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Introduction  

Parkinson’s disease is the second most common neurodegenerative disease 

worldwide and, with an increasingly aging population, a considerable burden for 

patients, caregivers, and society. It is characterized by the pathological formation 

of a-synuclein protein aggregates, and the degeneration of dopaminergic neurons 

in the substantia nigra pars compacta. Clinical symptoms of Parkinson’s disease 
are the motor symptoms bradykinesia, rigidity and tremor as well as a variety of 

non-motor symptoms including constipation, depression, and dementia. Both 

clinical studies with Parkinson’s disease patients and studies in animal models, 

e.g. fish, rodents or non-human primates, have been an integral part of research 

into the molecular and systemic mechanisms behind the disease. A wide variety of 

methods is applied in clinical and preclinical studies, one of which is positron 

emission tomography (PET). PET is a powerful technique allowing the evaluation 
of physiological processes in vivo, both in humans and animals, provided that a 

suitable radioligand for the target of interest is available. Before its application in 

research or clinical settings, the quantification of each PET radioligand needs to be 

assessed. While humans and small animals, like rodents, share the majority of 

their genetic code, differences in protein expression and binding or metabolism 

warrant an evaluation of a radioligand in each species. 

Assessment of PET methodology 

The focus of the first part of the thesis was the evaluation of two radioligands for 

cholinergic targets in rats. First, the radioligand 1-[11C]-methylpiperidin-4-yl 

propionate ([11C]-PMP) was evaluated. [11C]-PMP is an acetylcholine derivate that 

is hydrolyzed by acetylcholinesterase (AChE) in the synaptic cleft of cholinergic 

neurons. After hydrolysis, the metabolite of [11C]-PMP is irreversibly trapped in 

human and non-human primate brain. However, it was shown that the trapping in 

rats was incomplete. This apparent reversibility of [11C]-PMP trapping in rats could 
confound its quantification using methods appropriate for irreversibly binding 

radioligands, and an exploratory study to assess the feasibility of using 

pharmacokinetic modeling or semi-quantitative measures for [11C]-PMP 
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quantification was performed (Chapter 2). We performed 90-min dynamic [11C]-

PMP PET scans with arterial blood sampling and metabolite analysis, and applied 

pharmacokinetic models using the metabolite-corrected plasma input or a 

reference tissue input and calculated the semi-quantitative measures standardized 

uptake value (SUV) and standardized uptake value ratio (SUVR). The outcome 

measures were compared to the values of AChE activity from literature to assess 

their biological validity. The study confirmed the apparent reversibility of [11C]-PMP 
trapping in rats and we found the irreversible two-tissue compartment model 

(2TCM) unable to fit the data. Hence, no reliable estimates of the rate constant k3 

reflecting the AChE hydrolysis rate could be found due to the loss of the [11C]-PMP 

metabolite from the brain tissue. Nevertheless, the visual assessment showed a 

good fit of Patlak graphical analysis to the data for an acquisition length of 20 min. 

While the metabolic rate (Ki) obtained from Patlak graphical analysis theoretically 

does not represent the desired outcome parameter, Ki correlated well with AChE 

activity from literature. For a longer acquisition length of 60 min, [11C]-PMP could 
be quantified using the effective distribution volume (EDV) accounting for the loss 

of metabolite trapped in the brain and the possible exchange of the metabolite 

between tissue and plasma. While the EDV only fitted the data of four brain 

regions, those brain regions correlated well with AChE activity. While Patlak 

graphical analysis with the cerebellum as reference tissue input did not fit the data 

the effective distribution volume ratio (EDVR) obtained with the cerebellum as 

reference tissue, correlated well with AChE activity. As for EDV, EDVR of only four 

brain regions could be fitted to the data by the model. The semi-quantitative 
measures correlated well with AChE activity. However, only moderate correlations 

of SUV with Ki or EDV could be found, whereas SUVR showed a good correlation 

with either outcome measure with plasma input. Taken together, the study 

indicates that [11C]-PMP can be used for quantification of AChE activity using 

surrogate measures obtained from Patlak graphical analysis with metabolite-

corrected plasma input or the graphical analysis including efflux of metabolites. 

