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Parkinson’s Disease 

Parkinson’s disease is the second most common neurodegenerative disease after 

Alzheimer’s disease and the most common movement disorder. It is best known for 

its clinical motor symptoms, bradykinesia, tremor, and rigidity, which were first 

described by James Parkinson in 1817 in his “Essay on Shaking Palsy”: 

“Involuntary tremulous motion, with lessened muscular power, in parts not in 

action and even when supported; with a propensity to bend the trunk 

forwards, and to pass from a walking to a running pace: the senses and 

intellects being uninjured.” [1] 

Over 200 years after the first description by James Parkinson, more clinical 

symptoms of Parkinson’s disease, not related to movement, have been 

recognized. Non-motor symptoms, which include constipation, hyposmia, rapid eye 

movement sleep behavior disorder, and depression, can precede the onset of 
motor symptoms by years or even decades (Figure 1). Moreover, after the onset of 

motor symptoms, non-motor symptoms like dementia, incontinence or 

hallucinations are observed in the majority of Parkinson’s disease patients [2]. In 

Parkinson’s disease patients with appropriate pharmacological management of the 

motor symptoms, non-motor symptoms are now a major factor in decreased quality 

of life [3, 4].  

Even though considerable time has passed since its first description in 1817 and 

substantial efforts in the understanding of disease pathology and development of 
pharmacological treatments have been made, no treatments that prevent the 

progressive neurodegeneration are available yet. Hence, at present only the 

parkinsonian symptoms are treated. 
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Figure 1 Time course of the motor and non-motor symptoms of Parkinson’s disease with the 
clinical diagnosis of Parkinson’s disease as time 0 years. RBD, REM sleep behavior 
disorder; EDS, excessive daytime sleepiness, MCI, mild cognitive impairment (image from 
[2]) 

 

Risk factors of Parkinson’s disease 

Although the exact mechanisms for the development of Parkinson’s disease are 

still unknown, several risk factors have been described. The main risk factor for 

Parkinson’s disease is age. It has been shown that the incidence of Parkinson’s 

disease increases with age, e.g. from 0.04% at the age of 40 to 49 to 

approximately 2% for ages above 80 years [5]. Additionally, it was shown that men 

are more often affected than women [5, 6]. Furthermore, several environmental 

and genetic causes have been described as risk factors. For example, it has been 

shown that pesticide exposure, well water drinking and previous head trauma 
increase the likelihood of developing Parkinson’s disease [7].  

The first gene mutation related to Parkinson’s disease was discovered in 1997, in 

the SNCA gene [8]. a-Synuclein, encoded by SCNA, is part of the Lewy bodies that 

develop during the progression of Parkinson’s disease. The most common 

mutations associated with Parkinson’s disease are found in the leucine-rich repeat 
kinase 2 (LRRK2) [9, 10], a multi-domain protein involved in a variety of cellular 

processes in neurons, e.g. protein synthesis [11], autophagy [12] and neurite 

outgrowth [13], but which has also been found in immune cells [14, 15]. Among the 

missense mutations occurring in the LRRK2 gene, the G2019S mutation is the 
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most common with 1% occurring in sporadic and 4% occurring in hereditary cases 

of Parkinson’s disease [9]. Other genes shown to be associated with the disease 

are b-glucocerebrosidase (GBA), vacuolar protein sorting 35 (VPS35), PRKN, 

PINK1 and DJ-1 [16]. An age-dependent penetrance has been found in some 

genes associated with Parkinson’s disease [9, 17]. For example, for LRRK2 
G2019S a risk of 28% and 74% has been found at 59 and 79 years [9], 

respectively. Additionally, Parkinson’s disease is mainly sporadic, with familiar 

Parkinson’s disease occurring in only about 15% of all Parkinson’s disease cases 

[18]. Thus, it is assumed that a combination of various environmental and genetics 

factors promotes the development of the disease [19]. 

Pathophysiology of Parkinson’s disease 

Similar to other neurodegenerative diseases, one of the main pathological features 

of Parkinson’s disease is the formation of protein aggregates, which are found 

mainly in the brain but also in peripheral nerves, like the vagus nerve or enteric 

nervous system [20]. In Parkinson’s disease, these protein aggregates, termed 

Lewy bodies or Lewy neurites, are comprised of a-synuclein and can be found in 

cell bodies or neuronal processes. Braak et al. proposed a model for the spreading 

of Lewy bodies and neurites through the brain starting in the peripheral medulla 

oblongata before spreading to the pontine tegmentum, midbrain and eventually to 

cortical areas [21]. This spreading pattern corresponds well with the phases of 

Parkinson’s disease development, i.e. onset of prodromal non-motors symptoms, 

onset of motor symptoms and non-motor symptoms in the late disease stages. 
However, the presence of Lewy bodies in peripheral nervous systems has also led 

to the hypothesis that Parkinson’s disease may actually start in the gut before 

proceeding to the brain [22]. Furthermore, other protein aggregates like b-amyloid 

plaques and tau fibrils were also found in Parkinson’s disease patients with 

dementia, in comparable amounts as in Alzheimer’s disease patients [23]. 

Another pathological feature of Parkinson’s disease is the degeneration of 
dopaminergic neurons in the substantia nigra pars compacta, which decreases the 

dopamine content in the striatum. The resulting dopamine imbalance in the 

striatum leads to the development of the motor symptoms which can be treated 
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 1 
with dopamine replacement therapy using e.g. L-DOPA or dopamine receptor 

agonists. It should be noted that motor symptoms do not occur until approximately 

50 to 60% of the dopaminergic neurons in the substantia nigra have degenerated 

[24]. This led to the suggestion that compensatory mechanisms occur to reduce 

the dopaminergic deficit. Those mechanisms could be dopamine-related [25, 26]. 

Furthermore, other neurotransmitters such as γ-aminobutyric acid (GABA) or 

acetylcholine could compensate for the dopaminergic deficit in Parkinson’s disease 
[27, 28].  

The striatum and substantia nigra are part of the cortico-basal ganglia-thalamo-

cortical loop, which is comprised of the cortex, globus pallidus external and 

internal, the subthalamic nucleus and the thalamus. The basal ganglia are involved 

in learning, cognitive function, and movement. In the basal ganglia, the interplay of 

the neurotransmitter glutamine, GABA, dopamine, and acetylcholine can regulate 

movement via a direct and an indirect pathway. Degeneration of dopaminergic 

neurons as occuring in Parkinson’s disease leads to changes in basal ganglia 
signaling, such as increased cholinergic neurotransmission in the striatum due to 

reduced D2 receptor block, which can enable tremor. Hence, a hypercholinergic 

state in Parkinson’s disease was hypothesized and is used as a rationale for the 

continued use of anticholinergics to treat tremor by decreasing striatal cholinergic 

signaling [2, 29]. The cholinergic network is also involved in cognitive function and 

reduced signaling has been shown in Parkinson’s disease with dementia. Studies 

have shown the cortical cholinergic innervation to be more reduced in Parkinson’s 

disease patients with or without dementia compared to healthy controls [30].  

Besides protein aggregates, most neurodegenerative diseases also share the 

pathological feature of neuroinflammation. While an inflammatory response in itself 

is beneficial and important for homeostasis, exacerbated responses can have 

adverse effects and even damage surrounding tissue. Activated microglia in the 

brain of Parkinson’s disease patients were first discovered by McGeer et al. in 

1988 [31]. It has been shown that the use of anti-inflammatory treatments reduced 

the risk of developing Parkinson’s disease [7]. Nevertheless, it is still unknown 
whether neuroinflammation is a reaction to e.g. Lewy body development and 
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degeneration of neurons or whether it facilitates the development of Parkinson’s 

disease in the first place. 

Animal models of Parkinson’s disease 

For research on pathophysiological features, causes of disease initiation and 
progression, as well as the development and testing of pharmacological 

treatments, animal models of Parkinson’s disease have been developed. The most 

common species used are rodents but non-human primates, fish, c. elegans or 

yeast have also been used. The first and most commonly used were models in 

which toxins, such as 6-hydroxydopamine (6-OHDA), were injected in brain regions 

like the substantia nigra, medial forebrain bundle or striatum. After intracranial 

injection of 6-OHDA, dopaminergic neurons degenerate rapidly due to oxidative 

stress caused by the compound [32]. Motor and cognitive functions are affected in 
this model, depending on the extent of dopaminergic degeneration [33, 34]. 

Besides 6-OHDA, other toxins like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) or rotenone have been used to model Parkinson’s disease [32]. 

Furthermore, lipopolysaccharide (LPS) has been used as a model of Parkinson’s 

disease. LPS induces inflammation after injection in e.g. the substantia nigra and 

this neuroinflammatory response can lead to the degeneration of dopaminergic 

neurons [35–38].  

With the invention and improvement of genetic modulation of rodents via bacterial 

artificial chromosomes (BAC), gene transfer using viral vectors, or most recently 

via CRISPR [39], several models involving genes shown to be affiliated with 

Parkinson’s disease have been developed. For example, rodent models with 

mutations or knock-out of SCNA, LRRK2, PINK1, parkin or DJ-1 gene have been 

developed to examine the effect of the mutation on factors, such as dopaminergic 

degeneration, protein expression and neuroinflammation [40]. 

PET imaging 

The clinical diagnosis of Parkinson’s disease is based on the manifestation of 

motor symptoms, exclusion criteria or red flags, e.g. repeated strokes, and 
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 1 
supportive criteria such as response to levodopa treatment [2, 41]. Nevertheless, a 

definite diagnosis of Parkinson’s disease can only be made postmortem by the 

presence of Lewy bodies and the degeneration of dopaminergic neurons in the 

substantia nigra pars compacta. Molecular imaging techniques like positron 

emission tomography (PET) enable the assessment of pathological processes 

such as dopaminergic denervation in vivo and could in the future aid in the clinical 

diagnosis of Parkinson’s disease [42]. 

PET imaging allows the measurement of physiological processes in the brain such 

as blood flow, receptor binding or enzymatic rates via the determination of the 

binding kinetics of radiolabeled molecules in the human or animal brain. For this, 

the radiolabeled molecule is injected intravenously into the bloodstream and its 

distribution in the brain is measured using a dedicated PET scanner. Hence, three 

elements are necessary for PET imaging: a ligand with a positron-emitting 

radionuclide, a PET scanner, and a live subject. 

Radioligands 

The most common positron-emitting radionuclides used for PET imaging are 11C 

and 18F, but also the radionuclides 13N, 15O, 64Cu, 68Ga, 89Zr and 124I are used. The 

radionuclide is produced in a cyclotron (particle accelerator) by bringing H+ or H- 

particles to a high velocity using magnetic and electrical fields and then shooting it 
on gas, liquid or solid target with which the particle interacts to generate 

radionuclides. After the generation, the radionuclide is chemically inserted or 

attached to the ligand of interest. For example, via isotopic labeling where a C, N 

or O in the ligand is replaced by 11C, 13N or 15O, respectively. 

The ligands used for PET imaging derive from a variety of chemical compounds, 

e.g. naturally occurring in the body, pharmacological compounds already in clinical 

practice or derivatives thereof. Nevertheless, all compounds and their respective 

physiological process have several crucial characteristics in common. First, the 
physiological process to be measured by PET imaging, e.g. receptor binding or 

enzymatic transformation, must be known so that a meaningful quantification is 

possible. The radioligand needs to be selective for the physiological process, have 
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low non-specific binding, as well as low binding to plasma proteins. Furthermore, 

the physiological process cannot be changed by the radioligand and, thus, only a 

small (trace) quantity of radioligand can be used to avoid pharmacological effects 

(tracer principle). The half-life of the radionuclide and, thus, the duration of the PET 

experiment must be suitable to the pharmacokinetics of the ligand. Furthermore, 

the radioligand should have low peripheral metabolism of the parent radioligand 

and the metabolites should not be able to cross in the tissue. For brain PET 
imaging, it is also essential that the radioligand is able to cross the blood-brain-

barrier. 

While most radioligands share certain features, three different types of radioligands 

can be distinguished. Reversibly bound radioligands are in equilibrium between 

association with (binding) and dissociation from their target while irreversibly bound 

radioligand are either irreversibly bound to their target or are enzymatically 

modified and consequently trapped in the tissue. Lastly, there are radioligands 

without a specific target like [15O]-H2O which show no specific binding or 
accumulation and thus can be used to estimate cerebral blood flow [43].  

The radioligand [15O]-H2O and [18F]-FDG were first used in brain imaging to assess 

cerebral blood flow [43] and glucose metabolism [44], respectively. However, many 

more radioligands have been developed since. For PET imaging in 

neurodegenerative diseases, the quantification of protein aggregates such as b-

amyloid with [11C]-PIB or Tau with [18F]-AV-1451 are among the latest 

developments [45, 46]. Furthermore, the neuroinflammatory component of 

neurodegenerative disease can be assessed using radioligands targeting the 

translocator protein (TSPO), such as [11C]-PK11195 or [11C]-PBR28 [47, 48]. In 

Parkinson’s disease, specific radioligands for the dopaminergic system have been 

used frequently. For example, the dopamine synthesis rate can be measured using 

[18F]-FDOPA, a catecholamine precursor which is decarboxylated to 6-

fluorodopamine, and then trapped in vesicles and or further metabolized [49]. [11C]-
DTBZ is a radioligand that binds to the presynaptically expressed vesicular 

monoamine transporter 2 (VMAT2) [50]. Besides the assessment of dopaminergic 

function other neurotransmitter systems like the serotonergic, noradrenergic or 

cholinergic network have gained attention in Parkinson’s disease research. Several 
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 1 
radioligands have been developed for the assessment of cholinergic neurons. 

Among the first were acetylcholine esterase (AChE) substrates like [11C]-MP4A 

and [11C]-PMP (also known as [11C]-MP4P) that are trapped in the brain after 

hydrolysis [51, 52], but also AChE ligands such as [11C]-donepezil [53]. 

Additionally, several radioligands for the vesicular acetylcholine transporter 

(VAChT) have been developed and one of these, [18F]-FEOBV, has already been 

used in first in-human studies [54]. Besides the assessment of AChE and VAChT, 
radioligands for quantification of muscarinic and nicotinic acetylcholine receptors 

have been developed. For example, [18F]-Nifene has been tested as a radioligand 

for the α4β2* nicotinic acetylcholine receptor in humans [55]. 

Principle of PET imaging 

The radioligand encompasses a radionuclide that emits a positron and neutrino 
during its radioactive decay. Depending on the radionuclide and surrounding 

environment, the positron travels an approximate distance of 0-3 mm before the 

collision with an electron, resulting in the annihilation of both particles. The 

annihilation results in two photons (gamma-rays) of 511 keV that are emitted at an 

angle of 180° (Figure 2).  

The PET scanner consists of a ring of scintillation crystals, which are most 

commonly made of Bismuth Germanate or Cerium-doped Lutetium Oxy-

Orthosilicate. The photons are detected by the scintillation crystals in the PET 

scanner. As the two photons are simultaneously emitted at a 180° angle, an event 

is only registered by the PET scanner if two detectors are activated within a very 
short period of time (coincidence detection). The line between the detectors is 

called the line of response from which the location at which the annihilation 

occurred can be calculated.  
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Figure 2 Schematic representation of a PET scanner with coincidence detection of an 
annihilation event. During the annihilation, a positron emitted by the radionuclide of the 
radioligand collides with an electron in the surrounding environment and two photons are 
emitted in a 180° angle.  

Nevertheless, in most commercially available PET scanners gamma-rays can only 

be detected within a certain field-of-view depending on the number of layers of 

scintillation crystals. Furthermore, the annihilation does not always emit photons at 

a perfect 180° angel due to varying momentum of the electron and positron at the 

time of annihilation (non-collinearity). Hence, several corrections for those and 

detector-related problems are applied after the collection of the PET data. For 

example, the sensitivity of each detector can vary and a normalization algorithm is 

applied for correction. The detector can also not register new events that might 
occur while processing an event and the new events might be lost during this time 

(dead-time). Moreover, the absorption of photons by tissue or the bed in the field of 

view can be corrected for by using an attenuation scan or a low dose CT scan in 

case of PET/CT scanners. Compton scatter can occur which leads to the photon 

changing direction without the loss of its energy. Additionally, two unrelated 

photons, e.g. scattered photons, can be detected at the same time leading to a 

random event. Computer algorithms are used to correct the PET data for scatter 

and random events. 

After the acquisition of PET data, normalization and correction for dead-time, 

scatter and random events, the data needs to be reconstructed into an image. 
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 1 
Several methods have been developed which can be classified broadly in two 

categories: filtered-back projection and iterative reconstruction.  

PET acquisition can be static, i.e. the activity detected by the PET scanner is 

averaged over a certain period of time, or dynamic. The dynamic acquisition is 

usually longer than static acquisition and is started simultaneously with the 

intravenous injection of the radioligand. After the acquisition, the detected 

radioactivity is binned into several time frames leading to an estimate of 
radioactivity concentration as a function of time. Usually, the time frames are very 

short, e.g. 10 seconds, at the beginning of the scan and become longer as the 

emission scan progresses because the radioligand concentration changes more 

rapidly soon after tracer injection than later in the study. The distribution of the 

radioactivity as a function of time for any region of interest is termed time-activity 

curve (TAC).  

The spatial and temporal distribution of a radioligand depends on various factors, 

e.g. blood flow, specific and non-specific binding of the radioligand and its 
metabolism. To take these factors into account, the correct method of 

quantification needs to be determined for each radioligand and species. 

Quantification of radioligands 

The aim of PET imaging is the evaluation of physiological processes, such as 
enzymatic conversion or receptor binding, via the quantification of the 

pharmacokinetics of the radioligand. The measured radioactivity concentration of 

the radioligand in a certain area consists of the ligand existing in several states 

(compartments), e.g. specifically or non-specifically bound. To distinguish between 

those compartments, several mathematical models have been developed. These 

approaches use pharmacokinetic models with free parameters corresponding to 

compartmental rate constants, to fit the dynamically acquired PET data. The 

individual compartments usually cannot be measured with the PET data alone. For 
example, it is not possible to determine if the radioactivity of a radioligand is in the 

small blood vessels, freely moving in the tissue itself, or bound to its target. 

Depending on the brain region, the percentage of blood in tissue (blood volume) 
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varies: i.e. it is approximately 5% in grey and only 3% in white matter in humans 

[56]. To correct for the influence of the blood present in the tissue, arterial blood 

samples are taken to measure the time course of the radioactivity in blood. 

However, the main reason for arterial blood sampling is to determine the arterial 

metabolite-corrected radioligand concentration in plasma (CP, plasma 

compartment) as an input function for pharmacokinetic modeling. Radioligands are 

often metabolized by the body resulting ideally in radioligand-metabolites that 
cannot cross the BBB. To determine the amount of parent radioligand over the time 

of the PET scan, the collected arterial plasma samples are analyzed to determine 

the fraction of parent (parent faction) and metabolite(s) radioligand. Once the 

parent fraction is measured over time, it is used to correct the total radioactivity 

measured (parent and metabolite) in plasma for the metabolites present giving the 

metabolite-corrected arterial input function. The radioactivity concentration in blood 

and the metabolite-corrected plasma input function together with the radioactivity 

concentration in a tissue area over time are used in the mathematical models to 
quantify the radioligand kinetics. 

