AP IN VITRO IMAGING 65

700000 - S
—o— 34H0493
600000 K2
—— MEQ241 |
500000 k403 |
—%— A-0009
£ 400000
S
S 300000
200000
100000
0 }
4 45 5 5.5 6.5 7 75 8 8.5

Fig. 2. pH-Dependent fibrillization of differing batches of AB 1-40. AP 1-40 peptides were dissolved in 0.1% acetic acid at 0.46 mM. Further
dilutions to 11.6 uM were made in phosphate-buffered saline. Peptide solutions were incubated overnight at 37°C before being assessed in
oligomer-specific immunoassay (107). Batches of AB1-40: 34H0493 (Sigma Aldrich); K-2 (K-Biologicals); ME0241 (California Peptide
Research); K-40-3 (U.S.Peptide Inc); and A-0009 (Wherl GmbH). Data are from a single representative experiment that was repeated three

times. Standard errors of the mean varied by less than 15%.

Laminin is an extracellular matrix component that accumu-
lates in senile plaques (53) and has been shown to regulate A3
fibrillization in vitro. At a molar ratio of approximately 1:200
inhibitor to peptide, laminin has been reported to prevent mature
fibril formation by AB1-40 although nonthioflavin positive
amorphous aggregates were noted by electron microscopy (54),
suggesting an interaction at a polymeric stage of the aggrega-
tion process. An inhibition of fibril production by laminin, as
demonstrated by transmission electron microscopy, is mirrored
by prevention of AB neurotoxicity in rat hippocampal neurons
(55). Laminin also inhibits the fibrillization of the E22Q Dutch
amyloid mutant but does not prevent AChE accelerated fibril
formation (56). Hence, the presence of AChE may erode any
anti-amyloidogenic properties of laminin when in close prox-
imity to senile plaque.

All types of amyloid are closely associated with different
types of proteoglycan suggesting that after binding to the
amyloidogenic protein, the glycosoaminoglycan (GAG) pro-
motes a shift toward B-sheet structure. In AD and in Down
syndrome, both diffuse and senile plaques show colocalization
with GAGs (57-59), leading to the proposition that GAGs
facilitate growth and stabilization of AP fibrils. The addition of
GAG to AP results in a rapid transition to -sheet structure,
suggesting that the GAG acts as a scaffold for the assembly of
AP fibrils (60). The binding interactions between AP and GAG
chain have also been examined by using a series of chondroitin
sulfate-derived mono- and disaccharides (67 ). EM and fluores-
cence spectroscopy showed that the monosaccharide was the
smallest unit for AP binding but that a disaccharide is necessary
to promote the transition of protofibril into fibril. Studies such
as this are fundamental in understanding fibril growth and the
stage(s) at which interruptions of the fibrillization process may
prove to be therapeutically beneficial.

al-Antichymotrypsin (ACT) is an acute phase protein of
the serine protease family. It has been shown to colocalize with
senile plaques and sites of vascular angiopathy (62,63). ACT is

produced in astrocytes, possibly as a response to the deposition
of AP, butit may also influence the deposition. When ACT was
added to AP 1-40 or to anumber of analogs, including the E22Q
Dutch amyloidoses mutant form, mature fibrils, as viewed by
electron microscopy, appeared to disassemble (64), suggesting
that ACT may cause structural rearrangements within the
aggregated AP resulting in enhanced proteolysis.

2.3. THE USE OF FLUORESCENCE TECHNIQUES

In studying the fibrillization process, fluorescence methods
provide both sensitivity and specificity. The association of
fluorescently tagged AP peptide with anontagged protein coun-
terpart by fluorescence anisotrophy has been used to monitor
the early stages of the AP aggregation process (65). This tech-
nique uses the relationship between the rates of tumbling and
orientation of a fluorescent species in solution, where the ori-
entation is a function of particle size. Using time-resolved fluo-
rescence anisotropy, Allsop and colleagues (65) were able to
demonstrate changes in fluorescence signal after as little as 30
min of incubation whereas conventional fluorescence assays
using thioflavin T showed no changes until after at least 7 h of
incubation. Interestingly, in this report, the appearance of small
“protofibril-like” structures were noted by electron microscopy
after 30 min of incubation. Unfortunately, no parallel data on
cell viability was presented in this report.