Although the evaluation of [11C]-PMP in rats showed promising results, additional 
assessment of the cerebellum as reference region and the influence of changes in 

cerebral blood flow on radioligand uptake are necessary before the radioligand can 

be used in rat disease models.  
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Another radioligand for the cholinergic system is [18F]-fluoroethoxybenzovesamicol 

([18F]-FEOBV), a ligand of the acetylcholine transporter (VAChT). In Chapter 3, the 

assessment of the quantification of [18F]-FEOBV in a control condition as well as in 

states of partial saturation of VAChT using pretreatment with 10 µg/kg FEOBV was 

shown. Similar to the evaluation of [11C]-PMP, 90-min dynamic [18F]-FEOBV PET 

scans with arterial blood sampling were performed. Both pharmacokinetic modeling 

and semi-quantitative measures were applied to quantify the data. Quantification 
with compartmental modeling showed that the irreversible 2TCM estimated the rate 

constants and the influx rate Ki more reliably than the reversible 2TCM. Logan and 

Patlak graphical analysis showed good fits to the data and comparable coefficient 

of variation of the distribution volume VT and Ki. However, the influx rate Ki of the 

irreversible models was comparable for 60- and 90-min acquisition while VT was 

increased when using 90 min acquisition length compared to 60 min. Furthermore, 

when only 60 min acquisition length were used Logan graphical analysis showed 

reduced sensitivity to partial saturation of VAChT compared to the irreversible 
models. The partial VAChT saturation did not have an effect on the optimal kinetic 

model with metabolite-corrected plasma input for [18F]-FEOBV quantification. 

However, we did find a decrease in Ki in all brain regions after pretreatment with 

FEOBV, suggesting that no reference tissue for [18F]-FEOBV exists. Indeed, Patlak 

graphical analysis with the cerebellum as reference tissue input did not fit the data. 

Additionally, only poor correlations were found between the irreversible 2TCM and 

the semi-quantitative measure SUVR. Similarly, SUV showed a poor correlation 

with Ki from the irreversible 2TCM when VAChT was partially saturated and a low 
sensitivity to discriminate between the control and saturated state. Hence, SUV 

should only be used for quantification of [18F]-FEOBV if blood sampling is not 

possible or if the biological effect to be measured is large. Besides finding the 

optimal quantification method we also examined test-retest reliability of [18F]-

FEOBV in control condition. SUV was used for quantification of [18F]-FEOBV as no 

blood sampling was performed in test-retest PET scans. We found a good 

intraclass correlation coefficient and low test-retest reliability using the SUV as the 
outcome parameter. However, additional test-retest studies with arterial blood 

sampling and kinetic modeling still need to be performed. 
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Results described in Chapter 3 showed [18F]-FEOBV to be a promising radioligand 

for the assessment of VAChT. Hence, we further evaluated the radioligand in its 

ability to image increased cholinergic activity. Dopaminergic and cholinergic 

neurotransmission interact in the brain and it was shown that dopamine D2 

receptor antagonism increased acetylcholine release. In the study described in 

Chapter 4, we used pretreatment with the two D2 receptor antagonist raclopride (1 

mg/kg) and haloperidol (10 mg/kg) to increase acetylcholine release. Then, 90-min 
dynamic [18F]-FEOBV PET scans with arterial blood sampling were performed for 

optimal quantification of cholinergic activity. Patlak graphical analysis using 

metabolite-corrected plasma input was used to obtain the influx rate Ki as a 

measure of cholinergic activity. We found the influx rate to be increased in the 

striatum after raclopride treatment. Although the effect was not statistically 

significant, the effect size was large (adjusted p=0.1, Cohen’s d=1.1). The 

cerebellum showed a lower influx rate after raclopride treatment compared to 

control rats which could suggest off-target binding of raclopride or an interaction 
with other neurotransmitters leading to the decrease in the influx rate due to the 

