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kinson’s disease (PD), but these symptoms are not 
the earliest manifestation of the disease which bears 
his name. Non-motor symptoms, such as constipa-
tion, disturbance of normal sleep architecture, and 
reduced olfactory acuity may precede clinical motor 
symptoms in Parkinson’s disease by several years.1, 2 
Once motor symptoms do manifest, they start unilat-
erally. As the disorder progresses, motor symptoms 
become bilateral, increasing in severity on both 
sides, with the accompaniment of postural instabil-
ity. However, asymmetry in motor symptoms may 
be retained throughout the course of the disorder. 
Non-motor symptoms progress as well. These may 
include changes in cognitive behavior, depression, 
hypologia, and autonomic system dysregulation and 
represent some of the most troubling symptoms for 
patients and families.

The pathophysiological basis for motor symptoms 
was first described nearly a century ago creating 
the first link between the clinical phenomenonol-
ogy of Parkinson’s disease and neurodegeneration 
of the dopamine system. These initial histopatho-
logical studies demonstrated selective loss of nigral-
striatal melanin-containing neurons. Specifically, 
dopaminergic projections from the substantia nigra 
pars compacta to the basal ganglia, including the 
caudate and putamen were shown to be extensively 
lost in Parkinson’s brain. A number of years later 
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brain imaging in Parkinson’s disease

The central role of dopamine neuronal loss in Parkin-
son’s disease provides a clear pathologic framework 
and rationale for imaging the system both to inter-
rogate dynamic pathophysiologic changes as well as 
to aid in diagnosis and clinical management. Recent 
post mortem studies of Parkinson’s brain provide a 
much fuller depiction of the inexorable and progres-
sive topology of pathophysiologic changes, including 
brain alpha-synuclein deposition. This informs PET 
and SPECT evaluations for testing hypotheses regar-
ding the course of degeneration in longitudinal stu-
dies of Parkinson’s disease patients. Recent work has 
underscored the subtlety of change in the dopaminer-
gic neuronal system and its neural connections as a 
function of disease status and treatment. The inter-
play between other neurochemical brain systems and 
dopamine elucidates potential new targets for thera-
peutic intervention across the stages of the disease.
Key words: �Positron emission tomography - Tomography, 
emission-computed, single-photon - Dopamine - Parkinson 
disease - Neuroimaging - Nerve degeneration.

Although Parkinson’s disease has probably exist-
ed for thousands of years, it was first described 

in detail in 1817 by a London physician James Par-
kinson in his publication, An Essay on the Shaking 
Palsy. In the essay, Parkinson documented his ob-
servations of several cases of what he defined as 
shaking palsy, outlining key features which we asso-
ciate with Parkinson’s including bradykinesia, trem-
or, and difficulty walking and/or standing. James 
Parkinson’s essay documented some of the more 
well-known motor or movement symptoms of Par-
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ing in greater tolerance and a clearer evaluation of 
the efficacy of levodopa. With the introduction of 
peripheral inhibitors of dopa decarboxylase thera-
peutic efficacy improved even more. These studies 
confirmed the critical role of dopamine in the etiol-
ogy of motor symptoms, like bradykinesia. It was 
also quickly understood that with ongoing degen-
eration and treatment, that dopaminergic systems 
continue to change. In particular, the new problem 
of levodopa-induced dyskinesias underscored the 
complex issue involving therapeutics designed to 
replace dopamine. More recent strategies to replace 
dopamine beyond levodopa supplementation have 
focused on dopamine agonists which have lesser 
tendency to produce dyskinesias with chronic dos-
ing at the cost of slightly lower efficacy.8-10 Further, 
new drug delivery formulations or drugs which pro-
long the persistence of synaptic dopamine, are un-
der clinical evaluation as a way to attenuate rapid 
rises and falls of synaptic dopamine which may be 
responsible for motor fluctuations.

The connection between nigral striatal neuron 
loss and dopamine serves as the central principle 
guiding dopaminergic imaging in PD. Dopamine 
cells comprising the nigral-striatal circuit degener-
ate in asymmetric fashion. Both left-right asymmetry, 
as well as anterior-posterior asymmetry is evident; 
the latter due to relatively greater involvement in 
those neurons projecting to the medial aspect of the 
putamen. While projections to the caudate are also 
lost, these are relatively preserved compared with 
putamen. This pattern provided the first clues as to 
the scintigraphic patterns to be expected when im-
aging with radiotracers that interrogate pre-synaptic 
dopamine function in the basal ganglia.11 In addi-
tion, asymmetry is consistent with clinical presenta-
tions of Parkinson’s patients who typically demon-
strate unilateral onset of symptoms with subsequent 
bilateral motor impairment with progression of the 
disease.