The early stages of the pathway from monomer/dimer to
fibril formation also have been explored by fluorescence reso-
nance energy transfer using native and fluorescently tagged A3
derivatives (66). Despite the modification of the AR molecule
as a result of the fluorescence tag, the aggregation profiles did
not differ from those of the native AP peptides. Fluorescence
resonance energy transfer (FRET) as a technique lends itself
very usefully to the study of AP fibril formation because the
distance between fluorophores means that it can operate in the
10-100 A window close to the diameter of typical amyloid
fibrils. FRET data support the belief that a dimer is the smallest
AP structure occurring under physiological conditions (66).



66 PART Il / ALZHEIMER’S DISEASE

A number of fluorescent probes have been used for follow-
ing the AP fibrillization process. Ethyldiaminonaphalene-1-
sulfonic acid (EDANS) is extremely susceptible to quenching
by water and can therefore be used as a highly sensitive agent
for monitoring changes in the peptide conformation of EDANS-
AP associated with water accessibility to the fluorophore (67).
Thus, in a nonaggregated state, water is accessible to the
EDANS and thus the fluorescence is quenched. When A
assembly occurs, water access is restricted and thus the fluores-
cenceincreases. These workers, by using EDANS-A as energy
acceptor and tryptophan-labeled AP as fluorescence energy
donor have shown that it is possible to study the kinetics of A3
fibrillization by FRET. This report also highlights the advan-
tages of using parallel complementary analytical techniques in
that the fibrillization process was monitored by CD spectros-
copy, dynamic light scattering, and AFM, allowing the authors
to describe three separate AP association reactions. These
reactions occurred at endosomal pH and within time frames
similar to that observed for endosomal transit in vivo leading
the authors to conclude that the small spherical aggregate forms
detected in vitro might correspond to the soluble neurotoxic A3
species secreted by neurons (68).

Many studies quoted above report the formation of small
oligomeric or globular species of AB on route to long mature
fibrils. The differences between laboratories and techniques
are exemplified by a fluorescence correlation spectroscopy
study presented by Tjernberg and colleagues (69). Fluorescence
correlation spectroscopy should allow the simultaneous detec-
tion of AP species with different molecular weights at low
nanomolar concentrations. However, using rhodamine labeled
AP 1-40 they reported that the polymerization of the labeled
peptide proceeded very rapidly from monomer/dimer to large
aggregate without any small oligomeric or even micelle inter-
mediate. Although the concentration dependence of rho-
damine-A 1-40 was similar to that reported for native AP 1-
40 (70), the rapidness of the fibrillization process (40 min to
maximum) is obviously in contrast to AFM data, where small
globular forms have been reported and even the more
amyloidogenic AP 1-42 takes days to form fibrils (71,72).

As noted above, fluorescently tagged AP has been used in
many studies of peptide fibrillization. Although it is claimed,
as with 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)
hexanoic acid-Ap (NBD-AR; ref. 73), that the presence of the
tag does not influence the folding and polymerization process,
when numerous data demonstrate how readily the fibrillization
process is affected, even by the particular synthetic batch of
peptide, itbecomes obvious that it is preferable to work with the
native protein. The dramatic increase in the fluorescence of
thioflavin T that accompanies binding to amyloid has been
used for many years for imaging amyloid fibril formation and.
hasrecently been used in combination with total internal reflec-
tion fluorescence microscopy to visualize amyloid formation
of B2-microglobulin (74). Although yet to be applied to A
studies, total internal reflection fluorescence microscopy has
the advantage over other fluorescence techniques in that it does
not require the protein concerned to be tagged.

A major objective of any in vitro study employing synthetic
AP peptides should be to work with peptide conformations and

structures that mirror those observed in the AD brain. As noted
earlier, the size of the straight mature fibrils of synthetic A 1-
40 reported in vitro is similar to that found in senile plaques in
vivo (17). In the AD brain, diffuse deposits of AP are also
found, often being referred to as “preamyloid” on the belief that
they are the precursors of the senile plaque. The amyloid in
diffuse plaques is amorphous in nature, is non-Congophilic,
and contains little fibrillar AP (75). The lack of ordered 3-sheet
secondary structure for the protein in these deposits obviously
precludes the use of anumber of analytical techniques thathave
been used for studying AP fibrils. Like EDANS, NBD is a
fluorophore that is readily quenched by water and, in combina-
tion with unlabeled AP, NBD-A 1-40 has been used in fluo-
rescence emission and depolarization spectroscopy, in parallel
with CD spectroscopy and EM to study unstructured aggre-
gates in vitro and to provide evidence that the amorphous A
deposits are indeed precursors of the fibrillar protein found in
senile plaques (73).