Compartmental models 

Compartmental models are regarded as the gold standard and foundation of PET 
quantification (Figure 3). They require the metabolite-corrected input function (CP) 

and the tissue TAC (Ctissue) and are used to estimate the exchange of the 

radioligand between plasma and tissue compartments using weighted non-linear 

least-squares fitting of the model to the PET data. Given that the percentage of the 

blood in the brain tissue is small, the contribution of the radioactivity present in the 

blood to the brain regions’ TAC is often ignored. The simplest model is the one-

tissue compartmental model (1TCM) consisting of the plasma compartment (CP) 

and one tissue compartment. The latter can encompass the free and non-
specifically bound radioligand (C1). Additionally, the tissue compartment can also 

reflect free, non-specifically and specifically bound radioligand if the compartments 

are indistinguishable due to rapid equilibration. By fitting the experimental data to 

the model, the rate constants for the exchange of radioligand between the two 

compartments are estimated (microparameters). The radioligand crossing from 

plasma to tissue is estimated by the influx rate constant K1 and from tissue to 
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 1 
plasma by the efflux constant k2. From these rate constants, the macroparameter 

volume of distribution (VT) can be calculated as VT = K1/k2. It describes the ratio of 

the concentration of a radioligand in tissue to the concentration of the intact 

radioligand in plasma.  

 

 

Figure 3 Representation of the most common tissue compartmental models and their 
respective rate constants (influx constant K1, efflux constant k2, association constant k3, 
dissociation constant k4). The concentration of radioligand in plasma is termed CP. 
Radioligand concentration in tissue (Ctissue) can be separated in the non-specific 
compartment C1 and the specific compartment C2. 
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For reversible binding radioligands, the reversible two-tissue compartmental model 

(reversible 2TCM) can be used. In this model, the tissue compartment is separated 

in the free, non-specifically bound compartment (C1) and the specifically bound 

(C2) compartment. As in the 1TCM, the influx and efflux of the radioligand between 

plasma and the first tissue compartment are described by the rate constants K1 

and k2 while the exchange between the two tissue compartments is described by 

the association constants k3 and the dissociation constant k4. The volume of 
distribution is calculated as VT = (K1/k2)(1+k3/k4). Furthermore, the non-

displaceable binding potential (BPND) can be calculated as BPND = k3/k4. Hence, 

BPND describes the ratio of specifically bound to non-displaceable radioligand in 

the tissue at equilibrium. 

Lastly, irreversibly binding radioligands can be estimated using the 2TCM. The 

irreversible 2TCM is similar to the one for reversible radioligands. However, the 

dissociation constant k4 is zero as irreversibly binding radioligands are either 

trapped in a compartment by enzymatic transformation or bound irreversibly to 
their target. Instead of the volume of distribution the net influx rate or metabolic rate 

(Ki) can be calculated from the rate constants K1 to k3 as Ki = (K1*k3)/(k2+k3).  

Linearization 

While compartmental models are the gold standard for PET quantification, the non-

linear least-squares fitting requires large computational power, especially if the 

analysis is not performed on a volume-of-interest but on a voxel-by-voxel basis. 

Additionally, the fitting is an iterative process that can lead to local minima. Thus, 

simpler models have been developed based on the linearization of the data. For 

irreversibly and reversibly bound radioligands Patlak and Logan graphical analysis 

have been developed, respectively [57, 58]. Linearization methods are based on 

linear least-squares fitting and do not assume a specific number of compartments. 
For the models, the TAC and metabolite-corrected plasma are transformed and a 

straight line is fitted to the transformed data after equilibrium between 

compartments is reached (t*, stretch time). The slope of the fitted line of Logan 

graphical analysis is the VT while Patlak graphical analysis estimates the Ki. Unlike 

the compartmental models, linearization only quantifies macroparameters and 
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does not estimate microparameter like the rate constants K1 to k4. While graphical 

approaches are computationally less extensive and can be used even if 

compartmental models do not fit the data of a certain radioligand well, they are 

sensitive to noise in the data which can bias the estimation of the macroparameter. 

Reference tissue models 

Besides the use of input functions derived from metabolite-corrected arterial 

plasma, pharmacokinetic models have been developed that use the time-activity 

curve from a tissue region devoid of the biological target (reference tissue) as input 

function. If a reference tissue can be used, no arterial blood sampling and 

metabolite analysis are necessary, which simplifies the PET scanning procedure. A 
reference tissue is described as a region without specific binding or trapping of the 

radioligand. Additionally, the reference tissue should show a similar ratio between 

the influx and efflux constants (K1/ k2) as the target tissue with specific binding or 

trapping of the radioligand. 

 

 

Figure 4 Representative kinetic model using a reference tissue as input function with the 
main assumption being similar influx and efflux constants in the target and reference tissue 
(K1, k2, and K1’, k2’). The reference tissue is described by a one-tissue compartment model 
without specific accumulation of the radioligand while the target tissue can be described by 
a reversible or irreversible two-tissue compartmental model. 
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One of the most commonly used models for reversibly bound radioligands is the 

simplified reference tissue model (SRTM, Figure 4) [59]. It is based on 

compartmental models, requires a fast equilibrium between free and specifically 

bound radioligand and estimates the BPND. Additionally, it has been shown that 

linearizations can also be used with a reference tissue as input function for 

reversibly as well as irreversibly bound radioligands. The slope of Logan graphical 

analysis with a reference tissue as input estimates the distribution volume ratio 
(DVR) for reversibly bound radioligands [60]. The BPND can be calculated from the 

DVR as BPND = DVR – 1 for radioligands following reversible 2TCM kinetics. For 

irreversibly bound radioligands, Patlak graphical analysis with a reference tissue as 

input can be used to estimate Kiref [61].  

While most radioligands can be quantified reliably by the above-mentioned 

pharmacokinetic models some radioligands display pharmacokinetic features that 

do not fully represent them. One example is the irreversibly trapped radioligand 

[18F]-FDOPA. This radioligand is a catecholamine precursor and as such taken up 
into neurons. Afterward, it is decarboxylated to [18F]-6-fluorodopamine, stored in 

presynaptic vesicles or further metabolized. In PET acquisitions exceeding two 

hours a loss of signal can be noticed which was attributed to the diffusion of 

trapped metabolites out of the brain and additional metabolism of [18F]-6-

fluorodopamine by the catechol-O-methyl-transferase (COMT) and the monoamine 

oxidase [62]. Additionally, COMT metabolizes [18F]-FDOPA in tissue and plasma to 

3-O-methyl-[18F]-fluorodopa which freely crosses the blood-brain barrier, thereby, 

confounding reference tissue approaches. Hence, pharmacokinetic models based 
on Patlak [62] or Logan [49] graphical analysis and accounting for the apparent 

reversibility of [18F]-FDOPA (kloss) and the additional metabolite 3-O-methyl-[18F]-

fluorodopa were developed. In the latter approach, the slope represents the 

effective distribution volume (EDV=Ki/kloss) describing the ratio of [18F]-FDOPA 

uptake and loss rate. Similarly, a model using a reference tissue as input was 

developed which estimates the effective distribution volume ratio (EDVR=Kiref/kloss). 
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Standardized uptake value (SUV) and SUV ratio 

Another possibility to explore PET data is the use of semi-quantitative measures. 

These approaches do not require blood sampling and use shorter PET acquisition 
times when compared to the dynamic PET scans that are required for 

compartmental or reference tissue modeling. For semi-quantitative measures, a 

part of the dynamic PET data or static PET images, in which the radioactivity is 

averaged over a certain period of time is used, e.g. 30 minutes. To facilitate the 

comparison between subjects or over time, the standardized uptake value (SUV) is 

determined. The SUV is calculated as (radioactivity concentration in 

tissue)/[(injected radioactivity)/(body weight)]. The use of SUV relies on the 
assumption that there are no subject-specific peripheral mechanisms that would 

affect the relationship between the injected dose and the amount of tracer available 

to the brain. As mentioned above the radioactivity measured by PET is comprised 

of the radioligand existing in several compartments, e.g. free, non-specifically and 

specifically bound radioligand, and SUV does not differentiate between specifically 

and non-specifically bound radioligand. Since the radioligand distribution changes 

over time, the SUV is also time-dependent. When using SUV, it is, therefore, 

paramount to use highly standardized acquisition protocols. One possibility to 
remove the free and non-specific part of the signal is the use of a reference region. 

For this, the SUV of the target tissue is divided by the SUV of a reference tissue, 

giving a SUV ratio (SUVR).  

The application of SUV and the use of reference tissue models and SUVR needs 

to be validated by comparison of the outcome parameters with the 

macroparameters of plasma input models, i.e. compartmental models or 

linearizations, before they can be used.  

Aim of the thesis 

As mentioned earlier, several neurotransmitter systems as well as 

neuroinflammation are involved in Parkinson’s disease pathology; rodent models of 

Parkinson’s disease have a pivotal role in the assessment of processes involved in 

the disease. Thus, the objective of this thesis was to contribute to the knowledge of 
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Parkinson’s disease-related alterations of neurotransmitter systems and 

neuroinflammation in rat models of Parkinson’s disease using PET imaging. For 

this, the thesis is separated into two parts: The first part of the thesis focuses on 

the evaluation of PET methodology for two different radioligands, markers of the 

cholinergic system, in rats. In the second part of the thesis, PET methodology is 

used to evaluate the cholinergic activity or dopaminergic innervation and 

neuroinflammation in rat models of Parkinson’s disease. 

Assessment of PET methodology 

Chapter 2 describes the use of pharmacokinetic models with metabolite-corrected 

plasma input to quantify the kinetics of the radioligand [11C]-PMP, a substrate of 
AChE, in rats. Furthermore, the use of the cerebellum as a reference region and 

semi-quantitative measures are explored. In Chapter 3 the evaluation of the 

radioligand [18F]-FEOBV, a marker for VAChT, in rats is described. 

Pharmacokinetic models with metabolite-corrected plasma input, reference tissue 

models and semi-quantitative measures are assessed for quantification. 

Additionally, [18F]-FEOBV is quantified after partial saturation of VAChT using 

unlabeled FEOBV. The ability of [18F]-FEOBV PET to quantify changes in 

cholinergic activity is described in Chapter 4. It was previously shown that D2 
receptor blockade leads to increased cholinergic signaling. Here, [18F]-FEOBV PET 

is used to assess changes in cholinergic activity after pretreatment with the D2 

receptor antagonists raclopride and haloperidol in rats. 

Application of PET methodology 

Chapter 5 describes the evaluation of the proposed hypercholinergic state in 

Parkinson’s disease using a toxin-based 6-OHDA model of Parkinson’s disease. 

Additionally, forced exercise is assessed as a potential treatment. For this, rats are 

intrastriatally injected with 6-OHDA or vehicle and part of the animals are subjected 

to a four-week exercise protocol. [18F]-FEOBV PET imaging is used to assess 

cholinergic activity twice after the induction of the striatal 6-OHDA lesion; 10 days 
after intrastriatal 6-OHDA or vehicle, via the semi-quantitative measure SUV and, 

on day 31, using the irreversible 2TCM. Additionally, the motor function of the rats 

is assessed using the cylinder test. 
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The last experimental chapter (Chapter 6) describes the effect of a single 

inflammatory trigger on a LRRK2 G2019S transgenic rat model. LRRK2 was 

associated with the immune system and the aim of the study is to evaluate whether 

LRRK2 transgenic rats are more susceptible to an inflammatory insult applied 

peripherally and whether this insult will affect the dopaminergic integrity of the 

striatum. For this, LRRK2 p.G2019S transgenic rats and non-transgenic controls 

are intraperitoneally injected with LPS and followed over a period of one year. 
Neuroinflammation and dopaminergic integrity are assessed two to five times using 

PET imaging with the radioligands [11C]-PBR28, [11C]-DTBZ and [18F]-FDOPA, 

respectively. Furthermore, several behavioral tests are performed to determine 

balance, motor coordination, forelimb use and olfaction in the same cohort of rats 

and imaging results are confirmed using postmortem immunohistochemistry. 

To conclude this thesis, in Chapter 7 the findings of this thesis are recapitulated 

(see Chapter 9 for a summary in Dutch) and in Chapter 8 future perspectives for 

PET imaging in animal models of Parkinson’s disease are discussed. 
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Abstract 

The radiotracer 1-[11C]-Methylpiperidin-4-yl Propionate ([11C]-PMP) is a substrate for 

acetylcholinesterase (AChE) and has been used in humans to evaluate AChE 

activity in vivo. After hydrolysis of [11C]-PMP by AChE, 4-hydroxy-1-

[11C]methylpiperidine ([11C]-MP4OH) is formed, which is supposedly trapped inside 

the target tissue. However, studies have shown that [11C]-MP4OH is not irreversibly 

trapped in rats. Thus, we examined the possibility of quantifying [11C]-PMP in rats 

consistently accounting for incomplete trapping. To achieve this, we performed a 90-
min dynamic [11C]-PMP PET scans in rats with arterial blood sampling. The following 

models were applied: one-tissue and two-tissue compartment models (1TCM and 

2TCM), graphical analysis with metabolite-corrected plasma and tissue (cerebellum) 

input functions; additionally, standard uptake value (SUV) and SUV ratio (SUVR) 

with the cerebellum as reference region were estimated. The PET outcome 

measures were compared with ex vivo measures of AChE activity from literature. 

Compartmental models did not provide a good fit to the data. Patlak graphical 

analysis provided good fits when only data acquired within 0-20 min were 
considered, while the graphical analysis yielding the effective distribution volume 

(EDV) could only fit the data from high uptake regions acquired up to 60- and/or 90-

min. The coefficient of variation (COV) of the uptake rate constant Ki, obtained from 

Patlak analysis (COV 9-14 %) was lower than that of the effective distribution volume 

(EDV, COV 9-33 %). Visual assessment of the model fit to the data did not show a 

good fit for tissue input Patlak graphical analysis. The effective distribution volume 

ratio (EDVR) graphical analysis with the cerebellum as reference region could fit the 
data in regions with high uptake of [11C]-PMP; it showed a COV of 13-26 % and 

correlated well with EDV obtained with metabolite-corrected plasma input. SUV 

showed only moderate correlations with Ki and EDV while good correlations between 

SUVR and EDV were found. The values of Ki, EDV, EDVR, SUV, and SUVR 

averaged across the animals correlated well with the known AChE activity 

distribution. This exploratory study indicates that [11C]-PMP can be quantified using 

surrogate measures of AChE activity although [11C]-PMP is not irreversibly trapped 

in the rat brain. Nevertheless, additional studies should evaluate the validity of [11C]-
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PMP quantification especially the use of reference region in states of reduced AChE 

activity and test-retest reliability. 

Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disease 

[1]. While mostly known for its motor symptoms like bradykinesia, rigidity and tremor, 

the non-motor symptoms of PD such as depression, or cognitive deficits have been 

gaining more and more attention. While the motor symptoms of PD are mainly 

caused by the degeneration of the dopaminergic neurons originating in the 

substantia nigra pars compacta, other neurotransmitter systems are most likely 

involved in the non-motor symptoms of PD [2]. A study in idiopathic rapid eye 

movement sleep behavior disorder (RBD) patients found reduced cholinergic 
innervation of the neocortex compared to controls [3]. RBD is a risk factor for PD 

with 16-47% of RBD patients developing PD later in life [4]. Hence, this study 

indicates that cholinergic denervation can occur early in PD. Furthermore, a 

reduction in cholinergic neurons in certain brain areas was found at later stages of 

the disease in demented PD patients using postmortem analysis and positron 

emission tomography (PET) imaging [5, 6]. Given the early occurrence of cholinergic 

denervation in RBD patients and the relevance of non-motor symptoms for the 
quality of life of PD patients [7, 8], it is therefore of interest to study the cholinergic 

system in PD to evaluate the involvement of the cholinergic system in the 

progression and treatment of PD.  

PET imaging allows non-invasive imaging of functional processes in vivo, by using 

radioligands that selectively target a site or process of interest. It has been widely 
used in the research of neurodegenerative diseases such as PD or Alzheimer’s 

disease (AD) as it offers the possibility to evaluate biological processes in-vivo. A 

radiotracer for the assessment of cholinergic function is 1-[11C]-Methylpiperidin-4-yl 

Propionate ([11C]-PMP). [11C]-PMP is an acetylcholine-analog and a substrate for 

acetylcholinesterase (AChE) expressed in cholinergic synapses. It was shown that 

[11C]-PMP has a high specificity to AChE [9] and that it is hydrolyzed to its metabolite 

4-hydroxy-1-[11C]methylpiperidine ([11C]-MP4OH), which is irreversibly trapped in 

the human brain tissue [10].  
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 [11C]-PMP has been extensively used in human PET studies to evaluate AChE 

activity in PD [6, 11–13], while its use in rodents has rarely been described. Rodent 

disease models offer the opportunity to assess different aspects of disease 

mechanisms and development as well as testing of new pharmacological 

interventions. It is therefore of interest to also evaluate the use of [11C]-PMP for 

studying the cholinergic system in rodents. Although [11C]-PMP is irreversibly 

trapped in humans, the first assessment of [11C]-PMP with PET imaging in rats 
revealed that [11C]-MP4OH is not irreversibly trapped in the brain tissue of rodents 

[14]. This suggested that the modeling approach used for human data would likely 

not be suitable to quantify of [11C]-PMP kinetics in rats. We performed an exploratory 

study to evaluate the use of compartmental models and linearization with metabolite-

corrected plasma input, reference tissue models and static imaging for [11C]-PMP 

quantification in rats. The PET outcome measures were compared with measures of 

ex vivo AChE activity obtained from rats to assess their biological validity [15]. The 

ex vivo AChE activity was obtained by histoenzymatic staining of AChE on brain 
tissue sections as relative measurements of optical density (OD). 

Methods 

Subjects 

Male Sprague Dawley rats (n = 5, 162 ± 91 d, 585 ± 213 g) were used in this study. 

Four rats were imaged and data included for pharmacokinetic modeling (group 1: 

n = 4, 127 ± 51 d, 508 ± 145 g). Furthermore, one additional rat (303 d, 894 g) was 

included in the analysis of the [11C]-PMP parent fraction. The total plasma activity 

values of the additional rat could not be used due to a technical error (plasma dilution 

due to neostigmine-addition was unknown). This did not affect the calculation of the 

parent fraction and hence the values were included in the study. However, as no 

plasma activity values were known this rat was excluded from pharmacokinetic 
modeling. 

The rats were housed in controlled standard conditions of humidity, a temperature of 

21◦C and with a 12-hour light cycle (light on at 7 a.m.). The animals had access to 
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water and standard chow ad libitum. All animal experiments were approved by the 

University of British Columbia Animal Care Committee and performed in accordance 

with the Canadian Council on Animal Care guidelines. 