The cause of dopaminergic degeneration is un-
known, although advances have been made in the 
last decade improving understanding molecular 
mechanisms which might lead to neuronal death. 
Parkinson’s disease may be characterized as a pro-
teinopathy, or more correctly, a synucleinopathy.12 
In 1912 Franz Lewy described eosinophilic cytoplas-
mic inclusion bodies in human post mortem brain. 
The Lewy body is composed of aggregations of 
α-synuclein, neurofilaments, and other proteins and 
represents an important pathological feature of Par-

this key finding became the basis for the mainstay of 
symptomatic Parkinson’s disease therapy. For nearly 
50 years dopamine replacement strategies including 
L-dopa and dopamine agonists have been effective 
for ameliorating Parkinson’s symptoms. Nonethe-
less, the clinical scenario is more complicated than 
simply restoring lost dopamine.3 With the inexora-
ble progression of the disease, including ongoing 
dopaminergic neuronal loss, side effects of dopamine 
replacement treatment invariably develop including 
drug-induced dyskinesia and on-off phenomena re-
flecting severe dysregulation of motor circuits. The 
field is further challenged to understand the subtlety 
of changes in not only dopamine systems, but also 
the many neurochemical networks which impinge 
upon, affect, and are affected by dopaminergic neu-
rodegeneration and treatment.4 While dopamine 
systems continue to play a front and center place of 
our understanding of both motor pathophysiology 
and therapy in Parkinson’s disease, this is clearly 
not the whole story. The purpose of this essay is to 
review the state of our understanding of dopamin-
ergic mechanisms in PD as it bears on imaging the 
brain with positron emission tomography (PET) and 
single photon emission tomography (SPECT).

Dopaminergic and non-dopaminergic 
pathology in Parkinsons

The rationale for imaging dopaminergic systems 
in Parkinson’s disease is best understood in the con-
text of known pathologic changes in the brain. The 
first demonstration of nigral-striatal neuronal loss in 
post mortem studies of Parkinson’s patients was in 
1919. These studies showed the characteristic loss 
of melanin containing neurons whose cell bodies 
reside in the substantia nigra pars compacta.

There was some time between the discovery of 
nigral neuronal loss and an understanding of the 
role of dopamine in Parkinson’s disease. The first 
suggestion that dopamine was depleted in brains 
of patients with idiopathic Parkinson’s disease was 
made by Hornykiewicz and colleagues in 1960.5 He 
specifically noted that the striatal dopamine was re-
duced in PD patients, subsequently positing that this 
represented the pharmacological signature of the 
disorder.6 This resulted in therapeutic trials with lev-
odopa, which were initially confounded by promi-
nent side-effects developed by patients.7 Subsequent 
trials used slower dose escalation strategies result-
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dictable and progressively evolving regional accu-
mulation of LB inclusions (Table I).15 Broad clinical 
symptom clusters have been associated with differ-
ent Braak stages. Braak stages 1-2 are associated 
with autonomic/olfactory disturbances, stages 3-4 
sleep and motor disturbances, and stages 5-6 with 
emotional and cognitive changes corresponding to 
pathologic inclusions in olfactory bulb, medulla, and 
pontine tegmentum (stages 1-2), substantia nigra, 
midbrain tegmentum, and limbic structures (stages 
3-4), and association and primary neocortex (stages 
5-6).

Braak staging provides a heuristic approach to 
understanding the pathophysiology of PD, but sev-
eral observations are germane;

1) staging of LB/LN inclusions does not reflect 
neuron loss or impaired connectivity and circuit dis-
ruption,

2) the model predicts well the timing of some ear-
ly PD symptoms like olfactory loss and REM sleep 
behavior disorder, but not other symptoms like dy-
sautonomias,

3) Braak staging suggests that motor impairment, 
despite being the clinical criteria upon which a di-
agnosis of PD is made, is not an early feature of the 
disease,

4) the schema underscores the fact that PD is more 
complex than loss of midbrain dopamine neurons in 
association with Lewy bodies, creating specific and 
directly testable hypotheses for neuroimaging stud-
ies.

Regarding the latter point, there is currently no ad-
equate imaging biomarker of alpha-synuclein. The 
effects of Lewy body inclusions can only be meas-
ured with indirect scintigraphic techniques, some of 
which are quite relevant to therapy like presynaptic 
dopaminergic imaging, while other techniques may 
provide pathophysiologic information concerning 
CNS responses to regional synucleinopathy. An ex-
ample of this might be imaging neuroinflammation 
or glucose metabolism. Further, the molecular im-