3. BIOLOGICAL STUDIES

3.1. NEUROTOXICITY OF AP

Despite the large numbers of reports describing the AP
fibrillization process from a biophysical standpoint, the vast
majority are simply studies of the aggregation of a synthetic
peptide and provide no link to any biological feature associated
with the polymerization. When attempts have been made to
correlate molecular changes with a biological response, the
latter usually takes the form of cytotoxicity in cultured cells,
probably because (1) the presence of AP in senile plaques sug-
gested that the neurodegeneration observed in AD arose from
a neurotoxic effect of the peptide and (2) the early reports
described effects in cultured cells (11,76). Although criticisms
have been directed towards the use of MTT assays as relevant
means of assessing the physiological effects of AP (77), this
feature is the biological correlate for many studies of A
fibrillization.

Characteristically, AP neurotoxicity (MTT assay) has been
shown to be associated with the presence of fibrils and
protofibrils on visualization by EM (17,78). In parallel to the
development of neurotoxicity, the presence of B-sheet struc-
ture, as reflected in the major amide I component of infrared
spectra, was shown to increase with incubation time of A 1-
40(17,78). Somewhat contrary to this, it has been demonstrated
that AP 1-40 polymerized at acidic pH is characterized under
EM by amorphous sheet-like aggregates that, in MTT assays,
were not neurotoxic (40).

Several different hypotheses that have been put forward to
explain the mechanism behind the neurotoxic properties of Ap.
These include: (1) the formation of calcium channels in cell
membranes (79); (2) an interaction between AP and binding
targets such as the receptor for advanced glycation end-prod-
ucts (80), the serpin enzyme complex (81), or endoplasmic
reticulum AP binding protein (82); (3) membrane disruption
associated with partial assembly of AP within the cell mem-
brane (83) and (4) direct or indirect free radical production
(84,85).

An alternative theory to explain the aggregation and depo-
sition of AP in AD centers around the observation that oxida-
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tive damage to phospholipids precedes and may actually stimu-
late the fibrillization of AP. Phospholipids and gangliosides
have been shown to enhance 3-sheet formation (86-88). Inter-
actions of AP 1-40 with ganglioside-containing membranes
determined by polarized attenuated total internal reflection
Fourier transform infrared spectroscopy suggested the forma-
tion of anti-parallel B sheet with the binding being dependent
upon the nature of the lipid matrix (89). Koppaka et al (90) also
used polarized attenuated total internal reflection Fourier trans-
form infrared spectroscopy to monitor the rate of accumula-
tion, the conformation, and the orientation of AP peptide
interacting with an oxidatively damaged phospholipid bilayer.
The accumulation of -sheet conformation AP 1-42 was accel-
erated by oxidatively damaged phospholipids compared with
nonoxidized or saturated phospholipids supporting a role of
lipid peroxidation in AD pathogenesis.