PET imaging 

Scanning method 

A MicroPET Focus 120 (Concorde Microsystems Inc./Siemens, Knoxville, TN, USA) 

was used to perform PET imaging. All scans were performed under 2.5 % isoflurane 
anesthesia (5 % induction, 2.5 % maintenance). A cannula was placed in the tail 

vein for radiotracer injection and a second cannula was inserted in the ventral tail 

artery for collection of blood samples. A 10-min transmission scan with 57Co was 

performed before each emission scan. The radiotracer [11C]-PMP was produced 

according to the procedure described by Snyder et al. [16], with modifications to local 

infrastructure. [11C]-PMP was manually injected intravenously over one minute 

(group 1: 21 ± 6 MBq, additional rat: 40 MBq). A 90-min PET scan was started 

simultaneously with the injection. The heart rate and blood oxygen saturation were 

measured using a pulse oximeter, and the animals’ temperature was kept at 35 to 36 

°C using a heat lamp and measured with a digital thermometer throughout the 

procedure. Ear bars were used to provide accurate brain positioning and to 

immobilize the head. 

The manufacturer’s software was used for PET data processing and reconstruction. 

The standard corrections for attenuation, randoms, scatter, normalization and 

deadtime were applied to the data. Fourier rebinning followed by 2D filtered 

backprojection was used for reconstruction of dynamic images consisting of 20 

frames (6×30, 2×60, 5×300, 3×400, 4×600 s). 

Arterial Blood Sampling and Metabolite Analysis 

Arterial blood samples (100 µL) were taken at approximately 10, 20, 30, 40, 50, 60, 

90 s and 2, 3, 4, 5.5, 7, 10, 20, 45, 70 min after injection of [11C]-PMP. Immediately 

after collection, the AChE inhibitor neostigmine (0.2 mg/mL) was added and plasma 
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samples were obtained by centrifugation for 2 min at 16,100 g. The radioactivity in 

50 µL of plasma was determined using an automated well-counter (Cobra II Auto 

Gamma Counter, Packard Instrument Co., Meriden, CT, USA) calibrated with the 

scanner. Afterward, the parent and metabolite fractions of [11C]-PMP were 

determined from the samples taken at 25, 50 s and 2, 5.5, 7, 10, 20 and 45 min using 

a modified procedure by Koeppe et al. [10]. For this, 50 µL plasma was loaded onto 

SepPak C18 Classic cartridges (WAT051910, Waters, Milford, MA, USA) using 50 
µL sodium borate solution (40 mM). After washing twice with 5 mL of 5 % 

acetone/sodium borate (20 mM) solution, the parent radiotracer was eluted using 2x 

5 mL of acetone. The radioactivity in the SepPak C18 cartridge, elution fractions and 

washes were assessed using an automated well-counter and the parent fraction of 

[11C]-PMP was calculated. As it was previously determined that 5 % of the 

metabolites leaked into the elution of the parent using calibrated radioHPLC (data 

not published), a correction factor was applied to the parent fraction.  

The plasma values (radioactivity concentration converted to standardized uptake 

value (SUV)) of the rats (group 1) were pooled due to their similarly shaped curves 

(Supplemental Figure 1). The pooled plasma curve was fitted to create a population-

based plasma curve which was then scaled to the individually measured values of 

each rat (peak of [11C]-PMP concentration in plasma and end of the plasma curve) 

before their use in kinetic modeling. 

Radioactivity measurements for the parent fraction that were below the average 

background measurement plus three standard deviation were excluded from further 

analysis (23 %) and the remaining parent fraction values were used to fit curves to 

assess the missing values by interpolation/extrapolation. The parent fraction values 

of all rats (group 1 and additional rat) were pooled as they showed a similar 
metabolism of [11C]-PMP (Figure 2, Supplemental Figure 1) before curve fitting. The 

fitted parent fraction was used as a population-based curve for all rats and showed 

an average difference of 24 ± 23 % to the measured values.  
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Image Processing and Kinetic Analysis 

The software PMOD 3.9 was used to register each PET image to a [11C]-PMP-

specific template which was created using the SAMIT toolbox [17]. A template of 
brain volumes of interest (VOI) including the cerebellum, cortex (without frontal 

cortex), hippocampus, hypothalamus, midbrain, striatum, and thalamus was placed 

on each co-registered PET image. For each VOI, time-activity curves (TAC) were 

generated for 0-20 min (20 min), 0-60 min (60 min) and 0-90 min (90 min) acquisition 

and also converted to SUV.  

First, the software PMOD 3.9 was used for pharmacokinetic modeling. The quality 

of the fits obtained with the one-tissue compartment model (1TCM, Table 1) and 

irreversible two-tissue compartmental model (2TCM) using the metabolite-corrected 

plasma input was assessed. Patlak graphical analysis with the metabolite-corrected 

plasma input was used to determine the uptake rate constant Ki (Ki = (K1*k3)/(k2+k3)) 

[mL/cm3/min] with a stretch time (t*) of 4 min for 20 min acquisition [18]. Additionally, 

Patlak graphical analysis with the TAC of the cerebellum as reference tissue input 
was performed to estimate Kiref [min-1] (20 min acquisition, t* = 4 min) [19]. 

Second, the effective distribution volume (EDV = Ki/kloss, Figure 1) was estimated 

using the metabolite-corrected plasma input and the TAC of the cerebellum to 

estimate the non-specifically bound component of the TAC signal [20]. Additionally, 

the effective distribution volume ratio (EDVR = Kiref/kloss) was estimated using the 

TAC of the cerebellum as reference tissue input [20]. A t* of 30 min was used for 60- 
and 90-min acquisition. The metabolite-corrected plasma input function was 

obtained from PMOD 3.9 software and applied for the dedicated graphical analysis 

using in-house software in Matlab. 

Last, SUV was calculated as (radioactivity concentration in VOI)/[(injected 

radioactivity)/(bodyweight)] from the data acquired during 30-60 min and 60-90 min 
post-injection. The standardized uptake value ratio (SUVR) was obtained by dividing 

the SUV of the target regions by the SUV of the reference tissue (cerebellum). 
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Table 1 Overview of the kinetic models and SUV, SUVR applied to the [11C]-PMP PET data 
obtained in rats. 

Model Acquisition [min] t* 
[min] 

Input Outcome 

One-tissue 
compartmental 
model 

0-20 
0-60 
0-90 

 Metabolite-
corrected plasma 
input, 
Regional TAC 

VT 

Irreversible two-
tissue 
compartmental 
model 

0-20 
0-60 
0-90 

 Metabolite-
corrected plasma 
input, 
Regional TAC 

Ki 

Patlak graphical 
analysis 

0-20 4 Metabolite-
corrected plasma 
input, 
Regional TAC 

Ki 

Patlak graphical 
analysis 

0-20 4 Cerebral TAC as 
reference tissue, 
Regional TAC 

Kiref 

Dedicated graphical 
analysis including 
efflux of radioactive 
metabolites 

0-60 
0-90 

30 Metabolite-
corrected plasma 
input, 
Cerebral TAC as 
reference tissue, 
Regional TAC 

EDV 

Dedicated graphical 
analysis including 
efflux of radioactive 
metabolites 

0-60 
0-90 

30 Cerebral TAC as 
reference tissue, 
Regional TAC 

EDVR 

Static Imaging 30-60 
60-90 

 Regional TAC SUV 

Static Imaging 30-60 
60-90 

 Cerebral TAC as 
reference tissue, 
Regional TAC 

SUVR 

t* - stretch time, TAC – time-activity curve, VT – volume of distribution, Ki – uptake rate 
constant, EDV – effective distribution volume, EDVR – effective distribution volume ratio 
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The selection of the best model for [11C]-PMP quantification was based on the Akaike 

Information Criterion (AIC) and the visual assessment of the model fit to the data. 

Furthermore, the coefficient of variation (COV) of each outcome measure was 

calculated as its standard deviation (SD) divided by its mean with a lower COV 

indicating better reliability due to the similarity of the rats used in the study. 

Additionally, the agreement of each outcome measure with ex vivo AChE activity 

from literature [15] was used for model selection.  

 

 

Figure 1 Schematic representation of [11C]-PMP pharmacokinetics in plasma and tissue in 
rats. The influx (K1) and efflux (k2) describe the exchange of [11C]-PMP between plasma and 
blood. The radiotracer is metabolized by acetylcholinesterase in plasma (k3P) and tissue (k3), 
respectively. Efflux of the metabolite, [11C]-MP4OH, from tissue is described by the rate 
constant kloss. The influx of the metabolite from plasma to tissue (KM1) was shown to be small 
[21].  

Statistical analysis 

The agreement between different outcome parameters was assessed with linear 

regression. Linear regression was performed using individual values of each rat for 

the brain regions cerebellum, hippocampus, midbrain, striatum, thalamus in R 
software [22–24]. Linear regression was used to evaluate the correlation of literature 

values for AChE activity with each PET outcome parameter. The AChE activity was 

obtained from OD measurement after histoenzymatic staining of AChE in Sprague-

Dawley rat brain sections (Table 2 in [15]). For this comparison, the brain regions 

striatum, thalamus, hippocampus, hypothalamus, and cortex were used except for 
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EDV and EDVR were only the striatal, thalamic and hippocampal brain region were 

compared. 

Results 

Tracer kinetics and metabolism 

The highest uptake of [11C]-PMP was observed to occur at approximately 1.75 min 

to 2.25 min in all brain regions. In the striatum, 39 ± 9 %, 58 ± 9 % and 75 ± 8 % of 

[11C]-PMP was washed out by 33, 55 and 85 min, respectively. The cerebellum 
showed a faster washout of [11C]-PMP with 69 ± 5 % at 33 min, 79 ± 5 % at 55 min 

and 88 ± 3 % at 85 min (Figure 2B). 

In the plasma, [11C]-PMP was metabolized rapidly with only 50 % of intact radiotracer 

present at 2.5 min and approximately 14 % at 15 min (Figure 2C). The metabolite-

corrected plasma input function showed the highest [11C]-PMP concentration at 
approximately 1 min followed by a rapid decrease of intact [11C]-PMP with only 50 

% remaining 90 seconds after [11C]-PMP injection (Figure 2D). After 15 min, the 

metabolite-corrected plasma input function was close to zero (0.04 ± 0.02). 

Plasma Input Models 

Visual assessment showed that the 1TCM did not fit the data well (Supplemental 

Figure 2). The AIC ranged between 23 and 88 for 20-, 60- and 90-min acquisition 

and tended to be higher for 90 min acquisition. Similarly, the irreversible 2TCM did 

not show a good fit to the data for 60- and 90-min acquisition with AIC values 

between 32 and 77 and larger AIC with increasing acquisition. For 20-min 

acquisition, the AIC of the irreversible 2TCM were lower (AIC: 21 ± 9, range 5-37) 

compared to the longer acquisition but visual inspection still showed only moderate 

fit of the model to the data (Supplemental Figure 2). The performance of these 

models was thus not investigated further. 
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Figure 2 PET image of the mean uptake of [11C]-PMP represented in SUV, averaged over 
three rats (age 101 ± 1 d) after co-registration to the template, Gaussian smoothing of 0.6 mm 
applied (A). TAC of [11C]-PMP in the striatal, cerebellar and midbrain brain region in SUV (B), 
parent fraction of [11C]-PMP in individual values measured (each rat identified by age) and the 
fitted parent fraction (Fit) used for further analysis (C) and metabolite-corrected plasma input 
curve of [11C]-PMP (D). Shown are mean ± SD of group 1 (n = 4) for (B) and (D). 

 

Visual assessment of Patlak graphical analysis showed a good fit to the data if the 

time period of the analyzed data was limited to 20 min (Supplemental Figure 3). The 

AIC ranged between 14 and 25 for all brain regions (Table 2). The largest Ki-values 

were found in the striatum with 0.454 ± 0.064 mL/cm3/min and the lowest Ki was 

estimated for the cerebellum with 0.238 ± 0.030 mL/cm3/min. The variation of Ki was 
low with COV of 9-14 %. Linear regression of mean Ki-values with literature values 

for AChE activity showed a moderate correlation with R2 of 0.77 (p < 0.001), 

respectively (Figure 3). 
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Table 2 The uptake rate constant (Ki) of [11C]-PMP estimated for an acquisition of 20 min by 
Patlak graphical analysis with metabolite-corrected plasma input. Shown are mean ± SD for 
macroparameters and the range for AIC and COV (n=4).  

Brain region Patlak [Ki] 

20 min 

Cerebellum 0.238±0.030 

Cortex 0.255±0.030 

Hippocampus 0.313±0.045 

Hypothalamus 0.282±0.035 

Midbrain 0.372±0.046 

Striatum 0.454±0.064 

Thalamus 0.407±0.052 

COV 9-14% 

AIC 14-25 

Ki in mL/cm3/min, COV - coefficient of variation, 
AIC - Akaike Information Criterion 

 

EDV could only be estimated reliably for the hippocampus, midbrain, striatum, and 

thalamus using 60- or 90-min acquisition (Supplemental Figure 3). The AIC for those 

regions ranged between 44 and 108 and was larger for 90 min than 60 min 

acquisition (Table 3). All other brain regions showed a lower general uptake of [11C]-

PMP and no model was found to provide a good fit to the data as determined from 

visual assessment (data not shown). Hence, only data from the brain regions where 
the model fit the data well were used for further analysis with fitting limited to the 

data acquired in the first 60 min post-injection, due to the lower AIC-values. The 

highest EDV of [11C]-PMP was found in the striatum (12.80 ± 1.28) and the lowest in 

the hippocampus (4.48 ± 1.49). The variation of EDV between rats was larger 

compared to Ki obtained from the Patlak graphical analysis with a COV of 9 to 33 %. 

The correlation of EDV with literature values for AChE activity was good with R2 

values of 0.90 (p < 0.001). Linear regression of EDV with Ki showed a moderate 

correlation with an R2 of 0.68 (p < 0.001) (Figure 3). The loss rate constant kloss 
(Table 4) was largest in the hippocampus with 0.076 ± 0.024 followed by the 
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midbrain and thalamus with kloss of 0.069 ± 0.019 min-1 and 0.048 ± 0.003 min-1, 

respectively. The lowest kloss was found in the striatum with 0.035 ± 0.004 min-1. 

 

Table 3 The effective distribution volume (EDV) and effective distribution volume ratio (EDVR) 
of [11C]-PMP estimated for an acquisition of 60- and 90-min by dedicated graphical analysis, 
including efflux of metabolites, using the metabolite-corrected plasma input and cerebellum 
as reference region or only the reference region, respectively. Shown are mean ± SD for 
macroparameter and the range for AIC and COV (n = 4). 

Brain region EDV EDVR 

60 min 90 min 60 min 90 min 

Hippocampus 4.48±1.49 5.07±1.55 0.324±0.083 0.331±0.088 

Midbrain 5.74±1.58 5.77±1.43 0.438±0.095 0.422±0.094 

Striatum 12.8±1.28 13.33±1.43 0.851±0.116 0.875±0.124 

Thalamus 8.52±0.83 8.66±0.8 0.601±0.084 0.599±0.078 

COV 10-33% 9-31% 14-26% 13-26% 

AIC 44-63 83-108 32-52 58-98 

COV - coefficient of variation, AIC - Akaike Information Criterion 

 

Table 4 The loss rate constant (kloss) of [11C]-PMP calculated as kloss = Ki(Patlak, 20 min)/EDV. 
Shown are mean ± SD for kloss and the range for COV (n = 4). 

Brain region kloss 

60 min 90 min 

Hippocampus 0.076±0.024 0.066±0.019 

Midbrain 0.069±0.019 0.067±0.016 

Striatum 0.035±0.004 0.034±0.005 

Thalamus 0.048±0.003 0.047±0.005 

COV 7-32% 11-28% 

COV - coefficient of variation   
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Figure 3 Linear regression of AChE activity, expressed as optical density of histoenzymatic 
staining, with the uptake rate constant (Ki) obtained from Patlak graphical analysis with 20-
min acquisition (A) and with EDV obtained with 60-min acquisition (B). As the EDV could not 
be determined reliably for all brain regions only striatum, thalamus and hippocampus were 
included in the linear regression. Linear regression of EDV with Ki for 60- and 20-min 
acquisition (C). The 95 % confidence interval of each linear regression is indicated in grey. 
Shown are individual values for Ki and EDV. 

Reference Tissue Approaches 

Patlak graphical analysis with the cerebellum as reference region showed no good 

model fit to the data as evaluated by visual assessment. The slope of the Patlak 

regression was close to zero in most regions and, in the cortex, even a negative 

slope in one rat was found thus increasing the variation in Kiref. Visual assessment 

of the model fit to the data of high uptake regions indicated a concave curvature 
close to 20 min (Supplemental Figure 4).  

Similar to EDV, EDVR could only be fit reliably for the regions with high uptake of 

[11C]-PMP, i.e. hippocampus, midbrain, striatum and thalamus (Supplemental Figure 

4). The AIC for those regions ranged between 32-98 with higher AIC found for 90 

min than 60 min acquisition (Table 3). Hence, only EDVR-values for 60 min were 

analyzed further. EDVR showed a similar range as EDV with the highest EDVR 
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found in the striatum (0.851 ± 0.116) and the lowest in the hippocampus 

(0.324 ± 0.083). The variation of EDVR tended to be smaller compared to EDV with 

COV ranging between 14 % and 26 %. A good correlation between AChE activity 

from literature and EDVR was found (Figure 4), with R2 of 0.87 (p < 0.0001). EDV 

and EDVR correlated well with an R2 of 0.96 (p < 0.0001).  

 

 

Figure 4 Linear regression of the EDVR obtained with 60-min acquisition with AChE activity, 
expressed as optical density of histoenzymatic staining (A). As the model did not show a fit to 
the data of all brain regions only striatum, thalamus and hippocampus were included in the 
linear regression. Linear regression of EDV with EDVR (B). The 95 % confidence interval of 
each linear regression is indicated in grey. Shown are individual values . 

 

Semi-quantitative measures 

The SUV calculated for 60-90min were lower (47 ± 10 %) compared to those 

evaluated over the 30-60 min time period and they exhibited a larger COV (Table 5). 

For the 30-60min time frame, the SUV was highest in striatum (2.53 ± 0.28) and 

lowest in cerebellum (1.26 ± 0.17). Linear regression with literature values of AChE 
activity showed good correlation between SUV and AChE activity (Figure 5, 

R2 = 0.82, p < 0.0001). However, only moderate correlations were found between Ki 

from Patlak graphical analysis and SUV (R2 = 0.42, p = 0.002) and SUV and EDV 

(R2 = 0.57, p < 0.001). 
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SUVR using the cerebellum as a reference region showed a lower variation than 

SUV at 30-60 min and 60-90 min, with COV between 4 % and 24 % (Table 5). As 

for SUV, the highest SUVR was found in the striatum (2.02 ± 0.11), and the lowest 

SUVR was found in the hypothalamus (1.14 ± 0.05). For 60-90 min, the SUVR were 

approximately 2 ± 9 % lower than for 30-60 min. SUVR showed good correlations 

with literature AChE activity values (R2 = 0.91, p < 0.0001), and EDV (R2 = 0.98, 

p < 0.0001) and a moderate correlation with Ki from Patlak graphical analysis 
(R2 = 0.59, p < 0.001) (Figure 5).  

 

Table 5 SUV and SUVR of [11C]-PMP for an acquisition of 60- and 90-min. SUVR obtained 
by dividing regional SUV by cerebellar SUV. Shown are mean ± SD for macroparameters and 
the range for COV (n = 4).  