kinson’s disease. Alpha-synuclein-immunoreactive 
inclusions may appear as thread-like Lewy neurites 
(LN) within cellular processes or as more circum-
scribed Lewy bodies (LB) within the neuronal soma-
ta. Lewy bodies and Lewy neurites have been dem-
onstrated in the substantia nigra and other regions 
of PD brain, including the hippocampus, amygdala, 
and cingulate gyrus. Neurons with long axonal pro-
jections and poor myelination are more susceptible 
to developing LN or LB inclusions.13 As lack of my-
elination increases the energy demands of the neu-
ron, one hypothesis regarding nigral neural dysfunc-
tion highlights the role of mitochondrial impairment. 
MPTP models of parkinsonism suggest direct toxic 
effects on cellular energetics may be a result of poi-
soning oxidative phosphorylation pathways in mito-
chondria. In addition, mitochondria may be key to 
removing free radicals and to serve central roles in 
managing apoptotic pathways. Hence, it is proposed 
that monoaminergic neurons are more vulnerable 
to Lewy body formation due to their higher ener-
gy requirements. The presence of neuronal alpha-
synuclein is not unique to Parkinson’s disease and 
found in other neurodegenerative disorders includ-
ing Lewy body dementia, multiple system atrophy, 
Down’s syndrome, and other disorders.

The exact relationship between abnormal synu-
clein aggregation, Lewy body formation, and cell 
death is unclear.14 One theory suggests that the 
Lewy body is an attempt by the neuron to sequester 
toxic free alpha-synuclein proteins, effectively keep-
ing them from doing harm. Regardless of the un-
derlying insult resulting in cell death, careful cross 
sectional studies of post mortem Parkinson brain by 
Braak et al. provide insight into the nature and time 
course of pathologic change. These studies describe 
an orderly topographic pattern of selective regions 
involved in LB and LN inclusions from postmortem 
studies of 110 incidental and clinically diagnosed PD 
cases and 58 age and gender matched controls.14

Briefly, the schema describes six stages of pre-

Table I.—�Braak staging and expected clinical results.

BRAAK Staging Expected Clinical

Stage 1: Dorsal motor nucleus of the vagal nerve; anterior olfactory structures Olfactory loss, autonomic dysfunction
Stage 2: Lower raphe nuclei; locus coeruleus Affective impairment
Stage 3: Substantia nigra; amygdala; nucleus basilis of Meynert (clinical diagnosis made at this stage) Motor symptoms
Stage 4: Temporal mesocortex
Stage 5: Temporal neocortex; sensory association and premotor areas Emotional/cognitive disturbances
Stage 6: Neocortex; primary sensory and motor areas Severe disability
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histopathologic studies of dopamine loss, dopamine 
neuronal number, and dopamine transporter density 
(Figure 1).17

Moreover, disturbances in normal striatal circuitry 
with loss of dopaminergic projections result in a se-
ries of compensatory changes as described below.

Neuroimaging of dopaminergic function in PD

With much of the focus of imaging in Parkinson’s 
disease on the presynaptic dopamine neuron ter-
minating in the basal ganglia, there are a wealth of 
PET and SPECT radiopharmaceuticals for interrogat-
ing these degenerating neurons, targeting dopamine 
metabolism, the dopamine transporter, or the vesic-
ular transporter (Table II). These imaging tools are 
relatively well-established and have been incorpo-
rated into the diagnostic assessment of parkinson-
ism in routine clinical neurology practice.18

aging tool box is now expansive enough to inter-
rogate other monoaminergic targets in Parkinson’s 
disease as well as other relevant neurochemical sys-
tems which influence dopamine pathways relevant 
to motor disease or non-dopamine pathways which 
are responsible for other symptom clusters.16

Returning to the dopamine system, dopamine 
neurons project from the lateral substantia nigra 
pars compacta to the basal ganglia in a topographic 
fashion. All Parkinsonian syndromes (PD, progres-
sive supranuclear palsy, multiple system atrophy, 
etc) have been associated with a marked loss of 
dopamine neurons in the substantia nigra resulting 
in reduction of target sites for imaging tracers. This 
loss is most evident in the basal ganglia were ter-
minal projections of these nigral neurons exist in 
putamen and caudate. Characteristic findings when 
imaging measures are largely correlated across the 
different pre-synaptic dopaminergic targets, and as 
expected closely track what is known from limited 

Figure 1.—Loss of nigral striatal dopamine neuronal projections to the basal ganglia represent a key pathologic event in the production of 
Parkinson’s motor symptoms. There are topographical patterns to degeneration of these neurons with relative greater involvement of the 
lateral and posterior putamen.
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putamen has been confirmed with in vivo imaging 
biomarkers.21 Further, presynaptic dopaminergic im-
aging findings are consistent with the clinical pres-
entation of early Parkinson’s disease insofar as there 
is left right asymmetry with greater reductions on 
imaging on the side contralateral to symptom ex-
pression. These early studies also consistently dem-
onstrated the tantalizing finding that in very early 
Parkinson’s patients with asymmetric clinical motor 
symptoms, both contralateral and, to a lesser extent, 
ipsilateral sides show changes. This speaks to the 
sensitivity of imaging for picking up changes occur-
ring in the brain prior to motor symptom manifesta-
tions (Table III).22

This has important implications regarding the 
role of imaging in helping to identify pre-motor 
Parkinson’s disease. In this scenario, alterations in 
presynaptic dopamine function based on imaging 
biomarkers could allow the very early identification 
of patients at risk for developing subsequent motor 
symptoms.23 The value of this rests on the anticipa-
tion that disease modifying therapies will become 
available, and the onus for good clinical assessment 
requires the identification of those patients at the 
very earliest stages of disease with the most poten-
tial for salvage.