high dose of raclopride used. Rats pretreated with haloperidol showed a decreased 

metabolism of [18F]-FEOBV compared to control rats, however, no effect on the 

metabolite-corrected plasma input was found. All brain regions except the striatum 

showed a statistically significantly decreased influx rate in haloperidol treated rats 

compared to the control condition. Besides D2 receptors, haloperidol binds to a 

variety of other receptors, e.g. adrenergic or serotonergic receptors. While the high 

dose of haloperidol used could have increased binding to other receptors, the most 
likely reason is the binding of haloperidol to σ receptors. Although the binding 

affinity of [18F]-FEOBV to VAChT is 10-times larger compared to σ1 receptors in 

rats, the reduced binding after haloperidol treatment partly mimicked the 

expression of σ receptors. This suggests that the binding of [18F]-FEOBV to σ 

receptors in rats should be further evaluated. 

Application of PET methodology 

The aim of the assessment of radioligand quantification is their application in PET 

imaging of animal disease models. For a progressive neurodegenerative disease 
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like Parkinson’s disease, a lot of information can be gained from longitudinal 

evaluations. Thus, in the second part of this thesis, PET imaging is applied to the 

investigation of pathological processes related to Parkinson’s disease.  

A hypercholinergic state has been proposed in Parkinson’s disease most likely due 

to the degeneration of dopaminergic neurons, the subsequent reduction of 

available dopamine and the previously mentioned interaction of dopaminergic and 

cholinergic neurotransmission. Chapter 5 describes the study evaluating the effect 
of dopaminergic degeneration on cholinergic neurotransmission in a rat model of 

Parkinson’s disease. Unilateral intrastriatal injection of 6-hydroxydopamine (6-

OHDA) was used to model degeneration of dopaminergic neurons in Parkinson’s 

disease in rats. The control group received an intrastriatal injection of vehicle. 

Moreover, a subgroup of 6-OHDA and vehicle-treated rats were subjected to a 

forced exercise protocol for four weeks. Exercise was shown to be neuroprotective 

in Parkinson’s disease by decreasing oxidative stress, neuroinflammation, and 

dopaminergic denervation, although the exact mechanisms are unknown. Thus, we 
aimed to determine if the increased cholinergic activity in the Parkinson model was 

alleviated by exercise. The motor-function of each rat was evaluated using the 

cylinder test. Additionally, PET imaging using [18F]-FEOBV was performed to 

assess cholinergic activity. Ten days after intrastriatal 6-OHDA or vehicle injection, 

PET scanning without arterial blood sampling was performed and, hence, the SUV 

was used for [18F]-FEOBV quantification. On day 31, the metabolite-corrected 

plasma input was determined using arterial blood sampling and applied in the 

irreversible 2TCM to obtain the influx rate Ki. We found no effect of exercise or 6-
OHDA lesion on motor function in the cylinder test on day 2, 8 or 29 after the 

treatment with 6-OHDA or vehicle. Furthermore, 6-OHDA or exercise showed no 

effect on SUV or Ki of [18F]-FEOBV. The evaluation of the ipsi- and contralateral 

hemispheres of several brain regions showed statistically significant differences in 

SUV and Ki. While the difference could be related to the unilateral injection of 6-

OHDA or vehicle the effect sizes were small. Hence, it is necessary to perform 

further testing using immunohistochemistry for markers of cholinergic neurons to 
confirm the PET findings. Additionally, the extent of dopaminergic denervation in 

the striatum and substantia nigra should be evaluated. 
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Although toxin-based models of Parkinson’s disease like the 6-OHDA model have 

been useful in evaluating certain aspects of the disease, they cannot provide 

information about the effects of genetic mutations in Parkinson’s disease. The most 

common genetic mutations found in familial and idiopathic Parkinson’s disease are 

found in the leucine-rich repeat kinase 2 (LRRK2) which has been implicated in 

inflammatory processes, e.g. the priming of microglia. Primed microglia are more 

susceptive to inflammatory triggers and show an exacerbated inflammatory 
response. In Chapter 6, we hypothesized that microglia of rats carrying the human 