Brain region SUV SUVR 

30-60 min 60-90 min 30-60 min 60-90 min 

Cerebellum 1.26±0.17 0.69±0.19 
  

Cortex 1.46±0.13 0.82±0.21 1.17±0.09 1.21±0.21 

Hippocampus 1.75±0.11 0.96±0.2 1.41±0.1 1.42±0.15 

Hypothalamus 1.43±0.14 0.78±0.18 1.14±0.05 1.14±0.06 

Midbrain 1.82±0.32 0.93±0.3 1.45±0.12 1.34±0.07 

Striatum 2.53±0.28 1.39±0.37 2.02±0.11 2.03±0.19 

Thalamus 2.11±0.29 1.09±0.33 1.68±0.07 1.58±0.08 

COV 6-18% 21-33% 4-13% 5-24% 

COV - coefficient of variation 
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Figure 5 Linear regression of AChE activity, expressed as optical density of histoenzymatic 
staining, with SUV (A) and SUVR (B) for the 30-60 min time frame. Linear regression of Ki 
from Patlak graphical analysis with SUV (C) and SUVR (D) and linear regression of EDV with 
SUV (E) and SUVR (F). The 95 % confidence interval of each linear regression is indicated in 
grey. Shown are and individual values.  

Discussion 

The aim of this study was to explore the possibility of quantifying [11C]-PMP using 

kinetic modeling or parameters derived from static imaging and to compare the 

obtained outcome measures with AChE activity from literature [15]. The radiotracer 

showed a fast metabolism and washout from all brain regions. The 1TCM and 
irreversible 2TCM were unable to accurately model the data, and Patlak graphical 
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analysis could only reliably fit the data for an acquisition length of 20 min. The 

dedicated graphical analysis including the tissue efflux of metabolites, provided a 

better fit to the data acquired up to 60 min compared to 90 min. A larger COV of EDV 

and EDVR compared to Ki from the Patlak graphical analysis was found. The semi-

quantitative measures SUV and SUVR showed a similar COV compared to Ki from 

Patlak graphical analysis. Nevertheless, SUVR showed better correlations with Ki 

and EDV compared to SUV. Patlak graphical analysis with the cerebellum as 
reference tissue input did not fit the data.  

While usually described as an irreversibly trapped radiotracer [21, 25, 26], [11C]-PMP 

was shown to have a fast washout from the rat brain when evaluated with PET 

imaging [14], which is in line with the results of our study. Previously, [11C]-PMP has 

been mainly characterized in mice and rats using ex vivo biodistribution which could 

have obscured the washout [9, 21, 25, 26]. However, early work by Irie et al. 
suggested a slow washout of [14C]-PMP from the brain with a half-life of 

approximately 60 min [9] while in our study it seemed to be faster with approximately 

39 % and 69 % washed out after 33 min in the striatum and cerebellum, respectively. 

Discrepancies between the results could be related to the different methodologies 

used. Ex vivo biodistribution was performed by Irie at el for five time points ranging 

between one and 60 min after radiotracer injection. For each ex vivo biodistribution 

time point, three rats were used while PET imaging, as applied in our study, 
facilitates continued measurement of radioactivity within each rat. Therefore, intra-

individual differences in radiotracer uptake and retention could have increased the 

half-life of [14C]-PMP in the study by Irie et al. Similar to [11C]-PMP, the radiotracer 

[11C]-MP4A also showed washout from rat brain [27]. [11C]-MP4A is closely related 

to [11C]-PMP and also metabolized by AChE to [11C]-MP4OH. Derivatives of [11C]-

PMP and [11C]-MP4A labeled with 18F were found to have similar kinetic behavior in 

rat brain as shown by [11C]-PMP in our study [14, 27, 28]. Since the enzymatic 

hydrolysis of [11C]-PMP and [11C]-MP4A is not reversible, our results and the results 
by Shao et al. and Kikuchi et al. suggest that the metabolite is not irreversibly trapped 

in the brain of rats (Figure 1, kloss). 
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Interestingly, in humans [11C]-PMP shows irreversible trapping in the brain [10]. One 

possibility for the efflux of [11C]-MP4OH from the brain could be related to the 

anesthesia required for small animal PET imaging. The working mechanisms of 

volatile anesthetics like isoflurane remain largely unknown although several ion 

channels have been implicated, e.g. the g-aminobutyric acid type A (GABAA), 

serotonin, glutamate, and the nicotinic acetylcholine receptors [29]. One study 

showed that isoflurane and other volatile anesthetics reduced the activity of AChE 

obtained from dog brain in vitro [30] and a study in rats confirmed these results for 

several (e.g. striatum, hippocampus, thalamus) but not all brain regions in vivo using 

pentobarbitone sodium anesthesia [31]. Nevertheless, Brasswell and Kitz suggested 

that the anesthetics showed a competitive, non-competitive (mixed) type of inhibition 

which was in line with the in vivo results showing a reduction of AChE activity by 

approximately 20 to 25 %. Additionally, it was shown that the release of acetylcholine 
was lower during isoflurane anesthesia suggesting reduced competition between 

acetylcholine and [11C]-PMP for AChE [32, 33]. Further indication that anesthesia is 

not responsible for the washout of [11C]-MP4OH from rat brain are [11C]-PMP PET 

imaging studies which showed retention of [11C]-MP4OH in the brain of in ketamine-

anesthetized pigtail monkeys [14, 25]. 

A second possibility is that interspecies differences are responsible for the higher 

efflux across the blood-brain barrier for [11C]-MP4OH in rats. It is possible that [11C]-

PMP is metabolized differently in rats than higher mammals, but this seems unlikely 

since the catalytic site of AChE is highly conserved in mammals [34]. The metabolite 

of [11C]-PMP and [11C]-MP4A has a partition coefficient of -2.2 [28] indicating that it 

cannot cross the blood-brain barrier passively. This was confirmed by studies 

showing only limited uptake of [11C]-MP4OH or an 18F-labeled MP4A metabolite in 

the rat brain after intravenous injection [21, 28]. Taken together these results suggest 
that an active transport mechanism, e.g. via an efflux transporter like P-glycoprotein 

(P-gp), or breast cancer resistance protein (BCRP), facilitates the washout of the 

[11C]-PMP metabolite from rat brain. Indeed, it was shown that efflux transporters 

such as P-gp showed higher expression in rats than in humans [35], and a study 

using the P-gp radiotracers [18F]-Altanserin, [11C]-GR205171 and [11C]-Verapamil 

showed large variations in brain uptake of these radioligands between humans and 
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rats [36]. This suggests that the active transport mechanism of the [11C]-PMP 

metabolite is most likely less active in humans and non-human primates as the 

metabolite is trapped in those species [10]. 

 [11C]-PMP is not only metabolized in the brain but also by AChE present on 

erythrocytes in the blood (Figure 1) [37]. This contributes to the rapid metabolism of 
[11C]-PMP as shown by the rapidly decreasing parent fraction in plasma and is 

similar to previous studies in mice and humans [10, 25]. In humans, the fast 

metabolism and hence limited recirculation of [11C]-PMP benefits its quantification 

[10]. The hydrolysis rate of [11C]-PMP by AChE (k3) is the chosen outcome parameter 

as a direct measure of AChE activity. It was shown that the irreversible 2TCM yielded 

precise estimates of k3 in brain regions with low uptake of [11C]-PMP like the cortex 

in humans. However, in high uptake regions of [11C]-PMP such as the striatum 

estimates of k3 could only be reliably obtained when K1/k2 was constrained. 
Contrarily, we did not find the irreversible 2TCM to adequately fit the data obtained 

in rats. Considering that [11C]-PMP is not irreversibly trapped in brain tissue in rats, 

this is not surprising. As the hydrolysis rate of [11C]-PMP could not be estimated 

using the irreversible 2TCM we evaluated whether quantification of [11C]-PMP using 

Patlak graphical analysis was possible. While the uptake rate constant Ki is not an 

exact measure of AChE activity, it correlated well with AChE activity determined by 

Planas et al. [15] suggesting that it could be used as a surrogate measure of AChE 
activity, but only when the data are limited to approximately 20 min after injection. 

For longer acquisition, the transformed data was curved, indicating reversibility, 

leading to worse model fits and underestimation of the uptake rate constant Ki. 

Hence, we applied another graphical approach that accounts for the elimination of 

[11C]-MP4OH from tissue by including the term kloss (Figure 1) [20]. Additionally, the 
model removes the possible influx of the metabolite from plasma to tissue due to the 

subtraction of the cerebellar time activity curve, a surrogate estimate of the non-

specifically bound tracer. EDV correlated well with ex vivo AChE activity indicating 

that it can be considered for quantification of [11C]-PMP. Compared to Patlak, the 

graphical analysis including efflux of metabolites showed a larger variation of the 

outcome measure and higher AIC although the visual assessment of the model fit to 
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the data was similar for both graphical analysis models. However, brain regions with 

low uptake of [11C]-PMP could not be estimated using EDV most likely due to the 

similarity of [11C]-PMP uptake in reference and target tissue. This consideration 

indicated that the Patlak graphical analysis could practically (not necessarily 

conceptually) be the preferred method for [11C]-PMP quantification as long as the 

included data are limited to an acquisition of 20 min. Nevertheless, short acquisition 

might make the data more susceptible to changes in radiotracer influx and efflux in 
the brain or changes in peripheral metabolism. For example, Kilbourn et al. showed 

that peripheral inhibition of AChE increased uptake of [11C]-PMP in all brain regions 

[26]. Hence, before its use in future studies, the use of Patlak graphical analysis 

should be evaluated in rat models of reduced AChE activity and changed cerebral 

blood flow. 

While a short acquisition of 20 min could increase the susceptibility of the data to 
changes in radiotracer pharmacokinetics or metabolism, shorter acquisition is 

preferred in animal PET studies as it reduces the time of anesthesia required. Our 

study suggests that only 20 min acquisition are needed to quantify [11C]-PMP with 

Patlak graphical analysis with metabolite-corrected plasma input, however, arterial 

blood sampling is still required for this analysis method. Quantification of radiotracers 

without the need for blood sampling, e.g. via the use of a reference tissue or static 

imaging, simplifies PET scanning in small animals like rats. The semi-quantitative 
measure SUV showed a good correlation with ex vivo AChE activity but only 

moderate correlations with Ki from Patlak graphical analysis and EDV from graphical 

analysis including efflux of metabolites were found suggesting it should not be used 

for [11C]-PMP quantification. Contrarily, SUVR correlated well with ex vivo AChE 

activity as well as with the outcome measures obtained with graphical analysis using 

plasma input indicating it could be used for [11C]-PMP quantification without blood 

sampling. 

Interestingly, Patlak graphical analysis with the cerebellum as reference tissue input 

did not show good fits to the data even when the acquisition time was reduced to 20 

min. It is possible that the cerebellum cannot be used as a reference region. Indeed, 

some studies have shown low but not negligible expression of AChE in the 
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cerebellum [15, 38, 39]. It is interesting to notice that tracer behavior in the early 

times after injection is particularly sensitive to trapping and the Ki values are different 

from zero in the cerebellum – indicating irreversibility, in violation of the requirement 

of a reference region. The effect of such trapping may be less pronounced for 

measures that rely on tracer behavior at later time points. Indeed, the other kinetic 

models with cerebellum as a reference tissue (i.e. EDVR and SUVR) seemed to 

show good correlations with literature values of ex vivo AChE activity in healthy rats. 
A good correlation, however, does not necessarily imply the absence of bias; it is 

thus advisable to further evaluate the influence of changes in AChE activity on those 

outcome measures. The effect of partial inhibition of AChE on [11C]-PMP uptake in 

different brain regions has been explored in a previous study in mice [26]. Using ex 

vivo biodistribution, Kilbourn et al. showed that pretreatment with a dose of 2 mg/kg 

phenserine, an AChE inhibitor mainly taken up in the brain, significantly reduced the 

[11C]-PMP uptake in the cerebellum 30 min after radiotracer injection and thereby 

altered the outcome of tissue-cerebellar ratios. This suggests that the use of the 
cerebellum as a reference tissue for kinetic modeling or SUVR can bias the outcome 

if changes in AChE activity occur in the reference tissue. As the kinetic models 

presented here do not quantify AChE activity directly, the influence of reduced AChE 

activity in the reference tissue on their outcome is unknown and an evaluation of the 

effect of AChE inhibition in the cerebellum should be performed. 

Limitations of the study 

A correlation with ex vivo AChE activity from literature was performed to assess the 

biological validity of the PET outcome measures. However, for this correlation 

different groups of rats were used, and the correlation of mean-values can obscure 

intraindividual differences, reduce data variation and, consequently, improve the 

correlation. Hence, in a future study, the AChE activity should be assessed using 

PET imaging and histoenzymatic stains in the same rats using individual values 

instead of averages for ex vivo AChE activity. Furthermore, only four rats were 
included for pharmacokinetic analysis. It was not possible to include more rats in the 

study due to financial and logistical reasons; this was thus an exploratory study to 

investigate the feasibility of [11C]-PMP quantification in rats. However, an increased 
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number of rats could have improved the population-based parent fraction. In our 

study, only three metabolite measurements were included for the fitting of the parent 

fraction from 15 to 45 min after injection of [11C]-PMP. Hence, after the fitting of the 

pooled data, the population-based parent fraction curve remained approximately 14 

% from 15 min to 90 min. Hence, the population-based parent fraction curve is not 

completely consistent with previous studies which showed almost complete 

metabolism of [11C]-PMP in plasma after approximately 30 min in rats and humans 
[10, 25]. Only small amounts of blood can be taken from rats, and due to the reduced 

amount of plasma available and the short half-life of 11C, some of the plasma 

samples taken at later time points could not be included in the metabolite analysis 

of [11C]-PMP. Although samples with low count rates were excluded from the 

evaluation of the parent fraction, it is possible that measurement errors in the later 

samples artificially increased the parent fraction. Despite a parent fraction of 

approximately 14 % from 15 to 90 min, the metabolite-corrected plasma input used 

in our study showed that intact [11C]-PMP in plasma was close to zero after 15 min. 
When we explored the use of a parent fraction which was constrained to zero after 

25 min only minor changes in the fitting of the kinetic models used in this study were 

found (data not shown) which suggests that the influence of the parent fraction after 

approximately 15 min is negligible. 

Conclusion 

Our study gives a first indication that [11C]-PMP can be used as a radiotracer in rats 

despite the apparent reversibility of tracer accumulation. Surrogate measures for 

AChE activity obtained with Patlak graphical analysis with metabolite-corrected 

plasma input or graphical analysis including efflux of metabolites might be used for 
quantification of AChE activity in rats. However, our study only assessed AChE 

activity in healthy rats and indicated that the cerebellum might not be used as a 

reference region. Hence, further evaluation [11C]-PMP is necessary to evaluate the 

influence of changes in AChE activity, e.g. in disease models or blocking studies, 

and the effect of variations in blood flow on [11C]-PMP quantification. Furthermore, 

test-retest reliability should be assessed for [11C]-PMP. Other radiotracers for 

markers of cholinergic activity like [18F]-FEOBV, a ligand for the vesicular 
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acetylcholine transporter (VAChT), have been evaluated in rats with promising first 

results [40] and could be used as an alternative to [11C]-PMP.  
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Supplemental Data 

 

Supplemental Figure 1 Individual values and fitted curve of parent fraction (A) and SUV in 
plasma (B) for each rat (identified by age). The fitted plasma curve was scaled to the 
measured values of each rat before its use.  
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Supplemental Figure 2 Model fit for the 1TCM (A) and irreversible 2TCM (B) for 20- and 60-
min acquisition of one representative rat.  
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Supplemental Figure 3 Model fit for Patlak graphical analysis with 20 min acquisition (A) and 
the dedicated graphical analysis, including efflux of metabolites for 60 min acquisition (B), 
using metabolite-corrected plasma input for one representative rat. Data points used for model 
fit with black outline. 
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Supplemental Figure 4 Model fit for Patlak graphical analysis with 20 min acquisition (A) and 
the dedicated graphical analysis, including efflux of metabolites for 60 min acquisition (B), 
using the cerebellar TAC as reference tissue input for one representative rat. Data points used 
for model fit with black outline. 
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Abstract  

Purpose: [18F]fluoroethoxybenzovesamicol ([18F]FEOBV) is a radioligand for the 

vesicular acetylcholine transporter (VAChT), a marker of the cholinergic system. 

We evaluated the quantification of [18F]FEOBV in rats in control conditions and 

after partial saturation of VAChT using plasma and reference tissue input models 

and test-retest reliability.  

Procedure: Ninety-minute dynamic [18F]FEOBV PET scans with arterial blood 

sampling were performed in control rats and rats pretreated with 10µg/kg FEOBV. 

Kinetic analyses were performed using one- (1TCM) and two-tissue compartmental 

models (2TCM), Logan and Patlak graphical analyses with metabolite-corrected 

plasma input, reference tissue Patlak with cerebellum as reference tissue, standard 
uptake value (SUV) and SUV ratio (SUVR) using 60 or 90 min acquisition. To 

assess test-retest reliability, two dynamic [18F]FEOBV scans were performed 1 

week apart. 

Results: The 1TCM did not fit the data. Time-activity curves were more reliably 

estimated by the irreversible than the reversible 2TCM for 60 and 90 min as the 

influx rate Ki showed a lower coefficient of variation (COV, 14-24%) than the 

volume of distribution VT (16-108%). Patlak graphical analysis showed a good fit to 

the data for both acquisition times with a COV (12-27%) comparable to the 
irreversible 2TCM. For 60 min, Logan analysis performed comparably to both 

irreversible models (COV 14-32%) but showed lower sensitivity to VAChT 

saturation. Partial saturation of VAChT did not affect model selection when using 

plasma input. However, poor correlations were found between irreversible 2TCM 

and SUV and SUVR in partially saturated VAChT states. Test-retest reliability and 

intraclass correlation for SUV were good. 

Conclusion: [18F]FEOBV is best modeled using the irreversible 2TCM or Patlak 
graphical analysis. SUV should only be used if blood sampling is not possible. 
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Introduction 

The decline of cognitive function in neurological disorders, such as Alzheimer’s 

disease (AD) [1], Parkinson’s disease (PD), and PD with dementia [2, 3], has been 

associated with degeneration of cholinergic neurons. To study the role of changes 

in cholinergic innervation, ex vivo tissue analysis is widely used. Nevertheless, the 

use of the non-invasive imaging technique positron emission tomography (PET) 
imaging is often the preferred method, as it allows the assessment of 

neurotransmitter systems in vivo. 

[18F]fluoroethoxybenzovesamicol ([18F]FEOBV) is a PET radioligand with high 

specificity for the presynaptic vesicular acetylcholine transporter (VAChT). The 

expression of VAChT was found to correlate well with the expression of the main 

marker of cholinergic neurons, choline acetyltransferase [4]. In rats and non-human 

primates, [18F]FEOBV distribution in the brain was found to correlate with VAChT 
expression, with the highest uptake in the striatum and lowest in the cerebellum [5, 

6].  

Pharmacokinetic modeling with arterial plasma input is the gold standard to 

quantify the binding of a radioligand to its target. Kinetic analysis of [18F]FEOBV in 

humans showed that the kinetic model parameters could be reliably estimated 

using metabolite-corrected plasma input and long scan times (360 min) [7]. 