There have been a few studies which have at-
tempted to develop a feasible clinical scenario with 
which the use of dopaminergic imaging biomarkers 
could provide identification of these very early stage, 
premotor, or at-risk Parkinson’s patients. In particu-

A decade after dopamine transporter imaging has 
been commercially available as a PD diagnostic in 
Europe, the relationship between dopamine neuron 
number and quantitative imaging outcome measures 
for presynaptic dopaminergic imaging agents is still 
unclear. In particular, a within subject study of Par-
kinson’s patients undergoing imaging with F-dopa, 
VMAT2, and dopamine transporter (DAT) imaging 
suggest there may be slight differences amongst 
these agents. Relative to healthy controls, greatest 
differences in the PD cohort occurred with DAT. In 
addition, there has been nagging concern that in 
the clinical scenario where patients may be treated 
with dopamine replacement therapies, there may be 
regulation of the target site resulting in altered imag-
ing outcomes.19

The original concern that there may be a large-
scale regulatory effects of therapy on F- dopa up-
take or dopamine transporter imaging is largely 
unfounded.20 A careful within-subject study of the 
effect of high dose levodopa or the dopamine ago-
nist, pramipexole demonstrated no impact on quan-
titative measures of dopamine transporters. In this 
study, de novo Parkinson’s patients underwent DAT 
SPECT scanning with [123I] beta CIT at baseline, after 
treatment with eight weeks of levodopa, pramipex-
ole, or placebo, and after two months washout of 
the medications. The fairly large cohort (>25 sub-
jects per group) demonstrated no within-subject 
effects of treatment. The variance on striatal bind-
ing ratios between baseline, on medication, or after 
washout was within the test-retest reproducibility 
of the outcome measure ( Jennings, 2010 personal 
communication).

Keying off what is known about the pathology of 
dopamine nerve cell loss from postmortem data to 
inform the expected findings with selected imaging 
targets has been a rather straightforward exercise in 
Parkinson’s. In particular, the expected topographi-
cal gradients of dopaminergic cell loss in the basal 
ganglia, with relative preservation of the caudate 
and greater involvement in the lateral and posterior 

Table II.—�Dopaminergic imaging biomarkers.

Target Examples

Presynaptic Dopamine transporter FP-CIT, PE2I, b-CIT
Dopamine metabolism F-dopa

VMAT2 DTBZ, AV-133
Intrasynaptic D2/D3 Raclopride, IBZM
Post-synaptic D2/D3 Raclopride, IBZM, Fallypride, IBF, desmoxyfallypride

Table III.—�Comparison of pathology and expected DAT imag-
ing findings.

Imaging findings

Reduction in early PD 50% in putamen
Reduction Putamen>Caudate Yes
Reduction asymmetric Yes
Correlation with severity (UPDRS) Yes
Reduction in Presymtomatic (Hemi-PD) Yes
Monitor PD progression Yes
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ing those additional subjects with 65-80% age ex-
pected putamenal binding ratios includes 28.5% of 
the hyposmics, but only 8.0% of normosmic subjects 
(P<0.001). The next question to be addressed, how 
many of the hyposmics vs. normosmics develop PD, 
awaits longitudinal follow-up. Whether algorithms 
can be created to identify and manage patients at 
risk for PD based on high sensitivity screening fol-
lowed by confirmatory imaging studies remains to 
be seen.

Other aspects of dopamine imaging are of interest 
as well and include postsynaptic dopamine recep-
tors and intrasynaptic dopamine function (Figure 2).