Although many in vitro studies have been conducted with
the full length 40- and 42-amino acid AP peptides, in CSF and
particularly in brains of patients with AD, much of the amyloid
protein is N-terminally truncated (5). However, studies
employing short AP peptides have generally opted for
nonnaturally occurring fragments with enhanced solubility
rather than selecting the physiologically relevant forms. Some
reports on N-terminally truncated fragments do exist. Pike and
co-workers (91) reported that N-terminal deletion resulted in
enhanced peptide aggregation with fibrillar morphology, CD
spectra showing B-sheet structure and neurotoxicity in cultures
of rat hippocampal neurons. Of particular interest is the obser-
vation that truncation of the entire - to - secretase fragment,
as in AP 17-40 and AP 17-42, produced an amyloidogenic, [B-
sheet forming neurotoxic form of AP (91). Thus, B-secretase
cleavage of APP within the AB segment should not necessarily
preclude the formation of a neurotoxic species and, indeed, AP
17-42 has been reported in AD diffuse plaque (92). In contrast,
by monitoring fibril formation using EM, CD spectroscopy,
and cell toxicity in PC 12 cells, Seilheimer et al. (93) were able
to demonstrate that C-terminally truncated A} peptides show a
progressive decline in amyloidogenicity and neurotoxicity.
Thus, AB 1-42 was more fibrillogenic than shorter forms
although considerable lot-to-lot variability was noted in neuro-
toxic responses, data supported by CD spectroscopy where
poorly toxic forms were largely random coil in structure. A
considerable proportion of the AP in the brains of patients with
AD has been found to begin with a pyroglutamate at position 3
(94), a modification rendering the peptide resistant to most
aminopeptidase activity (95). The truncated peptides AP
3(pyroGlu)-40 and AP 3(pyroGlu)-42 exhibit virtually identi-
cal CD spectroscopy profiles to the native peptides and have
comparable toxic effects in cortical cell culture systems (96).
Hence, the reduced clearance and build-up of AP 3(pyroGlu)-
42 in particular in senile plaques may play a significant role in
cell death in AD.

Assuming that the Amyloid Hypothesis is correct and that
the aggregated AP is a major pathogenic feature in AD, the
mechanism by which A elicits the cell death characteristic of
the neurodegeneration in the disease state is unclear. Although
apoptosis has been proposed as a means through which neu-
ronal death may occur with AP (97,98), there is little evidence

of apoptosis in AD. A number of studies have investigated the
interactions between A} and lipid membranes, proposing some
sort of alteration in the membrane activity. By binding AP 29-
40 and AP 29-42 to lipid, Demeester et al. (99) were able to
show by CD spectroscopy and FTIR spectroscopy that the
induction of apoptosis in mouse Neuro 2A neuroblastoma and
rat PC12 cells accompanied an o-helix to B-sheet change in
peptide conformation. The data concerning A} 29-40/42 pep-
tides raises the possibility that in normal APP processing, after
intramembranal gamma-secretase cleavage at the C-terminus of
AR, fibrillization of the peptide may begin within the membrane.

The relationship between secondary structure and biologi-
cal properties has also been demonstrated for Af 25-35. In
aqueous solution, AP 25-35 shows a correlation between the
development of neurotoxicity and B-sheet formation as assessed
by FTIR and CD spectroscopy (100). In contrast, A 35-25
shows neither B-sheet formation in solution nor any biological
effect while amidating the C-terminus of A} 25-35, thus lock-
ing the peptide fragment in a random coil formation, also pre-
vents any neurotoxicity developing. Although receptor
interactions have been proposed for AP (80), the observation
that all-D and all-L stereoisomers of AP 25-35 and AP 1-42
have virtually identical properties, in terms of CD spectra, EM
appearance, and neurotoxic effects, effectively rules out a ste-
reospecific ligand-receptor interaction and points more to the
fibrillar features of the AP peptide being the vital determinant
of biological effect (101).

Although AP 25-35 is neurotoxic, obviously this fragment
does not have the histidine residues at positions 6, 13, and 14,
or the tyrosine residue at position 10, which are considered to
be important metal binding sites. Nevertheless, AP 25-35 does
result in the generation of hydrogen peroxide, which might
suggest that there is at least one other suitable metal binding site
between residues 25 and 35. The methionine residue at position
35isanobvious candidate and substitution of Met35 in AP (25-
35) by leucine, norleucine, lysine, or tyrosine residues results
in peptides that neither aggregate nor are neurotoxic. However,
when Met35 is replaced by aspartate, serine or cysteine resi-
dues aggregation and neurotoxicity are retained (102).

Nevertheless, care needs to be taken in viewing any studies
of AP 25-35 because it has been shown that there are differ-
ences in the neurotoxic properties of this short fragment com-
pared to those shown by full-length AP 1-42 (103). Not only is
AP 25-35 more rapidly toxic that AP 1-42, the short fragment
also lacks the metal binding properties of the full length peptide
(104). Varadarajan and colleagues (/03) used a combination of
electron paramagnetic resonance, metal binding assays, and
EM to explore the relationship between structure and cell tox-
icity. Spin trapping showed that both AP 25-35 and A 1-42 are
capable of inducing cellular toxicity by membrane protein
oxidation. However, the lack of the strong Cu(II) binding sites
(histidines at positions 6, 13, and 14) precludes the role of
transition metal ions in the neurotoxic process elicited by A
25-35. A number of papers have acknowledged the role of the
methionine at position 35 in determining the neurotoxic effects
of the peptides. The secondary structure of AP 1-42 around
Met35 probably contributes to the oxidative stress and neuro-
toxic properties of the peptide. Replacement of the Ile31 resi-
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due by Pro breaks the proposed helical interaction between
these two amino acids, as shown by CD spectroscopy, resulting
in a loss of aggregatory and consequent neurotoxic properties
(105).