Quantification using reference tissue modeling with shorter scan times, or late 

static scanning, was found to correlate well with the results from pharmacokinetic 
modeling with arterial plasma input. These simplified methods are preferred over 

the use of plasma input models as arterial sampling is a complex procedure and a 

burden for human subjects. 

While quantification of [18F]FEOBV has been evaluated in humans, quantification of 

[18F]FEOBV in rats has only been performed using reference tissue models [8] 

without validation of their use against compartmental models using arterial plasma 

input.  Examples of other radiotracers, such as [11C]-flumazenil, have shown that 
interspecies differences between humans and rats can lead to different preferred 

compartmental models for each species [9]. Therefore, the purpose of this study 
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was to determine the optimal quantification model for [18F]FEOBV using a plasma 

input function and to verify quantification without the need for blood sampling.  

Materials and Methods 

Experimental Animals 

Adult male Wistar rats (364 ± 39 g, Envigo, The Netherlands) were randomly 

divided in three groups, i.e. control (n = 6), pretreatment with FEOBV (n = 6) and 

test-retest (n = 6). Rats were group-housed at a 12h/12h light/dark cycle, in 

humidity- and temperature-controlled (21 ± 2 ⁰C) rooms with water and standard 

laboratory chow available ad libitum and acclimatized for at least 7 days after 

arrival. All experiments were approved by the National Committee on Animal 
Experiments (CCD:AVD105002015166) and the Institutional Animal Care and Use 

Committee of the University of Groningen (IvD:15166-01-003). All applicable 

institutional and/or national guidelines for the care and use of animals were 

followed. 

PET Imaging  

The rats were anesthetized with isoflurane (5 % for induction, 1-2.5 % for 

maintenance) mixed with oxygen. A cannula was placed in the tail vein for 

[18F]FEOBV injection. For the control and pretreatment group, a cannula was 

placed in the femoral artery for arterial blood sampling. Rats were injected i.p. with 

100 µL DMSO 50-80min before [18F]FEOBV injection (controls) or with 10 µg/kg 

FEOBV (pretreatment, ABX, Germany) in 200 µL DMSO via the femoral vein 20-

30min before injection. It is not expected that the administration route of DMSO 
affects the binding of [18F]FEOBV [10]. Rats were then placed in a small animal 

PET scanner (Focus 220, Siemens Healthcare, USA) with their head in the center 

of the field of view. A transmission scan with a 57Co point source was performed 

first. The rats were then injected with 28.3 ± 7.3 MBq [18F]FEOBV (molecular 

activity >150 TBq/mmol, injected dose 0.03 ± 0.01 µg) over 1 min using an infusion 

pump (1 ml/min), and a 90 min dynamic PET scan was started. Rats in the test-

retest group were not subjected to arterial blood sampling and underwent a second 
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PET scan 7 days later. During all procedures, eye salve was applied to prevent 

dehydration of the eyes, body temperature was maintained and oxygen saturation 

and heart rate were monitored. [18F]FEOBV was synthesized according to the 

procedure described by Mulholland et al. [11]. 

Arterial Blood Sampling and Metabolite Analysis 

Blood samples (0.10-0.13 ml) were taken from the femoral artery at 10, 20, 30, 40 

and 50 s and 1, 1.5, 2, 3, 5, 7.5, 10, 15, 30, 60, and 90 min after [18F]FEOBV 

injection. Plasma was obtained by centrifugation of whole blood (5 min at 30,000 x 

g). After collection of each blood sample, the same volume of heparinized saline 

was injected to compensate for the blood volume loss. The radioactivity in 25 µL of 

whole blood and 25 µL of plasma was measured with an automated well-counter 

(Wizard2480, PerkinElmer, USA) and decay-corrected.  

All plasma samples were used for metabolite analysis. After adding 50 µL 

acetonitrile, each sample was vortexed and centrifuged (8 min at 3,000 x g). 

Supernatant (1 – 2 µL) was pipetted onto a silica gel 60 F254 plate (Merck, 

Germany) and eluted with a mixture of hexane/dichlormethane/diethyl-

ether/triethylamine (2.3/1/1/0.2). A phosphor storage screen (PerkinElmer, USA) 

was exposed to the silica plates overnight and scanned with a Cyclone 

(PerkinElmer, USA). The percentage of intact tracer was assessed using 
OptiQuant Software 3. 

Pharmacokinetic Analysis 

Listmode data were iteratively reconstructed into 24 frames (6 x 10, 4 x 30, 2 x 60, 

1 x 120, 1 x 180, 4 x 300, 6 x 600 s) using OSEM2D after Fourier Rebinning (4 

iterations, 16 subsets), and normalized and corrected for attenuation, scatter and 
decay.  

PMOD 3.9 software was used for registration of each PET image to a tracer-

specific template [12] and for pharmacokinetic modeling. A volume of interest (VOI) 

template (including frontal cortex, remainder of the cortex (referred to as cortex), 

striatum, thalamus, hypothalamus, hippocampus, and cerebellum) was placed on 
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the co-registered individual PET images and manually adjusted as a group, if 

necessary. Time-activity curves for each VOI were generated for 60 min and 90 

min acquisition lengths.  

For pharmacokinetic analysis, arterial input-based models were evaluated first. 

One- (1TCM) and two-tissue compartmental models (2TCM) were evaluated, using 

metabolite-corrected plasma and whole blood input. Two rate constants (K1, k2) 

were determined for the 1TCM and four (K1-k4, reversible) or three rate constants 
(K1-k3, irreversible) for the 2TCM. The volume of distribution, VT, was calculated for 

the reversible (VT = (K1/k2)(1 + k3/k4)) and the influx rate Ki for the irreversible (Ki = 

(K1*k3)/(k2 + k3)) 2TCM. Logan and Patlak graphical analyses were performed with 

a t* of 25 and 10 min, respectively [13, 14]. The blood volume fraction in tissue was 

fixed at 5 %. Akaike information criterion (AIC) and the coefficient of variation 

(COV) of the outcome parameters were used to select the best model. The COV 

was calculated as standard deviation (SD) divided by the mean. 

Second, Kiref was estimated using reference Patlak (t* of 10 min) with the 
cerebellum as reference tissue.  [15].  

Third, the standardized uptake value (SUV) was calculated ((radioactivity 

concentration in VOI)/(injected radioactivity/body weight)) for the periods of 50-90 

min and 30-60 min. The standardized uptake value ratio (SUVR) was obtained by 

dividing the target SUV by the reference tissue (cerebellum) SUV. 

For the test-retest scans, only the most promising simplified measure (SUV) was 

used. The test-retest variability was calculated as (2x|test–retest|/(test+retest)) x 

100% for SUV. The interclass correlation coefficient (ICC) was calculated as an 
index of the reliability of the test-retest measurement using all brain regions, ICC ≥ 

0.75 representing good agreement [16]. 

Statistical Analysis 

All data are presented as mean±SD. Statistical analysis was performed using 
SPSS24. Linear regression was used to determine the correlation between the 

different outcome measures. To assess the sensitivity of the outcome measures, 
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the differences between groups (control and pretreatment with FEOBV) were 

evaluated using a two-way ANOVA with “brain region”, “group” as main effects, 

and “brain region x group” as the interaction effect, with Bonferroni posthoc testing. 

Additionally, receiver operator curves (ROC) and their area under the curve (AUC) 

were used to evaluate the ability of outcome measures to differentiate between the 

two groups. AUC values range from 0.5 to 1, with 1 representing perfect and 0.5 no 

separation between groups [17]. For test-retest scans, a repeated-measures 
ANOVA with ”time”, “brain region” as main effects, and “time x brain region” as 

interaction effect, was performed. 

Results 

Two rats were excluded from the final analysis. One control rat was considered an 

outlier as the macroparameters from multiple kinetic models were > 1.5 times the 

interquartile range, and one rat pretreated with FEOBV showed displacement by 
the pretreatment only 60 min after [18F]FEOBV injection. Four rats (2 control and 2 

pretreated with FEOBV) had incomplete blood, plasma or metabolite curves; 

missing data points were estimated by fitting a population-based curve to available 

points. 

Tracer Kinetics and Metabolism 

All brain regions showed rapid accumulation of [18F]FEOBV and a VAChT 

expression dependent distribution, with highest uptake in striatum (high VAChT 

expression) and lowest in cerebellum (low VAChT expression). In striatum, 25 ± 11 

% of initial [18F]FEOBV uptake was cleared at 60 min, while 60 ± 3 % was cleared 

from cerebellum (Figure 1). Both regions showed almost no clearance of 

[18F]FEOBV between 60 and 90 min. Pretreatment with FEOBV resulted in a 

similar distribution pattern and time-activity curve as controls, although [18F]FEOBV 
uptake was reduced compared to controls by 10 % and 2 % at 90 min in the 

striatum and cerebellum, respectively.  
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Figure 1. Kinetic behavior of [18F]FEOBV in control rats and rats pretreated with 10 µg/kg 
FEOBV. a Average SUV images of control and pretreated rats (brain outline: dashed line). b 
Fraction of intact [18F]FEOBV over time. c Time course of [18F]FEOBV uptake in striatum, 
cerebellum and d plasma and blood. Data are shown as mean + standard deviation. 

 

In blood and plasma, [18F]FEOBV uptake was highest at 1 min, followed by a rapid 

clearance with only 22 ± 4 % of radioactivity remaining in plasma and 26 ± 3 % in 

blood at 3 min after injection (Figure 1). After 90 min, 17 ± 5 and 20 ± 3 % of 

radioactivity remained in plasma and blood, respectively. Similar kinetic behavior in 

plasma and blood was found in the FEOBV pretreatment group. [18F]FEOBV was 

metabolized rapidly in plasma with 46 ± 4 % remaining intact at 3 min and 2 ± 0.2 

% at 90 min. After pretreatment with FEOBV, 55 ± 5 % and 4 ± 2 % of intact tracer 
remained at 3 and 90 min, respectively. 
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Plasma Input Models 

Compartmental Models 

The 1TCM did not fit the data. The reversible and irreversible 2TCM showed good 

fits for 60 and 90 min (Supplemental Figure 1). The AIC of the reversible and the 

irreversible 2TCM were similar, but 13-18 % lower for 60 than 90 min (Table 1). 

The 60 min VT values from the reversible 2TCM for different brain regions ranged 

from 11 to 65 ml/cm3 for the control group, and from 6 to 30 ml/cm3 for the group 

pretreated with FEOBV (Table 1). The COV was higher for the control group (16-77 

%) than for the pretreated group (21 – 34 %). The VT values obtained with 90 min 

were higher than those with 60 min with a higher COV, i.e., 16 to 120 ml/cm3 (COV 
16-108 %) for the control and 10 to 68 ml/cm3 (COV 29-80 %) for the pretreated 

group. Linear regression showed a poor correlation between VT from 60 and 90 

min for controls (R2=0.15, VT(90min) = 14.2 + 1.0xVT(60min), p = 0.01) and a 

moderate correlation for the pretreated group (R2 = 0.45, VT(90min) = 0.5 + 

1.7xVT(60min), p < 0.0001). For the control and the pretreatment group, the rate 

constants K1 and k2 showed lower variability (K1, COV 14-36 %, k2, COV 10-48 %) 

than the rate constants k3 and k4 (k3, COV 11-81 %, k4, COV 17-71 %) for 60 and 

90 min. In the control group, the average rate constants in the striatum were 0.48 ± 

0.08 ml*cm-3*min-1 for K1, 0.089 ± 0.02 min-1 for k2, 0.0698 ± 0.031 min-1 for k3 and 

0.0146 ± 0.004 min-1 for k4 with 60 min acquisition time, while they were 0.45 ± 0.1 

ml*cm-3*min-1 for K1, 0.129 ± 0.03 min-1 for k2, 0.0579 ± 0.016 min-1 for k3 and 

0.0132 ± 0.006 min-1 for k4 in the FEOBV pretreatment group. 

The irreversible 2TCM with 60 min estimated Ki values of 0.065-0.209 ml/cm3/min 

for the control group and 0.042-0.128 ml/cm3/min for the group pretreated with 

FEOBV. Similar values were found for 90 min (control, 0.060-0.193 ml/cm3/min; 

pretreated, 0.038-0.116 ml/cm3/min). The Ki showed less variation than VT, with a 

COV of 14-24 % for the control and pretreated groups, for both 60 and 90 min. 

Linear regression revealed a good correlation between 60 and 90 min with an R2 of 

0.97 (Ki(90min) = 0.9 x Ki(60min), p < 0.0001) for control and R2 of 0.90 (Ki(90min) 
= 0.006 + 0.8xKi(60min), p < 0.0001) for the pretreated group. The rate constants 

K1, k2 and k3 derived from the irreversible 2TCM showed a lower variation 
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compared to the reversible 2TCM with COV ranging between 5 and 38 % in the 

control and 10 and 37 % in the pretreated group. In the striatum with 60 min 

acquisition time, average values of 0.44 ± 0.08 ml*cm-3*min-1 for K1, 0.059 ± 0.02 

min-1 for k2 and 0.0304 ± 0.005 min-1 for k3 were estimated in the control group. In 

the pretreatment group, K1 was 0.42 ± 0.01 ml*cm-3*min-1, k2 0.096 ± 0.02 min-1 

and k3 was estimated as 0.0319 ± 0.008 min-1 in the striatum. 

Graphical Analysis 

Logan and Patlak graphical analysis showed a good fit of the data, with AIC values 

similar for the control and pretreated groups, but lower for 60 than 90 min. The VT 
values from Logan graphical analysis (Table 1) for 60 min were 9-37 ml/cm3 (COV 

18-32 %) for the control group and 6-19 ml/cm3 (COV 14-21 %) for the pretreated 

group. Higher VT values were found for 90 min, i.e. 12-47 ml/cm3 (COV 19-49 %) 

for the control and 7-24 ml/cm3 (COV 15-23 %) for the pretreated group. The VT 

values from Logan analysis for the two acquisition lengths correlated well (control, 

R2 = 0.73, VT(90min) = -1 + 1.6xVT(60min),  p < 0.0001; pretreated, R2 = 0.94, 

VT(90min) = -0.05 + 1.3xVT(60min), p < 0.0001). The correlation between VT from 
Logan and the reversible 2TCM was moderate to poor (R2 = 0.29-0.56, slope = 

0.2-0.4, p < 0.0001).  

Patlak graphical analysis of 60 min data resulted in Ki values of 0.053-0.184 

ml/cm3/min (COV 12-24 %) for controls and of 0.023-0.098 ml/cm3/min (COV 14-27 

%) after pretreatment. Similar values and a similar COV were found for 90 min 

(control, 0.051-0.175 ml/cm3/min; pretreated, 0.032-0.092 ml/cm3/min). Linear 

regression of Ki between 60 and 90 min showed good correlations for the control 

(R2 = 0.93, Ki(90min) = 0.004 + 0.9xKi(60min), p < 0.001) and pretreated group (R2 
= 0.89, Ki(90min) = 0.01 + 0.8xKi(60min),  p < 0.001). The Ki from Patlak correlated 

well with the Ki from the irreversible 2TCM with good R2 for 60 min (control, R2 = 

0.86, Ki(Patlak) = -0.002 + 0.8*Ki(2TCM); pretreated, R2 = 0.89, Ki(Patlak) = -0.01 + 

0.9*Ki(2TCM)) and 90 min (control, R2 = 0.95, Ki(Patlak) = -0.003 + 0.9*Ki(2TCM); 

pretreated, R2 = 0.87, Ki(Patlak) = 0.8*Ki(2TCM)) (p < 0.001).
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Sensitivity of Plasma Input Models to VAChT Saturation 

Pretreatment with FEOBV resulted in a (statistically significant) decrease in VT (20-

54 %) and Ki (25-42 %), in all brain regions. The reversible 2TCM revealed a 
statistically significant decrease in VT in the striatum (33 %, p = 0.02) and frontal 

cortex (50 %, p = 0.002) for 60 min but not for 90 min. Statistically significant 

decreases in Ki from the irreversible 2TCM were found in all brain regions for 60 

and 90 min (p < 0.05). Ki was decreased by 30 ± 4 % on average, with the largest 

decrease in the brainstem (60 min, 34 %; 90 min, 36 %) and the smallest decrease 
in the cortex (60 min, 25 %) and frontal cortex (90 min, 25 %). 

 

Figure 2. Receiver operator curves of plasma input models (a) and the simplified measures 
(b) for 60 and 90 min (re2TCM, reversible 2TCM; ir2TCM, irreversible 2TCM). 

 

Logan analysis with 90 min acquisition revealed a statistically significant decrease 

in VT for all brain regions (45 %, p < 0.05), with the largest decrease in the striatum 

(54 %) and the smallest in the frontal cortex (36 %). For 60 min, a significant 

decrease in VT was found in the brainstem, frontal cortex, hippocampus, 
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hypothalamus, striatum and thalamus (28-35 %, p < 0.05). Patlak analysis with 60 

min showed a statistically significant decrease in Ki for all brain regions (37 ± 3 %; 

p < 0.05), with the largest decrease in the brainstem (41 %) and smallest in the 

cerebellum (31 %). For 90 min, a significant decrease in Ki was found for all 

regions (32 ± 4 %; p < 0.05), with the largest decrease in the striatum (37 %) and 

the smallest in the cerebellum (27 %).  

The AUC of the ROC analysis was highest for Logan analysis with 90 min (0.95), 

followed by the irreversible models (0.86-0.9) (Figure 2). The lowest AUC was 

found for the reversible 2TCM (60 min, 0.83; 90 min, 0.73).  

Simplified Measures 

Irreversible Reference Tissue Model  

Visual assessment of the model fit for RPatlak showed poor agreement for all 

regions except striatum (Supplemental Figure 1). The estimated Kiref values ranged 
between -0.001-0.011 min-1 for 60 min in the control group (COV 27-303 %) and -

0.003-0.007 min-1 in the pretreatment group (COV 25-558 %). The range was 

similar for 90 min, with Kiref values of -0.003-0.008 min-1 for control and -0.004-

0.004 min-1 for pretreated rats. Linear regression of Ki from the irreversible 2TCM 

and Kiref from RPatlak showed moderate R2 for control (60 min, R2 = 0.49, 

Kiref(Patlak) = 0.1 + 7.5*Ki(2TCM), p < 0.001; 90 min, R2 = 0.38, Kiref(Patlak) = 0.1 + 

7.3*Ki(2TCM), p < 0.001) and poor R2 for pretreated rats (60min , R2 = 0.10, 
Kiref(Patlak) = 0.08 + 2.2*Ki(2TCM), p=0.07); 90 min, R2 = 0.14, Kiref(Patlak) = 0.1 + 

2.9*Ki(2TCM), p = 0.25). 

SUV and SUVR 

SUV values at 30-60 min were 0.87-1.97 (COV 4-12 %, Table 2) for different brain 

regions in the control and 0.74-1.86 (COV 13-19 %) in the pretreatment group. 

Similar COV and SUV values were found at 50-90 min (control, 0.80 to 1.95, 

pretreated, 0.74 to 1.78). Linear regression with Ki from irreversible 2TCM (90 min) 

showed good correlations in the control group (30-60 min, R2 = 0.70; 50-90 min, 

R2= 0.82; p < 0.0001). In the pretreated group, poor correlations between SUV and 

Ki were found (R2=0.33-0.43, p< 0.0001). SUVR showed the lowest variation (COV  
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Table 2. Outcome of SUV and SUVR for control and FEOBV group. Significant differences 
between control and pretreatment group are indicated as ***p < 0.0005, **p < 0.005, *p < 
0.05. Shown are mean ± standard deviation (n = 5) for SUV, SUVR, and AIC and the range 
of the COV.  