It is possible using reversibly-bound D2/D3 im-
aging agents like [11C] raclopride or [123I] IBZM to 
measure the effects of drugs which influence syn-
aptic dopamine levels. There is some suggestion 
that fallypride may also be sensitive to changes in 

lar, the combination of high sensitivity screening bi-
omarkers like olfactory acuity, sleep disturbance, or 
gastrointestinal symptoms may allow adequate pre-
screening for subsequent confirmation of diagnosis 
with an imaging measure. The largest such study, the 
Parkinson’s At Risk Study (PARS) is an example of 
how these screening algorithms might be employed 
in clinical practice. In this ongoing research study, 
the major objective is to estimate the frequency of 
olfactory loss in asymptomatic research subjects, to 
compare striatal data density in hyposmic, neurolog-
ically normal subjects compared with age-matched, 
normosmic subjects, to compare imaging biological 
and genetic biomarkers of the defined at-risk co-
horts, and to determine if reductions in DAT den-
sity in asymptomatic subjects at baseline predicts a 
subsequent development of clinical PD at two year 
follow-up.22

Subjects were invited via the mail to do a self-
evaluation of olfactory acuity using the University of 
Pennsylvania Smell Identification Test (UPSIT). Ap-
proximately 10,000 smell tests were sent to potential 
subjects with about a 50% return rate. Those subjects 
scoring in the lowest 15% on the smell test (N.=300) 
were invited for evaluation by movement disorder 
specialists and neuropsychologist. In addition, a 
control group of normosmic controls (N.=100) were 
invited for similar assessment. Evaluations included 
dopamine transporter SPECT imaging, non-motor 
symptom assessment, neuropsychological evalua-
tion, blood, and CSF measures with yearly follow-
up.

Preliminary findings are described in Table IV. 
From a cohort of over 200 hyposmic, otherwise 
healthy individuals compared with 100 healthy, age 
and gender-matched controls, there is a significantly 
higher proportion of abnormal DAT SPECT scans 
defined as lower than 65% of age-expected puta-
menal DAT binding ratios in hyposmics compared 
with normosmics (11.3% vs. 1%, P<0.01). Consider-

Figure 2.—A schematic model of the dopamine synapse in the 
striatum demonstrates presynaptic targets for imaging dopaminer-
gic neuron loss. Different targets in the pre-synaptic neuron may 
demonstrate the loss of presynaptic terminals. Postsynaptic medium 
spiny neurons are inhibited by dopaminergic projections from the 
midbrain.

Table IV.—�Parkinsons at Risk Study (PARS).

DAT imaging by olfactory status

HYPOSMIC (<15%) N=203 NORMOSMIC (>15%) N=100

Age expected Putamen DAT binding ratio N % of cohort N % of cohort

<65% (DAT deficit) 23 11.3% 1 1.0% p<.01
65% - <80% (Indeterminate) 35 17.2% 7 7.0% p<.05
<80% (DAT deficit + Indeterminate 58 28.5% 8 8.0% p<.001
>80% (NO DAT deficit) 145 71.5% 92 92.0%
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ing untoward side effects from chronic levodopa 
treatment. These are schematized in Figures 3, 4 
indicating the points of interplay between the de-
generating nigral dopamine neurons and its down-
stream connections at the medium spiny neuron in 
striatum and beyond.

Medium spiny neurons are classified into two 
groups based on the neuropeptides and receptors 
they express: Substance P, dynorphin and dopamine 
D1 receptors comprise one group, and the other 
group has enkephalin and dopamine D2 receptors. 
The former group is designated the direct pathway 
and project to the internal globus pallidus and sub-
stantia nigra pars reticulata while the latter is the 
indirect pathway with projections to the external 
globus pallidus. The direct and indirect pathways 
may best be thought of having opposing effects on 
thalamic motor pathways influencing cortical motor 
regions; somewhat simplistically, the direct pathway 
results in disinhibition of cortical motor neurons, 
while the indirect pathway is inhibitory.

At the level of the basal ganglia the key gatekeep-
er of the motor circuit is the medium spiny neuron. 
These neurons are GABAergic, having inhibitory ef-
fects on their targets. The direct pathway neurons 
cause excitation of cortical motor neurons via a 
complex circuit involving projections to the inter-
nal globus pallidus (GPi) and substantia nigra pars 
reticulata (SNpr) inhibiting output from these struc-
tures to the ventroanterior and ventrolateral thala-
mus, which in turn has excitatory effects on cortical 
motor regions. Since GPi and SNPr have inhibitory 
effects, direct pathway medium spiny neuron firing 
results in a cumulative disinhibition of motor corti-
cal pathways. Thalamic neurons are tonically quies-
cent without cortical neuron stimulation, preventing 
involuntary motor movements.

The indirect pathway, again mediated by gate-
keeping medium spiny neurons, has opposing ef-
fects to the direct pathway. In this instance, projec-
tions extend from the striatum to the globus pallidus 
externa and then the subthalamic nuclei before syn-
apsing with the GPi and SNpr through excitatory 
imputs.28 The remaining pathways to the ventroante-
rior and ventrolateral thalamus and motor cortex are 
identical to the direct pathway. Stimulation through 
the indirect pathway results in an overall enhance-
ment of inhibition to the motor cortex.