3.2. INHIBITORS OF AB AGGREGATION

Belief in the Amyloid Hypothesis as a major pathogenic
feature in the development of AD has led to many attempts to
discover small molecules capable of inhibiting the fibrillization
process. One of the first compounds demonstrated as being
capable of preventing AP 1-40 fibrillization was the water-
soluble oligosaccharide B-cyclodextrin (106). When AP 1-40
was preincubated with B-cyclodextrin and then added to PC12
rat phaeochromocytoma cells, the decrease in cell viability
normally associated with aggregated AP was attenuated.
Electrospray mass spectrometry suggested that the aromatic
moieties of the tyrosine and phenylalanine residues within the
AP molecule had complexed with the hydrophobic cavity of the
cyclic oligosaccharide, thus preventing fibrillization (106). It
has not always been possible to demonstrate such clear interac-
tions between peptide and inhibitors. For instance, a series of
benzofuran molecules were shown by electron microscopy to
prevent the formation of the large straight fibrils characteristic
of AP 1-40 aggregation (107). These compounds also prevented
the production of a neurotoxic species of AP, but attempts to
identify a binding site for the compounds with the peptide by
liquid scintillation and NMR spectroscopy were prevented by
the self-aggregation of the inhibitors and the apparent forma-
tion of AB-inhibitor aggregate complexes. Similar difficulties
inunderstanding AB-inhibitor interactions were also noted with
other compounds (108).

Although somewhat cumbersome, cell-based neurotoxicity
assays have been used in attempts to identify compounds that
inhibit the formation of toxic forms of AB. A relatively miscel-
laneous series of inhibitors, discovered by screening in a PC12
cell viability assay, have been reported (109). The lead com-
pound is this report was shown by EM to prevent mature fibril
formation by AP 1-42, but nonfibrillar sheet like polymeric
structures were still observed. The behavior of the peptide may,
however, have been influenced by the derivatized A3 used in
the assays. SPR studies showed that the compound bound to
mature fibrils but not monomeric AP (109), suggesting an
interaction at a polymer stage. A further study (//0) reported
on a series of imidazopyridoindoles that inhibited the
fibrillization of AP 25-35, again in a PC12-based neurotoxicity
assay. These researchers also describe the use of CD spectros-
copy to follow the time-dependent changes in peptide con-
formation prepared under varying conditions. Their data
demonstrate very ably how peptide concentration, pH, tem-
perature, and salt concentration can influence the A
fibrillization process and suggests that a lack of a basic under-
standing of the factors controlling this process are at the root of
the differing data describing AP aggregation products.

SPR data have demonstrated the complex relationship
between inhibition of fibrillization and binding of inhibitor to
the short AR 10-35 fragment (111). These researchers found an
excellent correlation between SPR-determined affinity for
binding to AP and prevention of cell toxicity for a series of short
peptides modelled around the KLVFF hydrophobic core of Ap.

However, other inhibitors of fibrillization and fibril-dependent
toxicity, such as melatonin and rifampicin, did not show any
apparent binding. NMR spectroscopy data (38) indicate that
melatonin binds to AP 1-40 and AP 1-42 peptides. The SPR
data, therefore, may point to differences in the conformation of
the AP 10-35 when bound to the SPR chip playing an important
role in determining the binding of inhibitors.

One of the few compounds to show inhibition of AP accu-
mulation in transgenic mice is the copper/zinc chelator
clioquinol. When administered orally for 9 wk to Tg2576 APP
transgenic mice, clioquinol decreased brain AP content by
almost 50% (112). At the in vitro level, clioquinol inhibits and
reverses copper- and zinc-induced AP 1-40 and AP 1-42 aggre-
gation. NMR spectroscopy showed that Cu?* bound to the his-
tidines of AP, as witnessed by a broadening of the NMR peaks.
Subsequent addition of clioquinol reversed this effect consis-
tent with removal of Cu®* from the metal binding sites.