LRRK2 p.G019S mutation would be more susceptible to triggers and thus show an 

exacerbated neuroinflammatory response to a peripheral inflammatory stimulus 

compared to non-transgenic littermates. Additionally, we expected the increased 

inflammatory activity to lead to the loss of dopaminergic neurons. Hence, LRRK2 

p.G2019S rats and non-transgenic littermates were intraperitoneally injected with 

lipopolysaccharide (LPS, 3 mg/kg) as an inflammatory trigger, or with saline 

(control groups). Over a period of 10 months, neuroinflammation and dopaminergic 
integrity were assessed using PET imaging with [11C]-PBR28, [11C]-DTBZ and 

[18F]-DOPA, respectively. Additionally, behavioral testing for motor function and 

olfaction and postmortem immunohistochemistry for markers of neuroinflammation 

(CD68) and dopaminergic neurons (tyrosine hydroxylase, TH) were performed. 

The differences assessed using behavioral tests were mainly related to the aging 

of the rats. Non-transgenic and LRRK2 p.G2019S transgenic rats treated with LPS 

showed increased [11C]-PBR28 binding in the cortex and the ventral brain region, 

including brainstem, amygdala, and hypothalamus, over time. However, this 
increase was only statistically significant for LRRK2 p.G2019S transgenic rats 

compared to saline-injected rats at 10 months post-LPS. Postmortem analysis 12 

months after LPS treatment, showed no statistically significant increase of CD68-

positive cells in the striatum or substantia nigra. No dopaminergic degeneration 

was detected using PET imaging or immunohistochemistry in rats treated with LPS 

which could be related to the absent inflammation in the striatum and substantia 

nigra. Nevertheless, due to the inflammation in the cortex and ventral brain regions 
other neurotransmitter systems could have been affected. Taken together, this 

study showed that a peripheral inflammatory trigger can cause progressively 
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increasing neuroinflammation in LRRK2 p.G2019S rats, albeit the inflammatory 

response did not affect dopaminergic integrity in this study. 

The findings of this thesis highlight the importance of evaluating new radioligands 

in each species before their use. The differences between humans and rats, e.g. in 

blood-brain barrier permeability as seen for [11C]-PMP or the binding affinity of 

[18F]-FEOBV to VAChT and σ1 receptors, can greatly affect the kinetic model 

selection and thus bias outcome measures in future studies. Additionally, it 
demonstrates that longitudinal PET assessment of animal disease models can be 

confounded by radioligands that require blood sampling for their optimal 

quantification. Notwithstanding this limitation, we found no hypercholinergic state in 

the 6-OHDA rat model. While additional confirmation of the extent of dopaminergic 

degeneration needs to be performed it could also reflect differences in disease 

development. Injection of 6-OHDA leads to rapid degeneration of dopaminergic 

neurons compared to human disease progression spanning several decades and 

this discrepancy could have affected the outcome in our study. When evaluating 
the effect of a peripheral inflammatory trigger on neuroinflammation and the 

dopaminergic system we found no dopaminergic degeneration in LRRK2 

p.G2019S transgenic rats. However, an increase in neuroinflammation was found 

in the cortex and ventral brain regions and thus could have affected other 

neurotransmitter systems. Research on the development of Parkinson’s disease is 

rare as it is usually diagnosed after the onset of motor symptoms when 

considerable dopaminergic degeneration has already occurred. Animal models 

contribute greatly to our knowledge of Parkinson’s and other diseases. 
Nevertheless, as this thesis shows, the findings from animal studies need to be 

translated carefully to between species. 
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