In both pathways, cortical glutaminergic projec-
tions have excitatory effects on medium spiny neu-
rons. Figure 4 describes some of the influences on 

endogenous dopamine, even if perhaps not to the 
same extent as raclopride or IBZM. Measuring en-
dogenous dopamine is germane to PD where newer 
putative treatments aim to reduce marked fluctua-
tions in dopamine release associated with oral lev-
odopa dosing regimens.24, 25 Imaging studies show 
lower post-synaptic binding of the D2/D3 radiotrac-
er following administration of agents that enhance 
endogenous synaptic dopamine levels. This effect 
occurs as dopamine competes with the radiotracer 
for binding to the receptor, reducing specific bind-
ing to D2/D3 visualized in striatum. Fuente-Fern-
ández et al. used this paradigm to describe levo-
dopa-induced changes in synaptic dopamine levels, 
noting increase flux with progression of Parkinson’s 
disease. This work suggests development of dyski-
nesias reflect hypersensitivity of dopamine respons-
es with chronic treatment.26 Postsynaptic dopamin-
ergic imaging with agents interrogating D1 and D2 
dopamine receptors have also been evaluated in PD 
subjects with dyskinesias.27 These studies show re-
ductions of both D1 and D2 in relative to normal 
controls but no differences between dyskinetic and 
non-dyskinetic patients.

Consquences of dopaminergic degeneration 
neurochemical networks on motor circuits

With the degeneration of nigrostrial dopamine 
inputs onto striatal medium spiny neurons, come 
a host of compensatory changes Involving a com-
plex interplay of different neurochemical systems 
which have relevance to treatment. The results of 
these changes produce motor manifestations of PD 
but also underpin the development of complica-
tions from dopamine replacement therapy. Early in 
the course of PD dopaminergic medications gen-
erally provide a steady and consistent therapeutic 
response. However, as the disease progresses the 
combination of dopaminergic terminal loss and cu-
mulative exposure to levodopa ultimately leads to 
a series of erratic treatment responses collectively 
called motor fluctuations. Most prominent among 
these are dyskinesia, on/off phenomena, and sig-
nificant wearing off. The onset of prominent motor 
fluctuations correlates with the onset of significant 
functional disability. Furthermore, it is the medium 
spiny neurons which express receptor targets for 
new classes of antiparkinsonian medication for both 
improving primary motor symptoms and ameliorat-
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indirect pathway medium spiny neurons firing.29 
Spiny neurons receive a significant number of pro-
jections not only from cortical regions but also a 
number of interneurons that serve to regulate excit-
ability. In essence the latter adjust the gain on the 
system to make a neuron more or less responsive 
to cortical stimulation by adjusting the threshold for 
firing. Glutaminargic cortical inputs to the medium 
spiny neurons contain presynaptic endocannabi-
noids receptors which regulate glutamate release. 
Furthermore, structural modification of the medium 
spiny neuron can occur causing different functional 
characteristics. For example, glutamate binding to 
mGluR5 receptors alter the structure of dendrit-
ic spines on medium spiny neurons. In addition, 
stimulation of adenosine2a sites on medium spiny 
neurons activates CREB (cAMP response element-
binding), a cellular transcription factor, which binds 
to DNA sequences to increase or decrease gene 
transcription.

In Parkinson’s disease the loss of inhibitory 
dopamine neurons produces an overall imbalance 
with relative increased weighting on indirect path-
ways resulting in bradykinesia. The development of 
disabling on-off phenomenon following chronic lev-
odopa administration may be due in part to structur-
al changes of medium spiny neurons. These circuit 
alterations pose a significant therapeutic challenge 
in mid-to-late stages of the disease.

Relevance of new targets to clinical 
imaging and treatment of PD

Although the basal ganglia is best understood 
in terms of the functions of dopamine, numerous 
studies indicate that interrogation of other neuro-
transmitter systems provides complementary and 
additional relevant information.30 These other neu-
rotransmitter systems provide insights to distinct 
brain functions and also shed light on the functional 
state of the dopamine system through their dynamic 
interactions with it. Keying off understanding of the 
neurochemcial influences in normal and Parkinson’s 
basal ganglia circuitry described above has resulted 
in a number of new therapeutic trials targeting gluta-
mate, adenosine, and other relevant receptors to ad-
dress issues of levodopa induced dyskinesia, on-off 
phenomenon, and wearing off. In addition to offer-
ing targets for therapy, developing imaging biomar-
kers for the non-dopamine aspects of basal ganglia 

Figure 3.—Simplified circuit shows motor pathways in the stria-
tum and the two pathways for controlling movements. The indirect 
pathway and direct pathway serve opposite roles in regulating in-
voluntary movements. Red arrows indicate inhibitory inputs and 
green arrows indicate excitatory inputs. In Parkinson’s disease loss 
of substantia nigra pars compacta input results in a relative greater 
influence of indirect pathway inputs to globus pallidus interna pro-
ducing bradykinesia.
GPe: globus pallidus externa; SNc: substantia nigra pars compacta; 
STN: subthalamic nucleus; SNr: substantia nigra pars reticulate; VA: 
venteroanterior thalamus; VL: venterolateral thalamus