The inhibitory activity of some fibrillization inhibitors has
been claimed to be associated with a free-radical scavenging
property of the compounds. ESR spectrometric studies using
N-tert-butyl-B-phenylnitrone (PBN) as a spin trapping agent
indicate that rifampicin-type compounds inhibit the production
of AP 1-40 induced hydroxyl radicals (713). Other groups,
however, have proposed that AP does not produce free radicals
and that the ESR spectroscopy in such studies is actually detect-
ing the hydrolysis and decomposition of PBN (/74).

Further confusion over the mechanism of action of so-called
fibrillization inhibitors is further exemplified by studies such
as that described by Kim et al. (/15). The subject of this work,
Congo red, binds to all types of amyloid fibrils and its shift in
absorbance and birefringence under polarized light has long
been a characteristic used for determining the presence of
amyloid. Despite Congo red being a pathological determinant
of senile plaques in AD, in vitro, Congo red can either enhance
or inhibit A fibrillization (see ref. /15 and references therein).
The behavior of AP in the presence of Congo red has, however,
been partially explained by Kim and colleagues (//5) with a
dimeric amyloidogenic light chain variable domain. Using iso-
thermal titration calorimetry to monitor the thermodynamics of
Congo red binding to amyloidogenic protein, they demon-
strated that at low ratios of Congo red to protein, being an
enthalpy-driven process, Congo red favors a structurally per-
turbed, aggregation-prone species. Thus, at low Congo red to
protein ratios, enhancement of fibrillization occurs. Con-
versely, at high Congo red to protein ratios, protein unfolding
can occur. This study does highlight the potential complexities
of AB-fibrillization inhibitor interactions and the obvious need
for thorough evaluation of potential AP fibrillization inhibi-
tors.

Any derivatization may affect the behavior of A} peptides,
as may the deposition of AP onto the support surfaces used in
electron microscopy and AFM studies. Recent data using AFM
has visualized protofibril formation by AP on a mica and oxi-
dized graphite surface (116,117). Koppaka et al. (90) have
pointed out the similarities between their FTIR data demon-
strating the effects of oxidatively damaged lipid membranes on
AP fibrillization and AFM data, raising the possibility that the
nature of the AFM surface may be influencing peptide aggre-
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gation behavior. The behavior of AP 25-35 in solution, where
the formation of protofibrils has been reported, can be moni-
tored by small-angle neutron scattering using 2H,O to enhance
scattering contrast and highlight the protofibrils in solution
(118). In this study, AP 25-35 was shown to fibrillize and be
toxic to PC12 cells. Using EM, we observed that a series of N-
methylated derivatives of AP 25-35 interfered with the ability
of AP 25-35 to form neurotoxic species. In particular,
NMeGly33 was shown by small-angle neutron scattering to be
effective in preventing protofibril formation when added at the
initiation of the polymerization process at aratio of 1:1 with A3
25-35. Although data were not presented to support this, the
equimolar effectiveness of NMeGly33 suggests an interaction
with A 25-35 at the earliest stage in the fibrillization process.

N-methylated fragments of AR 1-40 have also been reported
to prevent fibrillization of the full-length peptide in a molar
ratio of inhibitor to peptide of 2:10 (//9). Using NMR and CD
spectroscopy, it has been demonstrated that N-methylated A
16-20 adopts an extended AP strand conformation and that in
this state, possessing solubility in both aqueous and organic
solvents, the peptide has enhanced membrane permeability
properties.

3.3. SHORT FRAGMENTS

To overcome the solubility difficulties encountered in work-
ing with full length A peptides (1-40 and 1-42), many groups
have turned to shorter fragments of the amyloid peptide. The
hydrophobic core region in particular has been studied, largely
because it is believed that residues 17-21 are essential for the
polymerization of the full-length peptide (27,7120). The impor-
tance of this region in the fibrillization process is also sup-
ported by data showing that short peptides based on this
hydrophobic region can inhibit the aggregation of the full-
length peptide, presumably by complexing with that region of
the full length peptide (121,122). Although short AP fragments
do form fibrils and lend themselves to NMR characterization,
there are, as reported with AP 16-22, inadequacies such as not
being able to determine supramolecular structure on such short
fragments (123).