Brain region SUV SUVR 
 

Control FEOBV Control FEOBV 

60 min 
    

Brainstem 1.30±0.09 1.07±0.13* 1.41±0.05 1.24±0.07** 

Cerebellum 0.93±0.04 0.86±0.12 
  

Cortex 1.14±0.09 1.05±0.17 1.24±0.06 1.23±0.07 

Frontal cortex 1.46±0.09 1.31±0.19 1.57±0.11 1.53±0.11 

Hippocampus 1.20±0.08 1.10±0.19 1.29±0.07 1.28±0.11 

Hypothalamus 1.39±0.13 1.19±0.17* 1.50±0.08 1.38±0.14* 

Striatum 1.64±0.2 1.46±0.29 1.77±0.16 1.69±0.13 

Thalamus 1.38±0.06 1.24±0.21 1.49±0.05 1.44±0.16 

COV 4-12% 13-19% 5-16% 3-8% 

90 min  
    

Brainstem 1.18±0.09 1.00±0.11* 1.39±0.07 1.22±0.07* 

Cerebellum 0.86±0.04 0.82±0.11 
  

Cortex 1.03±0.09 0.98±0.14 1.22±0.07 1.19±0.07 

Frontal cortex 1.28±0.08 1.20±0.17 1.53±0.11 1.47±0.13 

Hippocampus 1.06±0.08 1.00±0.15 1.27±0.11 1.22±0.07 

Hypothalamus 1.25±0.1 1.10±0.13 1.49±0.14 1.34±0.08 

Striatum 1.56±0.23 1.40±0.27 1.78±0.13 1.70±0.16 

Thalamus 1.20±0.08 1.10±0.17 1.45±0.16 1.34±0.08 

COV 5-13% 10-18% 2-12% 5-9% 

COV - coefficient of variation 
   

 

for 30-60 and 50-90 min, 5-16 %). For 30-60 min, SUVR was 1.21-2.02 for the 

control group and 1.14-1.86 in the pretreatment group. SUVR of 1.19-2.17 were 

calculated for control and between 1.11 and 1.90 for the pretreatment group for 50-

90 min. Correlation of SUVR with Ki from irreversible 2TCM (90 min) showed 

higher R2 values in the control than the pretreated group (control, R2 = 0.66-0.70, p 
< 0.0001; pretreated, R2 = 0.25-0.26, p = 0.002). 
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Sensitivity of Simplified Measures to VAChT Saturation 

The SUV and SUVR were decreased by pretreatment with FEOBV (1-18 %). The 

decrease was found to be statistically significant only in the brainstem (SUV, 18 %; 
SUVR, 12 %; p < 0.05) and hypothalamus (SUV, 14 %; SUVR, 8 %; p < 0.05) for 

30-60 min, and in the brainstem for 50-90 min (SUV, 15 %; SUVR, 12 %; p < 0.05). 

The AUC of the ROC analysis (Figure 2) was higher for SUV (30-60 min, 0.72; 50-

90 min, 0.68) than for SUVR (30-60 min and 50-90 min, 0.62).  

Test-Retest 

The test-retest PET scans were analyzed with SUV for 30-60 and 50-90 min 

(Supplemental Table 1). No statistically significant differences in SUV in the brain 

regions assessed were found between the test and retest scan. The test-retest 

variability for SUV ranged between 8 ± 7 % and 12 ± 6 %, with large variations 

between individual rats (Table 3, Figure 3). The ICC values of SUV were good (30-

60 min, 0.75; 50-90 min, 0.79; p < 0.0001). 

 

Table 3. Test-retest variation [%] and ICC for SUV for 30-60 and 50-90 min. Shown are 
mean±standard deviation of test-retest variation (n = 5). 

Brain region SUV 

30-60 min 50-90 min 

Brainstem 12±6 9±6 

Cerebellum 11±8 8±7 

Cortex 9±8 8±8 

Frontal cortex 9±7 8±9 

Hippocampus 11±7 8±8 

Hypothalamus 11±4 10±6 

Striatum 9±7 8±8 

Thalamus 10±10 9±9 

ICC 0.75, p<0.0001 0.78, p<0.0001 

ICC - Intraclass correlation coefficient   
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Figure 3. Test-retest values for SUV (30-60 min, 50-90 min) for the exemplary brain regions 
striatum and cortex. The test value of each rat is connected to its retest value with a line.  

 

Discussion 

The aim of this study was to determine the optimal quantification method for 

[18F]FEOBV PET in the rat brain using a plasma input function and to verify the 

possibility of quantification by simplified measures. The irreversible 2TCM and 

Patlak analysis were found to quantify [18F]FEOBV uptake in control rats best, as 

they showed good visual fits with lower or comparable AIC to the reversible kinetic 

models. Contrarily to reversible models, Ki showed a lower variation and almost no 
change in Ki was found when shortening the acquisition time. The partial saturation 

of VAChT by pretreatment with FEOBV did not affect model selection and resulted 

in a statistically significant decrease in Ki in all brain regions. SUV and SUVR 

correlated with Ki from the irreversible 2TCM in the control group. However, poor 

correlations were found when VAChT was partially saturated. This was confirmed 

by the low sensitivity of the simplified measures to differentiate between the control 

and pretreated rats. Test-retest reliability in healthy rats was good for SUV with low 

test-retest variability and good ICC values. 

In humans, the most robust estimates of VAChT were obtained with the reversible 

2TCM using the same K1/k2 and k4 values across brain regions within an individual 

subject [7]. In rats, we found large variations in VT with the reversible 2TCM 

although fixing K1/k2 and k4 reduced this variation somewhat (data not shown). 
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Nevertheless, the irreversible 2TCM resulted in more reliable estimations of rate 

constants and low variability of Ki, without fixing rate constants. Additionally, the 

irreversible 2TCM showed a higher sensitivity to detect reduced VAChT availability 

by FEOBV pretreatment. Both Logan and Patlak graphical analysis showed good 

model fits. While Logan analysis showed good sensitivity to detect reduced VAChT 

availability at 90 min, Patlak analysis was sensitive to detect differences in VAChT 

availability at both 60 and 90 min with lower variation in Ki compared to VT from 
Logan analysis. VT estimated by the reversible 2TCM and Logan analysis was 

decreased when the acquisition was reduced from 90 to 60 min. This is consistent 

with human data where acquisition times of 360 min were required for reliable 

estimation of VAChT availability, with shorter times leading to underestimation of 

BPND [7]. Contrarily, the irreversible 2TCM and Patlak analysis were affected less 

by shortening of the scan duration, as this increased Ki by only 10 % and 1 %, 

respectively. Taken together, this shows that VAChT availability can be best 

estimated using irreversible models.  

Interestingly, the dynamic range of [18F]FEOBV in the humans was much larger 

with approximately 25 to 1 compared to 2 to 1 in rats using plasma input models. It 

is possible that VAChT expression varies between species although a recent 

[18F]FEOBV study showed mainly consistent cholinergic projections in humans 

compared to other mammalian species [18]. It could also be related to the partial 

volume effect. Spill-out from the striatum could have increased the apparent 

binding of [18F]FEOBV in surrounding regions and thus decreased the dynamic 

range. Future studies could apply automatic partial volume correction on rat PET 
data, however, this is not possible yet [19]. 

As kinetic modeling using a plasma input function in rats is challenging and 

hampers the use of [18F]FEOBV PET in longitudinal experiments, we explored the 

use of simplified measures. Since the plasma input models indicated that 

irreversible models are optimal, the reference tissue Patlak model was tested. 

Unfortunately, while the irreversible plasma input models were found to fit the data 

well, the reference tissue Patlak model did not show a good fit of the data and even 
led to negative regression slopes. This could be explained by irreversible binding of 

[18F]FEOBV in the reference tissue, as one of the assumptions of the reference 
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tissue Patlak is that the reference tissue shows reversible exchange of the 

radiotracer between blood and tissue [15]. Indeed, we found that [18F]FEOBV 

binding was statistically significant decreased by 36-52 % after pretreatment with 

FEOBV when assessed with irreversible plasma models, indicating that no suitable 

reference region including the cerebellum is available. The use of a pseudo-

reference tissue could still be valid in animal models, e.g. of Parkinson’s or 

Alzheimer’s disease, in which the cholinergic neurons in the reference region are 
not affected. This should be carefully evaluated for each animal model and 

compared to results obtained from the irreversible plasma models. 

Further indication of the irreversible binding of [18F]FEOBV is that the uptake of 

[18F]FEOBV remained constant between 60 and 90 min in all brain regions. This 

was consistent with previous studies in rats [6, 8]. The time-activity curves of 

[18F]FEOBV in rats were similarly shaped as in humans for most brain regions, 

albeit with slower kinetics [7]. An exception was the striatum, in which uptake of 

[18F]FEOBV increased until 360 min post-injection in humans, but not in rats. This 
could be explained by interspecies differences in VAChT binding or expression or 

an effect of the isoflurane anesthesia. Indeed, isoflurane was found to suppress the 

release of acetylcholine [20, 21] and it has been proposed that cholinergic 

dysfunction after isoflurane anesthesia leads to cognitive dysfunction in older rats 

[22, 23]. Nevertheless, as anesthesia is necessary to perform rat PET scans it 

could be seen as a constant bias. 

The constant uptake of [18F]FEOBV at the end of the 90-min PET scan suggests 

the use of static imaging. In animal studies, short, static scans are preferred to 
minimize the effect of anesthesia on PET tracer binding and to reduce animal 

discomfort. The SUV at 50-90 min, mimicking static imaging, showed a good 

correlation with the outcome of the irreversible plasma model, but was less 

sensitive in detecting partial saturation of VAChT. Indeed, while most plasma input 

models revealed a statistically significant decrease in [18F]FEOBV binding after 

pretreatment with FEOBV, the simplified measures were less sensitive in detecting 

these decreases. This was confirmed by the ROC analysis, which showed lower 
area-under-the-curve values for the simplified measures than the irreversible 

plasma models. This suggests that in future studies, if long acquisition times and 
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arterial blood sampling are not feasible, animals might be injected with [18F]FEOBV 

and only scanned for a short period, e.g., 30 min, after an uptake period of around 

60 min but that larger biological effect sizes will be necessary compared to 

quantification with irreversible plasma models. 

In longitudinal animal studies, repeated assessment of radioligand is mostly 

performed without blood sampling. Thus, we determined the test-retest variability 

using the simplified measure SUV which showed better correlation then SUVR with 
Ki from the irreversible 2TCM in control rats. Larger variations were found for SUV 

at 30-60 min than 50-90 min resulting in slightly lower test-retest variation and 

higher ICC for 50-90 min SUV. This further suggests an increased stability of 

[18F]FEOBV SUV with longer acquisition. Nevertheless, it would be of interest to 

perform a test-retest study with blood sampling for quantification using irreversible 

plasma models as these provide the best measures of VAChT availability. 

Conclusion 

Our study shows that [18F]FEOBV accumulation can be reliably quantified using the 

irreversible 2TCM and Patlak analysis, using an acquisition time of 60 min. If blood 

sampling is not possible, e.g., in longitudinal study designs, SUV might be used for 

quantification of [18F]FEOBV in rats, e.g., using 50-90 min, when large biological 

effect sizes are expected. 
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Supplemental Data 

 

Supplementary Figure 1. Model fits for the 1TCM and the reversible and irreversible 2TCM 
in the striatum and cerebellum of a control rat (a) and a rat pretreated with 10µg/kg FEOBV 
(b).  

 

 

Supplementary Figure 2. Model fits for the Reference-Patlak for striatum and thalamic 
region of a representative control rat and a rat pretreated with 10µg/kg FEOBV. 
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Supplementary Table 1. SUV for test-retest [18F]-FEOBV PET scans for 30-60 min and 50-
90 min. Shown are mean ± standard deviation and the range of the COV (n=5).  

Brain region SUV 

Test Retest 

30-60 min 
Brainstem 1.42±0.16 1.44±0.08 

Cerebellum 1.06±0.11 1.08±0.07 

Cortex 1.26±0.11 1.28±0.08 

Frontal Cortex 1.57±0.15 1.6±0.08 

Hippocampus 1.33±0.16 1.36±0.05 

Hypothalamus 1.58±0.17 1.64±0.09 

Striatum 1.74±0.15 1.83±0.06 

Thalamus 1.54±0.2 1.58±0.06 

COV 9-13% 3-6% 

50-90 min 

Brainstem 1.28±0.11 1.3±0.07 

Cerebellum 0.98±0.08 0.99±0.06 

Cortex 1.11±0.08 1.13±0.08 

Frontal Cortex 1.35±0.12 1.37±0.07 

Hippocampus 1.16±0.11 1.19±0.05 

Hypothalamus 1.4±0.13 1.44±0.08 

Striatum 1.63±0.11 1.73±0.08 

Thalamus 1.34±0.14 1.36±0.07 

COV 7-10% 4-7% 

COV - coefficient of variation   

 

  



Modeling of [18F]FEOBV Pharmacokinetics in Rat Brain 

 87 

 3 

References 
1.  Geula C, Mesulam MM (1996) 
Systematic regional variations in the loss 
of cortical cholinergic fibers in 
Alzheimer’s disease. Cereb Cortex 
6:165–177 

2.  Kuhl DE, Minoshima S, Fessler 
JA, et al (1996) In vivo mapping of 
cholinergic terminals in normal aging, 
Alzheimer’s disease, and Parkinson’s 
disease. Ann Neurol 40:399–410 

3.  Whitehouse PJ, Hedreen JC, 
White CL, Price DL (1983) Basal 
forebrain neurons in the dementia of 
Parkinson disease. Ann Neurol 13:243–
248 

4.  Gilmor ML, Erickson JD, 
Varoqui H, et al (1999) Preservation of 
nucleus basalis neurons containing 
choline acetyltransferase and the 
vesicular acetylcholine transporter in the 
elderly with mild cognitive impairment 
and early Alzheimer’s disease. J Comp 
Neurol 411:693–704 

5.  Mulholland GK, Wieland DM, 
Kilbourn MR, et al (1998) 
[18F]fluoroethoxy-benzovesamicol, a 
PET radiotracer for the vesicular 
acetylcholine transporter and cholinergic 
synapses. Synapse 30:263–274 

6.  Kilbourn MR, Hockley B, Lee L, 
et al (2009) Positron emission 
tomography imaging of (2R,3R)-5-
[18F]fluoroethoxybenzovesamicol in rat 
and monkey brain: a radioligand for the 
vesicular acetylcholine transporter. Nucl 
Med Biol 36:489–493 

7.  Petrou M, Frey KA, Kilbourn 
MR, et al (2014) In Vivo Imaging of 
Human Cholinergic Nerve Terminals with 
(-)-5-18F-Fluoroethoxybenzovesamicol: 
Biodistribution, Dosimetry, and Tracer 
Kinetic Analyses. J Nucl Med 55:396–404 

8.  Parent M, Bedard M-AA, Aliaga 
A, et al (2012) PET imaging of cholinergic 
deficits in rats using 

[18F]fluoroethoxybenzovesamicol 
([18F]FEOBV). Neuroimage 62:555–561 

9.  Alves IL, Vállez García D, 
Parente A, et al (2017) Pharmacokinetic 
modeling of [11C]flumazenil kinetics in 
the rat brain. EJNMMI Res 7:17 

10.  Willson JE, Brown DE, Timmens 
EK (1965) A toxicologic study of dimethyl 
sulfoxide. Toxicol Appl Pharmacol 7:104–
112 

11.  Mulholland GK, Jung Y-W, 
Wieland DM, et al (1993) Synthesis of 
[18F]Fluoroethoxy-benzovesamicol, a 
radiotracer for cholinergic neurons. J 
Label Compd Radiopharm 33:583–591 

12.  Vállez Garcia D, Casteels C, 
Schwarz AJ, et al (2015) A Standardized 
Method for the Construction of Tracer 
Specific PET and SPECT Rat Brain 
Templates: Validation and 
Implementation of a Toolbox. PLoS One 
10:e0122363 

13.  Logan J, Fowler JS, Volkow ND, 
et al (1990) Graphical analysis of 
reversible radioligand binding from time-
activity measurements applied to [N-11C-
methyl]-(-)-cocaine PET studies in human 
subjects. J Cereb Blood Flow Metab 
10:740–747 

14.  Patlak CS, Blasberg RG, 
Fenstermacher JD (1983) Graphical 
evaluation of blood-to-brain transfer 
constants from multiple-time uptake data. 
J Cereb Blood Flow Metab 3:1–7 

15.  Patlak CS, Blasberg RG (1985) 
Graphical evaluation of blood-to-brain 
transfer constants from multiple-time 
uptake data. Generalizations. J Cereb 
Blood Flow Metab 5:584–90 

16.  Shrout PE, Fleiss JL (1979) 
Intraclass correlations: Uses in assessing 
rater reliability. Psychol Bull 86:420–428 



Chapter 3 

 88 

17.  Zweig’ MH, Campbell2 G (1993) 
Receiver-Operating Characteristic (ROC) 
Plots: A Fundamental Evaluation Tool in 
Clinical Medicine 

18.  Albin RL, Bohnen NI, Muller 
MLTM, et al (2018) Regional vesicular 
acetylcholine transporter distribution in 
human brain: A 
[18F]fluoroethoxybenzovesamicol 
positron emission tomography study. J 
Comp Neurol 526:2884–2897 

19.  Herfert K, Mannheim JG, 
Kuebler L, et al (2019) Quantitative 
Rodent Brain Receptor Imaging. Mol 
Imaging Biol 1–22 

20.  Shichino T, Murakawa M, 
Adachi T, et al (1997) Effects of 
isoflurane on in vivo release of 
acetylcholine in the rat cerebral cortex 

and striatum. Acta Anaesthesiol Scand 
41:1335–1340 

21.  Whittington RA, Virág L (2010) 
The differential effects of equipotent 
doses of isoflurane and desflurane on 
hippocampal acetylcholine levels in 
young and aged rats. Neurosci Lett 
471:166–170 

22.  Su D, Zhao Y, Wang B, et al 
(2011) Isoflurane-Induced Spatial 
Memory Impairment in Mice is Prevented 
by the Acetylcholinesterase Inhibitor 
Donepezil. PLoS One 6:e27632 

23.  Ni C, Tan G, Luo A, et al (2013) 
Melatonin Premedication Attenuates 
Isoflurane Anesthesia-Induced β-Amyloid 
Generation and Cholinergic Dysfunction 
in the Hippocampus of Aged Rats. Int J 
Neurosci 123:213–220 

  



Modeling of [18F]FEOBV Pharmacokinetics in Rat Brain 

 89 

 3 

 



 

  



 

 

 

 

 

Chapter 4 

 

Effect of Dopamine D2 Receptor 

Antagonists on [18F]-FEOBV Binding 

 
Anna Schildt, Erik F.J. de Vries, Antoon T.M. Willemsen, 

Bruno Lima-Giacobbo, Rodrigo Moraga-Amaro, 

Jürgen W.A. Sijbesma, Aren van Waarde, Vesna Sossi, 

Rudi A.J.O. Dierckx, Janine Doorduin 

 

 

Mol Pharm. 2020; 17(3):865-872.  
DOI: 10.1021/acs.molpharmaceut.9b01129. 