Figure 4.—In this coned down view of striatum, the medium 
spiny neuron receives glutamate projections from the cortex and 
dopamine projections from substantia nigra. The medium spiny 
neuron is regulated by a number of mechanisms including adenos-
ine receptors which activate CREB for gene regulation, CB1 recep-
tors located on presynaptic glutamate neurons control glutamate 
release, and postsynaptic mGluR5 receptors which modulate spine 
structure. All these mechanisms serve to regulate the system thresh-
old for firing and are important targets for both therapeutics and 
imaging in Parkinson’s disease.
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tional changes in dopaminergic signalling and, thus, 
may be up- or down-regulated prior to frank loss of 
dopaminergic terminals.46-48

A2aR is of interest in PD research due its strong 
striatal localization and the prominent role the neu-
rotransmitter adenosine plays in striatal function. 
Adenosine arises in the striatum from several dif-
ferent sources including vesicular neurotransmitter 
release and diffusion and efflux of end-products of 
cellular metabolism. Notably, A2aR antagonists have 
shown benefit in human PD clinical trials.49-53 Fur-
thermore, studies indicate that alterations in A2aR 
may underlie the pathophysiology of the develop-
ment of motor fluctuations such as dyskinesia.52, 54-57 
Therefore, alteration in A2aR expression may signal 
early or impending motor dysfunction or vulnerabil-
ity to motor complications.

Thus, quantitative in vivo measurement of stri-
atal A2aR expression may detect very early PD or 
predict risk for development of later complications. 
Additionally, assessing two or more neuronal sys-
tems together may provide a more accurate and/or 
predictive measure of the PD disease process than 
assessing dopaminergic markers only.

Cannabinoid

The endocannabinoids are endogenous lipid sig-
nalling molecules that act through the cannabinoid 
receptors. These receptors are perhaps most widely 
known for mediating the diverse physiological ef-
fects of the exogenous cannabinoid, tetrahydro-
cannabinol or THC, found in marijuana.58, 59 The 
endocannabinoids are arachidonate-based lipids, in-
cluding anandamide (N-arachidonoylethanolamine 
or AEA) and 2-arachidonoylglycerol (2-AG). These 
act through two related receptors, CB1 and CB2, 
and perhaps additional ‘novel cannabinoid recep-
tors’. CB1 is expressed predominantly in many brain 
and spinal cord regions.60-64 CB2 is expressed pre-
dominantly in immune cells, but also at a low level 
in brain.65-69 THC is a partial agonist at both these 
receptors. Unlike classical neurotransmitters, endo-
cannabinoids are not stored in neurons, but released 
‘on demand’ after stimulation. The best known effect 
of the endocannadinoids relates to their prominent 
retrograde signalling capacity through CB1 in corti-
cal and other grey matters areas. While widespread, 
the expression of CB1 is highest in cerebellum.59, 70

CB1 is a G protein-coupled receptor (GPCR) 
linked largely to Gi/o,71-74 which inhibits the pro-

pathology is now possible. PET or SPECT imaging 
biomarkers can not only aid in clinical trials by help-
ing to identify optimal dosing, but can also serve 
to provide additional insights into the nature of al-
terations in these systems. Specifically, it might be 
possible to directly assess hypothesized alterations 
based on current understanding of neural circuitry. 
The role of some of these targets is discussed below.

Glutamate

Glutamate is the primary excitatory neurotrans-
mitter in brain and is, thus, is critically involved in 
many brain disorders, particularly those involving 
predominantly forebrain structures, such as cortex 
and striatum. Therefore, glutaminergic signaling 
is an attractive target of investigation of potential 
pharmaceuticals for disorders of cognition, mood, 
and movement. In Parkinson’s disease in particular, 
cortical inputs onto medium spiny neurons express 
glutamate, hence, agents influencing glutaminergic 
function may have beneficial effects on both motor 
symptoms and cognition. However, direct interac-
tion of drugs with the ionotropic glutamate recep-
tors ion channels can lead to unacceptable side-
effects, including hallucinations or other alterations 
in consciousness or possibly neurotoxicity. There-
fore, interest has been focused on exploiting other 
mechanisms to modulate glutaminergic signaling. 
Examples include the development of drugs target-
ing metabotropic glutamate receptors (e.g. mGluR5) 
or altering endogenous small molecule modulators 
of glutamate signaling, such as glycine.31