Numerous groups have worked with the AP 25-35 peptide
based on the knowledge that many of the neurotoxic effects of
full-length AP 1-40 or 1-42 are retained within this short frag-
ment. The AB 31-35 region in particular is interesting in that
3D.NMR has suggested o-helical conformation (/24,125)
whereas X-ray diffraction points to a reverse turn at Gly33
(126). Characteristically, a reverse turn can initiate [3-sheet
formation (/27) and hence ultimately lead to fibril formation.
X-ray diffraction coupled with EM has suggested that the
reverse turn proposed for the AP 31-35 domain is exposed in
oligomeric forms of the peptide and that this may facilitate
binding to the tachykinin receptor (126). The issue of whether
AB is a tachykinin receptor ligand arose from the recognition
of structural similarity between AP and tachykinin and the fact
that substance P attenuated AP neurotoxicity (/7). Other data
have not particularly supported this concept (128,129). The
Ap-tachykinin issue has been explored more recently using
EM, CD, and NMR spectroscopy by comparing AP 25-35, A
25-35-amide, and their Nle35 and Phe31 analogs (/30). The
use of these fragments was based on the assumption that a true

tachykinin would have an amide C-terminus and a Phe residue
at position 31 (i.e. an aromatic residue five amino acids from
the C-terminus). The combination of the analytical techniques
confirmed the tendency for the native AP 25-35 to form B-sheet
structure (and fibrils), features that were absent in the more
tachykinin-like peptides.

The importance of the Met35 residue and oxidized Met35
has been explored in a CD and NMR spectroscopy study where
it was shown that although AP 1-40 and AP 1-40 Met35(0O)
both adopt a random coil conformation when freshly dissolved
in water, the oxidized methionine peptide does not aggregate,
whereas during the course of several days, the nonoxidized
peptide takes on characteristic -sheet structure (137). NMR
data suggested that the presence of the oxidized Met35 pre-
vented the formation of a helical region between residues 28
and 36 thus preventing random coil to B-sheet transition. Sup-
port for this suggestion has come from Fourier transform ion
cyclotron resonance electrospray mass-spectrometry, a tech-
nique that allows kinetics to be studied at nano- and micro-
molar concentrations (/32). Data on the behavior of A 1-42
Met35(0) is somewhat controversial, with studies showing
either no effect of methionine oxidation (93,103) or inhibition
of fibrillization (/33). This is in contrast to data with AB1-40
where oxidation of Met35 does not inhibit the propensity of the
peptide to form fibrils. Although this difference in behavior of
the two oxidized peptide is apparent in vitro, whether there is
any pathologic relevance to these findings is not known. How-
ever, it has been reported in a Raman spectroscopy study of
senile plaque cores that there is extensive methionine oxidation
and co-ordination of Zn(II) and Cu(II) with histidine residues,
confirming data in vitro (/34). Interestingly, treatment of the
plaques with a metal chelator resulted in a greater heterogene-
ity of the B-sheet structure supporting the role of metal ions in
plaque formation.

AP 10-35 is an attractive proposition for study because of its
enhanced solubility (compared with AP 1-40 and 1-42), ability
to form fibrils and to add to plaques (/35). There have been a
number of solid-state NMR studies of AP 10-35 peptide
designed to analyze the end product of the fibrillization pro-
cess. For instance, '’C-labelled AP 10-35 data supports the
existence of parallel B-sheets with H bonds along the fibril axis
(136).