 
 



Chapter 4 

 92 

 

  
  



Effect of Dopamine D2 Receptor Antagonists on [18F]-FEOBV Binding 

 93 

 4 

Abstract 

The interaction of dopaminergic and cholinergic neurotransmission in, e.g. 

Parkinson’s disease has been well established. Here, D2 receptor antagonists were 

used to assess changes in [18F]-FEOBV binding to the vesicular acetylcholine 

transporter (VAChT) in rodents using positron emission tomography (PET). After 

pretreatment with either 10 mg/kg haloperidol, 1 mg/kg raclopride, or vehicle, 90-
min dynamic PET scans were performed with arterial blood sampling. The net 

influx rate (Ki) was obtained from Patlak graphical analysis, using a metabolite-

corrected plasma input function and dynamic PET data. [18F]-FEOBV concentration 

in whole-blood or plasma, and the metabolite-corrected plasma input function were 

not significantly changed by the pretreatments (adjusted p > 0.07, Cohen’s d 0.28-

1.89) while the area-under-the-curve (AUC) of the parent fraction of [18F]-FEOBV 

was significantly higher after haloperidol treatment (adjusted p = 0.022, Cohen’s 
d = 2.51) than in controls. Compared to controls, the AUC of [18F]-FEOBV, 

normalized for injected dose and body weight, was nonsignificantly increased in 

the striatum after haloperidol (adjusted p = 0.4, Cohen’s d = 1.77) and raclopride 

(adjusted p = 0.052, Cohen’s d = 1.49) treatment, respectively. No changes in the 

AUC of [18F]-FEOBV were found in the cerebellum (Cohen’s d 0.63-0.74). 

Raclopride treatment nonsignificantly increased Ki in the striatum 1.3-fold 

compared to control rats (adjusted p = 0.1, Cohen’s d = 1.1) while it reduced Ki in 

the cerebellum by 28% (adjusted p = 0.0004, Cohen’s d = 2.2) compared to control 
rats. Pretreatment with haloperidol led to a nonsignificant reduction in Ki in the 

striatum (10%, adjusted p = 1, Cohen’s d = 0.44) and a 40-50% lower Ki than 

controls in all other brain regions (adjusted p < 0.0005, Cohen’s d = 3.3–4.7). The 

changes in Ki induced by the selective D2 receptor antagonist raclopride can in part 

be quantified using [18F]-FEOBV PET imaging. Haloperidol, a nonselective D2 / σ 

receptor antagonist, either paradoxically decreased cholinergic activity or blocked 

off-target [18F]-FEOBV binding to σ receptors. Hence, further studies evaluating the 
binding of [18F]-FEOBV to σ receptors using selective σ receptor ligands are 

necessary. 
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Introduction 

Traditionally, Parkinson’s disease is viewed as a neurodegenerative disorder that 

is characterized by motor impairments, including slowness of movement, muscle 

stiffness, and tremor. These motor symptoms result from the degeneration of 

dopaminergic neurons in the substantia nigra and the consequent deficiency of 

dopamine in brain regions that receive dopaminergic input from this brain region1, 
such as the striatum. It is now evident that Parkinson’s disease also involves 

nonmotor symptoms that can be explained by the degeneration of multiple 

neurotransmitter systems,2,3 including the cholinergic system. Loss of cholinergic 

neurons has been reported in Parkinson’s disease and has been thought to play a 

significant role in cognitive decline and motor symptoms such as tremor.4,5  

To gain more insight into the relation between dopaminergic and cholinergic 

neurotransmission in Parkinson’s disease, the noninvasive imaging technique 
positron emission tomography (PET) can play an important role. [18F]-FEOBV, a 

benzovesamicol analog, is a PET ligand that binds allosterically to the vesicular 

acetylcholine transporter (VAChT).6–8 VAChT is expressed in presynaptic 

cholinergic neurons and transports acetylcholine into synaptic vesicles. While 

VAChT is not a direct marker of acetylcholine synthesis or release, it has been 

shown that the expression of VAChT can be used to study cholinergic neurons.9,10 

For example, clinical studies using [18F]-FEOBV have revealed changes in the 

cholinergic system in patients with Parkinson’s disease.11,12  

Using microdialysis in rodents, it has been shown that the turnover of acetylcholine 

and its release into the synaptic cleft is increased after blocking of the dopamine D2 

receptors.13–15 Additionally, an increased uptake or binding of benzovesamicol 

radioligands in the striatum has been reported after the block of D2 receptors.16–18 

While the exact mechanisms leading to the increased binding of benzovesamicols 

following D2 receptor block are unknown, it has been suggested that changes in 

the vesamicol binding site of the VAChT are dependent on cholinergic activity, e.g. 
increased acetylcholine release.16 Here, we aimed to determine if acute blocking of 

the dopamine D2 receptors would lead to increased accumulation of [18F]-FEOBV 

as a measure of cholinergic activity. For this purpose, we chose the selective 
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dopamine D2/D3 receptor antagonist raclopride and the less selective D2 receptor 

antagonist haloperidol which have previously been used in this context and 

estimated cholinergic activity as measured by the net influx rate (Ki) estimated by 

Patlak graphical analysis.16–19  

Experimental Section 

Experimental Animals 

The experiments were approved by the National Committee on Animal 
Experiments (CCD:AVD105002015166) and the Institutional Animal Care and Use 

Committee of the University of Groningen (IvD:15166-01-003). Male Wistar rats 

(n = 18, Hsd/Cpb:WU, aged 12.2 ± 2.3 weeks, 364 ± 33 g) were obtained from 

Envigo (The Netherlands) and housed in groups in humidity and temperature-

controlled (21 ± 2 ⁰C) rooms with a 12 h/12 h light/dark cycle (lights on at 7 a.m.). 

Water and standard laboratory chow were supplied at libitum. After arrival the rats 

were acclimatized for at least seven days and then randomly divided in three 

groups treated with either vehicle (control, n = 6), 10 mg/kg haloperidol 19 (n = 6), 

or 1 mg/kg raclopride 20 (n = 6). The PET scans were executed between 1 and 5 

p.m. No blinding of the investigators was possible during the experiment, but the 

data analysis was automated and, hence, independent of the operator. 

PET Imaging 

The rats were anesthetized with isoflurane (5% for induction, 1 - 2.5% for 

maintenance) in 95% oxygen and eye salve was applied to prevent dehydration of 

the eyes. Rats were then injected intraperitoneally with 100 µL DMSO (control), 10 
mg/kg haloperidol or 1 mg/kg raclopride in 100 µL DMSO at 52 ± 10 min (range 44-

80 min) before injection of [18F]-FEOBV. One cannula was placed in the tail vein for 

injection of [18F]-FEOBV and a second in the femoral artery for arterial blood 

sampling. A dedicated small animal PET scanner (Focus 220 MicroPET, Siemens 

Healthcare, USA) was used and two rats were scanned simultaneously. For 

attenuation correction, a transmission scan with a 57Co point source was performed 

before each emission scan. During the PET scan, the heart rate and oxygen 
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saturation were monitored and heating pads were used to maintain the body 

temperature of the rats between 37 and 38°C. [18F]-FEOBV (28 ± 8 MBq, molar 

activity: > 300000 GBq/mmol) was injected over 1 min at a rate of 1 mL/min via an 

infusion pump and a dynamic PET scan of 90 min was started simultaneously with 

injection. Synthesis of [18F]-FEOBV was performed according to Mulholland et al. 
with adjustments to local infrastructure.21  

An attenuation-weighted 2-dimensional ordered subset expectation-maximization 

algorithm (OSEM2D, 4 iterations, 16 subsets) following Fourier rebinning was used 

for iterative reconstruction of the list mode data binned into 24 frames (6 x 10, 

4 x 30, 2 x 60, 1 x 120, 1 x 180, 4 x 300, 6 x 600 s). The data were normalized, and 

corrected for scatter, attenuation and decay. The resulting image matrix was 256 x 

256 x 95 with a slice thickness of 0.796 mm and a pixel width of 0.633 mm. 

One rat in the haloperidol treatment group died 54 min after the injection of [18F]-
FEOBV and was excluded from the analysis. 

Arterial Blood Sampling and Metabolite Analysis 

At approximately 10, 20, 30, 40, 50, 60, 90 s and 2, 3, 5, 7.5, 10, 15, 30, 60, and 

90 min after [18F]-FEOBV injection blood samples (0.10-0.13 mL each) were drawn 
from the femoral artery. The same volume of heparinized saline was injected after 

collection of each blood sample to compensate for blood loss. Plasma was 

obtained by centrifugation of whole-blood for 5 min at 30000 g. An automated well-

counter (Wizard2480, PerkinElmer, USA) was used to measure radioactivity 

(decay corrected) in 25 µL of whole-blood and 25 µL of plasma. 

Metabolite analysis was performed for all plasma samples obtained between 1 and 

90 min.19 After acetonitrile (50 µL) was added to each sample, the samples were 

vortexed and centrifuged (300 g for 8 min). A 1 to 2 µL portion of the supernatant 
from each sample were pipetted onto a silica gel 60 F254 plate (Merck, Germany), 

and the elution was performed with a mixture of hexane/dichloromethane/diethyl 

ether/triethylamine (2.3/1/1/0.2). A phosphor storage screen (PerkinElmer, USA) 

was exposed overnight to the eluted silica plates and scanned the next day using a 
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Cyclone (PerkinElmer, USA) phosphorescence imager. OptiQuant software 3 was 

used to obtain the percentage of intact tracer for correction of the plasma input 

curve. 

PET Data Analysis 

PET data analysis was performed using PMOD 3.9 software. Each individual PET 

image was automatically coregistered to a [18F]-FEOBV template.22 A volume of 

interest (VOI) atlas, containing frontal cortex, remainder of the cortex (referred to 

as “cortex”), striatum, thalamus, hypothalamus, hippocampus, brainstem, and 

cerebellum, was then placed on each coregistered PET image. For each individual 

rat, time-activity curves (in kBq/mL) were generated for each VOI. Based on 

previous analysis from our laboratory, irreversible plasma input models were best 

suited for [18F]-FEOBV quantification in rats. Irreversible plasma input models 
estimate the net influx rate (Ki = K1*k3/(k2+k3)) which estimates the irreversible 

binding but also the net influx of the radioligand. In this study, Patlak graphical 

analysis showed a lower variation of the net influx rate compared to the irreversible 

two-tissue compartment model (2TCM). Ki from Patlak graphical analysis was 

estimated with a stretch time of 10 min, whole-blood, and metabolite-corrected 

plasma input.23  

Statistical Analysis 

Statistical analysis was performed using SPSS 23. The area under the curve 

(AUC) was determined for the parent fraction, the plasma (with or without 

correction for metabolites) and whole-blood time-activity curves and the striatal and 

cerebellar time-activity curves. The time-activity curves for plasma, whole-blood, 

and brain regions were normalized to standardized uptake values (SUV = tissue 
activity concentration/(injected dose/body weight)). Differences in AUC between 

treatments were assessed using one-way analysis of variance (ANOVA). Posthoc 

analysis was performed using Bonferroni correction for multiple comparisons 

between control and treatments and the adjusted p-values are given. 

For the Ki obtained from PET imaging, the differences between the three groups 

were assessed using a generalized estimating equations (GEE) with treatment as 
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between-group factor, brain region as within-subject factor and treatment × brain 

region as the interaction. Posthoc tests for differences between treatments were 

performed for each brain region and corrected for multiple comparisons using the 

Bonferroni method. GEE was used to assess differences between the three groups 

while accounting for intraindividual differences and repeated measures, i.e. the 

dependence of brain regions in each rat (within-subject). Cohen’s d was calculated 

for each treatment group using the means and pooled standard deviation of the 
control and treatment group.24 

Differences were deemed statistically significant with p < 0.05 (adjusted for multiple 

comparison using Bonferroni correction if necessary). Effect sizes with Cohen’s d > 

0.5, 0.8, 1.2 and 2.0 were considered medium, large, very large and huge, 

respectively.25 

One rat of the control group showed an exceptionally large value for Ki as obtained 

by Patlak graphical analysis in all brain regions (> 1.5 x interquartile range) and 

was excluded from the analysis. 

Results 

Tracer Kinetics and Metabolism 

The time-activity curves of [18F]-FEOBV were analyzed for two brain regions 

representing the highest (striatum) and lowest (cerebellum) uptake of [18F]-FEOBV. 

[18F]-FEOBV showed an initial high uptake in both regions, with the highest [18F]-

FEOBV uptake in the striatum at approximately 3 to 4 min after injection in control 

and haloperidol treated rats and at 6 to 8 min in rats treated with raclopride (Figure 

1). The area-under-the-curve (AUC) of the striatal time-activity curve tended to be 

higher in haloperidol (Cohen’s d = 1.77) and raclopride treated rats (Cohen’s d = 

1.49) when compared to control rats, but these differences were not statistically 
significant (F(2,15) = 3.7, p = 0.053). In the cerebellum, the highest initial uptake of 

[18F]-FEOBV was found between 1 and 3 min, with a 9% and 14% higher uptake in 

haloperidol and raclopride treated rats, respectively, than in control rats.  
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Figure 1 Uptake of [18F]-FEOBV in the brain of control rats and rats pretreated with 10 
mg/kg haloperidol or 1 mg/kg raclopride. The net influx rate (Ki) images of representative 
rats from each group are shown (A) as well as the time-activity curves of the striatum and 
cerebellum for all rats in each group (mean + SD) (B). 

 

Figure 2 Time-activity curves of [18F]-FEOBV uptake in whole-blood (A) and plasma (B), 
and the parent fraction of [18F]-FEOBV (C) for control rats and rats pretreated with 10 mg/kg 
haloperidol or 1 mg/kg raclopride (mean + SD). 
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On average the AUC of the cerebellar time-activity curve tended to be increased in 

raclopride (Cohen’s d = 0.74) and decreased in haloperidol treated rats (Cohen’s d 

= 0.63), but this was not statistically significant (F(2,15) = 2, p = 0.2). 

The AUC of the plasma and whole-blood time-activity curve (Figure 2) was not 

significantly changed by pretreatment with haloperidol (plasma Cohen’s d = 0.63, 

whole-blood Cohen’s d = 1.10) or raclopride (plasma Cohen’s d = 0.39, whole-

blood Cohen’s d = 0.41) compared to control rats (plasma, F(2,15) = 0.6, p = 0.5; 
whole-blood, F(2,15) = 2.3, p = 0.1). A statistically significant difference in the AUC 

of the parent fraction between the three groups was found (F(2,11) = 6, p = 0.022). 

Posthoc tests revealed a statistically significantly higher AUC of the parent fraction 

in haloperidol treated rats when compared to controls (adjusted p = 0.022, Cohen’s 

d = 2.51), while no statistically significant difference was found between the AUC of 

the parent fraction of the control and raclopride treatment groups (adjusted p = 0.6, 

Cohen’s d = 1.16). Despite a statistically significant difference in the AUC of the 

parent fraction between the haloperidol and control rats, the difference in the AUC 
of the metabolite-corrected plasma curve was not significant (F(2,15) = 3.3, p = 

0.07; haloperidol, Cohen’s d = 1.89; raclopride, Cohen’s d = 0.28). 

Net influx rate of [18F]-FEOBV  

Patlak graphical analysis revealed average Ki values ranging from 0.031 to 0.167 

mL/cm3/min for different treatment groups and brain regions. The highest Ki was 

found in the striatum, and the lowest in the cerebellum, for all three groups (Table 

1). A statistically significant effect of treatment (χ2(1,2) = 40, p < 0.0001) and brain 

region (χ2(1,7) = 691, p < 0.0001) on the Ki of [18F]-FEOBV was found, as well as a 

statistically significant interaction between treatment and brain region (χ2(1,13) = 

3475, p < 0.0001). Posthoc analysis revealed a statistically significant difference in 

Ki between control and haloperidol treated rats and between haloperidol and 
raclopride treated rats for all brain regions together (adjusted p < 0.0001), but no 

statistically significant difference was found between control and raclopride treated 

rats (adjusted p = 1). Comparison of the treatments in each individual brain region 

(Figure 3) revealed a statistically significant difference between haloperidol treated 

and control rats in brainstem, cerebellum, cortex, frontal cortex, hippocampus, 



Effect of Dopamine D2 Receptor Antagonists on [18F]-FEOBV Binding 

 101 

 4 

hypothalamus and thalamus (adjusted p < 0.0005, Cohen’s d 3.29-4.66), but not in 

striatum (adjusted p = 1, Cohen’s d 0.44) most likely due to the large variation in Ki 

(coefficient of variation 23%) in this brain region. In all other brain regions, the Ki 

was statistically significantly decreased by an average of 45 ± 3%, with the largest 

decrease of 49% to 50% in the cerebellum and hippocampus and the lowest of 

40% in the cortex. Contrarily, the only individual brain region with a significant 

difference between control and raclopride treated rats was the cerebellum 
(adjusted p = 0.0004, Cohen’s d 2.15) with a decrease in Ki of 28%. In the striatum, 

an increase in Ki of 30% was found. Despite a large effect size, this difference did 

not reach the threshold for statistical significance (adjusted p = 0.1, Cohen’s d 

1.09). In the other brain regions, Ki was found to be decreased by 8 ± 5%, but this 

effect was not statistically significant (Cohen’s d 0.06-0.97). Significant differences 

between haloperidol and raclopride treatment were found in all individual brain 

regions (adjusted p < 0.05) with an average difference in Ki of 60 ± 13% (42 to 

81%). 

 

Figure 3 Net influx rate (Ki) of [18F]-FEOBV in different brain regions for control rats and rats 
treated with 10 mg/kg haloperidol or 1 mg/kg raclopride (boxplot, box: interquartile range, 
whiskers: 1.5 x interquartile range) and adjusted p-values from posthoc comparison of 
treatment x brain region interaction (* p < 0.05, # p < 0.0005). 
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Table 1 Net Influx Rate (Ki, [mL/cm3/min], mean ± SD) of [18F]-FEOBV in Brain Tissue in 
Control Rats and Rats Pretreated with 10 mg/kg Haloperidol or 1 mg/kg Raclopride, and the 
Effect Size (Cohen’s d) Comparing the Control Group to Each Pretreatment. 