Adenosine

Adenosine plays a prominent role throughout the 
basal ganglia, with high density expression of vari-
ous adenosine receptors in regionally specific pat-
terns.32-35 Specifically, the adenosine receptor type 
A2a (A2aR) should be a particularly useful marker 
of striatal degeneration, e.g. in Huntington disease 
(HD), or of striatal denervation-related plasticity, e.g. 
in Parkinson disease (PD). The A2aR may best be 
known as a high affinity receptor for caffeine and 
a major site of its action.36-39 In addition to its di-
agnostic and therapeutic potential for PD and HD, 
A2aR agents have neuroprotective effects in several 
neurodegenerative disease models.40-45 Modulatory 
receptor systems, such as the A2aR, may detect func-
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the striatum.83, 84 White matter and the cerebellum 
are essentially devoid of 5HT1A. Very little 5HT1A 
mRNA is detected in striatum, suggesting that ex-
pression in these basal ganglia nuclei originates 
largely from neuron terminals.85, 86 Primate studies 
demonstrate that dopaminergic denervation increas-
es striatal 5HT1A.87 Furthermore, 5HT1A is thought 
to contribute to the expression of dyskinesia after 
prolonged levodopa response, and drugs targeting 
5HT1A can modulate dyskinesia.88-98 Studies regard-
ing the role of 5HT1A specifically in human PD are, 
however, limited.

Serotonin systems are also involved in non-motor 
symptoms in PD, such as depression. In particular, 
imaging with markers for the 5HT transporter have 
demonstrated changes in PD relevant to depressive 
symptomatology. Depressive symptoms in PD cor-
relate with higher 5-HTT binding in raphe and lim-
bic structures) in PD patients both with and without 
frank clinical depression using 11C-DASB PET.99 In-
creases in these regions may be due to lower endog-
enous 5HT. Further, 5HT transporter binding in oth-
er brain regions were decreased relative to healthy 
controls in both depressed and non-depressed PD 
patients.

Conclusions

Dopaminergic degeneration provides a critical 
central focus to understanding the pathophysiol-
ogy of PD and rationale for treatment. As our un-
derstanding of both the molecular mechanisms of 
alpha-synuclein deposition and its relation to neu-
ronal cell loss, as well as the alterations in motor 
circuitry responsible for untoward dyskinesias, op-
portunities are available for novel treatments. New 
imaging targets represent a fresh way to assess po-
tential alterations in these circuits as well as aid in 
the development of drugs binding to these targets.
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duction of cAMP, while also activating several MAP 
kinase signalling pathways, the PI-3-kinase path-
ways, and stimulating membrane vesicle transloca-
tion. Since CB1 is largely presynaptic, this recep-
tor provides direct retrograde modulatory activity at 
the synapse. CB1 is the most abundant GPCR in the 
brain.74-76 Similarly, CB2 appears to play a prominent 
modulatory role in immune and inflammatory func-
tions.65-67 In these capacities, both appear to play 
roles in modulating pain, particularly chronic pain 
adaptations. Due to its impact on numerous brain 
regions and signaling systems, CB1 has been pro-
posed or investigated as a therapeutic target for may 
disease states and conditions, including pain, nau-
sea, stress and anxiety, depression, metabolic syn-
drome, diabetes, hypoxia and stroke, obesity and 
appetite, memory enhancement, tinnitus, and others. 
Abnormalities in CB1 signalling have been found in 
degenerative diseases such as Parkinson’s disease, 
Huntington’s disease, and Alzheimer’s disease. CB1 
has even been found to influence neuronal surviv-
al and neurogenesis. Alteration on CB1 expression 
may be an early indicator of disease complications 
or progression in several neurodegenerative diseas-
es or of underlying genetic predispositions to psy-
chiatric dysfunction).31, 77-81 However, the complex-
ity and heterogeneity of the cannabinoid receptor 
system also probably underlies the failures thus far 
in CB1 and CB2 drug development, due to side ef-
fects and complex pharmacological relationships.82

Serotonin

Other monoaminergic systems contribute to the 
development and expression of PD motor fluctua-
tions. Among these, serotonin (a.k.a. 5HT) and stri-
atal serotonergic nerve terminals have been impli-
cated in the development of PD motor fluctuations, 
and 5HT receptors are under investigation as targets 
for potential motor fluctuation therapies. There are 
seven classes of 5-HT receptors (5HT1-7), of which 
the 5HT1 receptor family serves as both presynaptic 
autoreceptors and post-synaptic inhibitory recep-
tors. Abundant evidence implicates the 5HT1A re-
ceptor in the development and expression of levo-
dopa-induced motor fluctuation in PD.

The 5HT1A receptor is widely expressed through-
out many brain regions, with particularly dense ex-
pression in the raphe nucleus, hippocampus, and 
amygdala with lower but significant receptor bind-
ing activity also in cerebral cortex, thalamus and 
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