3.4. PROTOFIBRILS

One of the major issues in the AP aggregation/fibrillization
field in the last decade has been the identification of the toxic
species. Tissue from AD brain, almost exclusively studied at
autopsy, shows amyloid plaques surrounded by regions of
degenerating neurons. In vitro data with synthetic AP peptides
repeatedly demonstrates that when incubated under particular
conditions, various multimeric species of peptide are formed.
Furthermore, these species, formed under conditions deter-
mined by their exponents, have invariably been shown to be
neurotoxic. Both in vivo and in vitro, therefore, it is far from
clear which is the “killer” form of AP or indeed whether mul-
tiple species of peptide share the guilt. A review of the AP
assembly literature is beyond the scope of this present chapter
—the interested reader is referred to recent reviews (e.g., refs.
137,138). However, the basic picture is that the earliest AP
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toxicity studies pointed to fibrillar AP as the toxic form
(139,140), which was supported and extended by numerous
other studies demonstrating that “ageing” of the AP peptide
was necessary for neurotoxicity to be observed (e.g., refs.
14,15,17). Questions were obviously asked about the assembly
process from the smallest AP species up to mature fibrils and
the intermediate protofibrillar form of A peptide was reported
by (23,141). The small protofibrillar forms of AP were subse-
quently shown to be neurotoxic (78,142,143 ). Perhaps not sur-
prisingly, the process of protofibril growth is not simple/
uniform. Using multi-angle light scattering and AFM, Nichols
et al. (144) have shown how salt concentration affects
protofibril extension. In the absence of salt, protofibril growth
occurs purely by the deposition of monomer on the ends of the
protofibrils with no increase in protofibril diameter. In con-
trast, in the presence of salt, lateral association of protofibrils
occurs. Unfortunately this report does not relate the two types
of protofibril growth to their biological properties.

The existence of protofibrillar AP structures has been shown
by atomic force microscopy where the absorption of A3 mono-
layers onto a gold surface has been used to explore early fibril
structure (145). The small globular species of AP visualized by
AFM in this study correspond to the small oligomeric forms
isolated both from brain and from synthetic AP preparations
(146,147). The presence of multiple globular species formed
during the incubation of AP 1-42 and detected by AFM has also
been reported by Parbhu et al. (71), although these workers
reported that A fibrils were only detected after prolonged
incubation (>24 h) at high concentration (3 mg/mL) in phos-
phate-buffered saline, pH 7.4. It is possible that the lack of
fibrils in this latter study is associated with the removal of large
AP aggregates (nuclei?) by the methodology employed in that
the samples were centrifuged immediately after dissolving the
peptide and before the incubation.

In many studies, globular structures are seen as one of the
earliest structures observed when A peptide solutions are
incubated in vitro. The study by Goldsbury et al. (72) provides
a good example of the use of EM and scanning TEM to monitor
the development of AP protofibrils and fibrils. They describe
a process of change from globule to protofibril to long straight
fibril, occurring over the course of several days, with the
increase in fibril formation being paralleled by increases in
thioflavin T fluorescence. Scanning transmission electron
microscopy, which facilitates quantification of protein mass
and thus allows mass per length determination showed that
under the conditions employed, after 2 d incubation, a broad
distribution of globular particle size was apparent with indi-
vidual particles containing 50 to 200 AP molecules. At the
same time point, however, protofibrils were of a single size,
calculated to be 19 kDa per nm. Further incubation resulting in
mature fibril formation did not result in additive changes in the
mass per length of the structure reinforcing the belief that the
protofibrils are the precursors of mature fibrils.

In parallel to the protofibril we have witnessed the emer-
gence of the amyloid-derived-diffusable-ligand or ADDL
(68,148) as a multimeric neurotoxic form of AB. AFM studies
of small oligomers and ADDLs have invariably described them
as nonfibrillar globular AP forms (68,148,149). EM studies

have also reported other globular forms of aggregated A3 pep-
tide (150,151).

To add credence to the belief that any of these synthetic
aggregates is relevant to AD, their existence in AD brain needs
to be determined. Some evidence for this has emerged from
immunohistochemical studies where antibodies specific for
small soluble A oligomers (152) and ADDLSs (153) have been
shown to label immunoreactive deposits in AD brain.

4. CONCLUSIONS

The application of the many techniques described in this
chapter have no doubt greatly extended our knowledge of the
biophysical behavior and properties of synthetic AP peptide.
The attainment of amyloid status confers, on this molecule
properties, such as insolubility and protease resistance, that
naturally limit analysis of endogenous AP in its native environ-
ment. Consequently, any techniques that operate with the pep-
tide in a solvent or aqueous mobile phase are almost certainly
guilty of inducing conformational changes in the peptide. This
obviously applies to endogenous as well as synthetic Af.

The last decade has seen acceptance by many workers that
the fibrillization of synthetic AP produces co