Brain region Control (n = 5) Haloperidol (n = 5) Raclopride (n = 6) 

Ki Ki Cohen's d Ki Cohen's d 

Brainstem 0.077±0.013 0.044±0.006 3.29 0.071±0.011 0.52 

Cerebellum 0.062±0.009 0.031±0.002 4.66 0.045±0.007 2.15 

Cortex 0.074±0.010 0.044±0.007 3.41 0.069±0.010 0.49 

Frontal Cortex 0.089±0.012 0.050±0.011 3.52 0.090±0.022 0.06 

Hippocampus 0.074±0.011 0.037±0.008 3.95 0.062±0.012 0.97 

Hypothalamus 0.090±0.011 0.049±0.007 4.40 0.082±0.016 0.59 

Striatum 0.129±0.032 0.117±0.023 0.44 0.167±0.038 1.09 

Thalamus 0.079±0.012 0.044±0.008 3.36 0.073±0.013 0.49 

Ki in mL/cm3/min, Cohen's d between control and treatment group 

  

  

  

 

Discussion 

In the current study, we have found changes in the net influx rate of [18F]-FEOBV 

after acute treatment with D2 receptor antagonists, using PET imaging. The 

specific D2 receptor antagonist raclopride led to a statistically significant decrease 
in the net influx rate of [18F]-FEOBV in the cerebellum and nonstatistically 

significant increase of the net influx rate in the striatum. In contrast, the less 

specific D2 receptor antagonist haloperidol led to a decreased net influx rate in all 

brain regions except the striatum. Although haloperidol significantly decreased the 

metabolism of [18F]-FEOBV, treatment with either raclopride or haloperidol did not 

affect the whole-blood, plasma and the metabolite-corrected plasma input, showing 

that changes found in the net influx rate Ki were not due to hemodynamic 

differences.  

Interestingly, we found a statistically significant decrease in the net influx rate of 

[18F]-FEOBV in the cerebellum of rats treated with raclopride. Contrarily, a study by 

Efange et al. using the VAChT radioligand (+)-[125I]-MIBT in rats found no change 

in the cerebellar uptake of (+)-[125I]-MIBT after treatment with the D2 receptor 
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antagonist S-(-)-eticlopride.26 In the same study, however, a significant increase in 

the uptake of the less specific (-)-[125I]-MIBT in the cerebellum after spiperone (D2 

receptor antagonist) treatment was observed. The discrepancy between our and 
the study of Efange et al. could be related to the different D2 receptor antagonists 

used and their varying binding affinities to the D2 receptor and potential off-target 

binding.27 Additionally, Efange et al. performed ex vivo biodistribution after 3 h, 

while we determined the net influx rate of [18F]-FEOBV using Patlak graphical 

analysis using a 90-min PET acquisition. The difference in time, as well as the 

more specific quantification via PET imaging with pharmacokinetic modeling 

compared to the ex vivo distribution, could explain the differences between our 

study and the study of Efange et al. Previous studies showed only negligible 
binding of the D2 receptor antagonist raclopride in the cerebellum of rats.28,29 

Additionally, it was also determined that raclopride binding in the striatum was 

saturated at 23.5 pmol/g 28 which could suggest that the higher dose of 

approximately 3 nmol/g (1 mg/kg) of raclopride used in our study could have led to 

increased off-target binding of raclopride to serotonergic or adrenergic receptors 

and thereby facilitated the decrease in the net influx rate of [18F]-FEOBV via 

interaction with other neurotransmitters.28  

While we found a decrease in [18F]-FEOBV net influx rate in the cerebellum, the net 

influx rate and area-under-the-curve of [18F]-FEOBV in the striatum tended to be 

increased after raclopride treatment as evidenced by the large effect size found 

between control and raclopride treated rats. Ingvar et al. showed increased uptake 

of the VAChT radioligand [18F]-NEFA in the striatum of primates after raclopride or 

haloperidol treatment.16 Similarly, Efange et al. showed increased striatal uptake of 

(+)-[125I]-MIBT in rats pretreated with spiperone and S-(-)-eticlopride at 3 h after 

injection of (+)-[125I]-MIBT.17 In addition, after depletion of dopaminergic neurons in 

the rat striatum with 6-OHDA, a smaller spiperone-induced increase in (+)-[125I]-

MIBT uptake was found in the ipsilateral striatum, when compared to the 

contralateral side.26 In a more recent study, Jin et al. showed a 1.5-fold increase in 

binding of the VAChT ligand [11C]-TZ659 in striatum after treatment with S-(-)-

eticlopride.18 These findings indicate that D2 receptor antagonism results in an 

increased binding of benzovesamicol radioligands in the striatum, most likely due 
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to increased acetylcholine turnover facilitated by the antagonized D2 receptor 13–

15,30 and suggests that with lower variability of the net influx rate in the striatum a 

significant difference might have been found in our study. Hence, our study 

suggests that [18F]-FEOBV could be capable of measuring increased cholinergic 

activity in rats after treatment with the D2 receptor antagonist raclopride. 

Raclopride tended to increase the net influx rate of [18F]-FEOBV in the striatum, 

whereas, haloperidol, the other D2 receptor antagonist used in this study, 
nonsignificantly decreased the net influx rate by 10%. In fact, haloperidol 

significantly reduced the net influx rate by up to 50% in all other brain regions. 

There are several possible explanations for this result. First, the overall reduction in 

the net influx rate after haloperidol pretreatment could suggest reduced cholinergic 

activity. Nevertheless, microdialysis experiments in rats treated with haloperidol 

indicate that the opposite is the case, as an increase in acetylcholine turnover was 

observed after haloperidol treatment.15 Hence, it is unlikely that the results of our 

study can be explained by a decreased cholinergic activity due to haloperidol 
treatment. 

Second, hemodynamic changes after haloperidol treatment could have reduced 

the uptake of [18F]-FEOBV in the brain. Similar to a study by Mulholland et al., we 

used a high dose (10 mg/kg) of haloperidol. Mulholland found a reduction of [18F]-

FEOBV brain uptake and blood activity of up to 30 and 50%, respectively, when 

compared to control mice.19 They suggested that hemodynamic changes after the 

high-dose haloperidol treatment were responsible for the reduced brain uptake.19 

We found the area-under-the-curve of the [18F]-FEOBV parent fraction to be 
significantly higher compared to control rats, indicating a reduced metabolism of 

[18F]-FEOBV after haloperidol pretreatment. However, no significant differences in 

the area-under-the-curve of the whole-blood or plasma activity curve of [18F]-

FEOBV (parent and metabolite), as well as no significant changes in the 

metabolite-corrected plasma input function (parent only) between the control and 

haloperidol group, were found although the determined effect sizes were large. 

Furthermore, we found no statistically significant differences in the influx rate 
constant K1 obtained from the irreversible 2TCM between control and haloperidol 

or raclopride treated rats in any brain region (Supplemental Table 1). This suggests 
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that hemodynamic changes did not change [18F]-FEOBV delivery to the brain after 

haloperidol pretreatment in our study.  

Third, it could be possible that due to the high dose of haloperidol used in this 

study not only D2 receptors were occupied. Haloperidol binds to a variety of 

neuroreceptors, e.g. serotonergic, dopaminergic or adrenergic receptors,31 which 

could, in turn, have affected the net influx rate of [18F]-FEOBV either directly by 

changes in cholinergic neurotransmission or indirectly via the dopaminergic or 
other neurotransmitter systems. 

Another possible explanation for the reduced net influx rate of [18F]-FEOBV could 

be the blocking of σ receptors by haloperidol pretreatment. Haloperidol has been 

described as a potent σ1 receptor antagonist and σ2 receptor agonist.32 The binding 

affinity of vesamicol derivatives like [18F]-FEOBV to σ receptors has been a topic of 

dispute. Some argued that most vesamicol-based radioligands, including [18F]-

FEOBV, should not be considered for VAChT imaging because of their binding 

affinity for σ receptors.33,34 The binding affinity of (-)-FEOBV has been determined 

in vitro as 19.6 ± 1.1 nM and 209 ± 94 nM to rat VAChT and σ1 receptors, 

respectively. 33,35 A study by Mulholland et al. investigated the effect of different σ 

ligands on brain uptake and blood activity of [18F]-FEOBV in mice at three different 

time points after injection using ex-vivo biodistribution.19 Donepezil and (+)-3-PPP 

did not influence [18F]-FEOBV uptake in different brain regions or radioactivity 
levels in blood. However, donepezil is a σ1 receptor agonist as well as an 

acetylcholine esterase inhibitor, whereas haloperidol is a σ1 receptor antagonist. 

While haloperidol and (+)-3-PPP are both σ1/σ2 receptor ligands their binding 

affinities for each σ receptor are different suggesting different blocking of the σ 

receptors.32 Indeed, haloperidol led to a 36% increase of [18F]-FEOBV uptake in 

the striatum 240 min after injection, but to a reduction in whole brain uptake and 

blood activity at earlier time points in the study by Mulholland et al.19 A 

biodistribution study by Efange et al. in young rats showed reduced [125I]-MIBT 
uptake in the cerebellum (50%) and cortex (38%), in agreement with our study, and 

increased [125I]-MIBT uptake in the striatum after haloperidol treatment.17 We did 

not find a statistically significant increase in the net influx rate of [18F]-FEOBV in the 

striatum, nevertheless, as mentioned above the different time of assessment as 
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well as quantification methods, i.e. PET imaging with pharmacokinetic modeling 

compared to ex vivo biodistribution, could explain these inconsistencies.  

Further indication for binding of [18F]-FEOBV to σ receptors could be the correlation 

of the σ receptor expression pattern with the reduced [18F]-FEOBV net influx rate 

we found in our study after the haloperidol pretreatment. In the brain, σ receptors 

are found almost equally in most brain regions, with lower expression in the 

striatum and the highest expression in the brainstem.36–38 This partly agrees with 
the decreased [18F]-FEOBV net influx rate we found after haloperidol treatment. 

However, while the lowest decrease of the net influx rate was found in the striatum 

(10%), the largest reduction of approximately 50% was found in the cerebellum 

and hippocampus compared to the brainstem with 43%. This suggests that the 

decreased net influx rate partly follows the expression of σ receptors in the brain. 

Nevertheless, while the binding affinity of [18F]-FOEBV to σ1 receptors in rats has 

been determined as approximately 200 nM, it was recently shown that its binding 

affinity is approximately 10-fold lower in humans (2275 nM).39 Thus, it is likely that 
the suggested binding of [18F]-FEOBV to σ1 receptors in rats, if any, will not affect 

imaging of VAChT in humans. When using haloperidol as a D2 receptor antagonist 

its binding to other neuroreceptors should be considered, especially in studies 

using [18F]-FEOBV. Additionally, it would be of interest to study the effect of a 

dopamine D2 receptor agonist on [18F]-FEOBV binding, in comparison to the effect 

of raclopride. 

Lastly, it has been shown that isoflurane anesthesia decreases the release of 

acetylcholine in several brain regions, including striatum and cortex, in a dose-
dependent manner.40,41 Isoflurane is a widely used anesthetic in PET imaging 

studies in rodents which, at least for now, cannot be omitted during the procedure. 

As all rats in this study were treated with approximately the same dose of 

isoflurane a constant bias between the control and treatment groups can be 

assumed. Furthermore, the increase in [18F]-FEOBV net influx rate in the striatum 

after treatment with raclopride suggests increased cholinergic activity after 

treatment, even if isoflurane inhibits the release of acetylcholine. This was also 
confirmed by biodistribution studies where mice were only anesthetized for short 

periods of time and using different anesthetics.17,19 Hence, it is very unlikely that 
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the reduced [18F]-FEOBV net influx rate after haloperidol treatment was caused by 

isoflurane anesthesia. Furthermore, our study shows that acute changes in 

cholinergic activity can be evaluated using [18F]-FEOBV even under isoflurane 

anesthesia. 

Conclusion 

In the present study, we showed that changes in cholinergic activity after treatment 
with the selective D2 receptor antagonist raclopride and the nonselective D2 

receptor antagonist haloperidol can partly be quantified using [18F]-FEOBV PET 

imaging. The seemingly decreased cholinergic activity after treatment with 

haloperidol appears to be due to off-target binding of [18F]-FEOBV to σ receptors in 

rat brain. This hypothesis needs to be confirmed in further studies on the off-target 

binding of [18F]-FEOBV to σ receptors in rat brain. Such off-target binding will 

probably not occur in the human brain due to interspecies differences in the 
binding affinities of [18F]-FEOBV to σ receptors. 
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Supplemental Data 

Supplemental Table 1 Influx rate constant (K1, [min-1], mean ± SD) of [18F]-FEOBV in brain 
tissue in control rats and rats pretreated with 10 mg/kg haloperidol or 1 mg/kg raclopride. K1 
was estimated using the 2-tissue compartmental model.  

Brain region Control (n = 5) Haloperidol (n = 5) Raclopride (n = 6) 

Brainstem 0.505±0.069 0.494±0.124 0.525±0.139 

Cerebellum 0.514±0.072 0.494±0.132 0.498±0.146 

Cortex 0.377±0.059 0.367±0.095 0.387±0.134 

Frontal Cortex 0.421±0.058 0.409±0.101 0.443±0.140 

Hippocampus 0.421±0.059 0.430±0.102 0.433±0.139 

Hypothalamus 0.471±0.062 0.453±0.108 0.497±0.132 

Striatum 0.428±0.076 0.418±0.095 0.451±0.142 

Thalamus 0.508±0.084 0.498±0.125 0.526±0.174 

K1 in min-1 
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Abstract  

Purpose: Multiple neurotransmitter systems are involved in the motor- and non-

motor symptoms of Parkinson’s disease. Cholinergic neurotransmission is thought 

to be increased after dopaminergic denervation. The influence of a 6-

hydroxydopamine (6-OHDA) lesion in the medial forebrain bundle (MFB) on the 

cholinergic system has been assessed in several studies, however the evaluation 
of a striatal lesion on the cholinergic neuron is sparse.  

Methods: Here, we assessed the cholinergic activity after induction of a striatal 6-

OHDA lesion using PET with [18F]-FEOBV as a marker for the vesicular 

acetylcholine transporter (VAChT). [18F]-FEOBV uptake in the brain was 

longitudinally assessed by PET imaging and expressed as standardized uptake 

value (SUV) on day 10 and net influx rate (Ki, irreversible two-tissue 

compartmental model) on day 31 after induction of the lesion. Furthermore, we 
used a four-week forced exercise protocol after 6-OHDA lesion to investigate if 

changes in the cholinergic activity can be alleviated by this treatment. The cylinder 

test was used to assess the effect of the striatal lesion and exercise on motor-

function. 

Results: The cylinder test showed no statistically significant effect of 6-OHDA 

lesion or exercise on the motor function and no difference in contralateral forelimb 

use between the groups on day 2, 8 and 29 after 6-OHDA/vehicle lesion. No effect 

of 6-OHDA or exercise on SUV or Ki of [18F]-FEOBV was found using PET 
imaging. On day 10 and 31, statistically significant differences between ipsi- and 

contralateral hemisphere in several brain regions within each group were found but 

Cohen’s d for those significant differences ranged between 0.06 and 0.45 with the 

exception of the cortical region of the 6-OHDA group on day 10 (Cohen’s d 1.03). 

Conclusion: While we could show asymmetric [18F]-FEOBV uptake between 

hemispheres for several brain regions (SUV and Ki) the effect sizes were small. 

The cylinder test did not clearly indicate effects of dopaminergic denervation after 
the 6-OHDA lesion. Hence, additional testing is necessary to confirm that 

degeneration of dopaminergic neurons occurred which consequently could have 

had an influence on cholinergic activity. 
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Introduction 

Parkinson’s disease is a progressive neurodegenerative disorder that affects 1% of 

people over the age of 60 years. The disorder is characterized by motor symptoms, 

such as bradykinesia, tremor and rigidity [1], and non-motor symptoms, like 

constipation, REM sleep disorder, olfactory dysfunction, depression and dementia 

[2]. Most symptoms are related to the formation of Lewy bodies, progressive 
degeneration of dopaminergic neurons and a variety of changes in brain 

neurotransmission [3]. Several animal models are available to study the effects of 

degeneration of dopaminergic neurons on neurotransmission. One of the most 

common rodent models of Parkinson’s disease is the injection of 6-

hydroxydopamine (6-OHDA) into the substantia nigra, medial forebrain bundle or 

striatum. Injection of 6-OHDA in the substantia nigra or medial forebrain bundle 

leads to rapid degeneration of the dopaminergic neurons in the substantia nigra 
and striatum. The size of the lesion depends on the amount of 6-OHDA and the 

injection site, however, most studies report dopaminergic degeneration of more 

than 60% [4]. In contrast, striatal 6-OHDA injection causes milder dopaminergic 

neuron loss with degeneration of dopaminergic nerve terminals in the striatum, 

followed by retrograde loss of dopaminergic neurons in the substantia nigra [5, 6]. 

Due to the reduced severity and progressive character of striatal injection models 

they can be classified as early stage Parkinson’s disease and, hence, are often 

used to investigate therapeutic intervention for Parkinson’s disease [6]. 

The most commonly used treatment for motor symptoms in Parkinson’s disease is 

levodopa, which mitigates the dopamine deficit. However, 40% of the Parkinson’s 

disease patients develop levodopa-related motor fluctuations or dyskinesia four to 

six years after the start of treatment [7]. Thus, new forms of treatment for 

Parkinson’s disease need to be explored. Exercise is a cost-effective treatment 

that has shown promising neuroprotective effects in Parkinson’s disease patients 

[8–11], but the exact mechanisms of the such effects of exercise are not known. It 
has been shown that exercise decreases neuroinflammation, oxidative stress, 

dopaminergic denervation and motor and cognitive deficits in rodent models of 

Parkinson’s disease [12–15].  
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As early as 1962, it has been proposed that a “hypercholinergic state” exists in 

Parkinson’s disease [16]. Indeed, anticholinergic drugs were widely used for 

treatment of Parkinson’s disease before the development of levodopa [16] and are 

currently still used in the treatment of tremor [17]. It was shown that D2 receptors 

regulate the release of acetylcholine in the striatum [18, 19], although more recent 

evidence points towards attenuated M4 muscarinic autoreceptors as the reason for 

increased acetylcholine release [20]. The influence of 6-OHDA induced 
dopaminergic degeneration on the cholinergic system in rodent models was mainly 

explored using models with severe dopaminergic denervation, providing varying 

results. Some studies found an increase in striatal acetylcholine after induction of a 

6-OHDA lesion [18, 20, 21], while other studies showed a decrease [22] or no 

change [23] in cholinergic acetylcholine transferase positive neurons in the striatum 

after induction of a 6-OHDA lesion.  

Hence, we aimed to evaluate the “hypercholinergic state” in a striatal model of mild 

dopaminergic denervation using the PET radioligand [18F]-FEOBV as a marker for 
vesicular acetylcholine transporter (VAChT). Additionally, we investigated whether 

a four-week forced exercise protocol could improve motor function via a decrease 

of cholinergic activity. The induction of motor symptoms was assessed using the 

cylinder test. 

Materials and Methods 

Experimental Animals  

The experiments were approved by the National Committee on Animal 

Experiments (CCD: AVD1050020173069) and the Institutional Animal Care and Use 
Committee of the University of Groningen (IvD:173069-01-001). Wistar rats (male, 

n = 28, HsdCpb:WU) were supplied by Envigo (The Netherlands) and were 91 ± 3 

days old (402 ± 33 g) at the start of the experiment. After arrival, the rats were 

housed in groups of 4 and acclimatized for at least 7 days. After surgery, the rats 

were housed individually. The housing room was humidity- and temperature-

controlled (21 ± 2 ⁰C) with a 12 h/12 h light/dark cycle (lights on at 7 or 8 a.m.). 

Standard laboratory chow and water were supplied ad libitum.  
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Study Design 

 

Figure 1 Experimental design. All rats were subjected to voluntary exercise as well as two 
adaptation sessions to forced exercise. On Day 0, rats were intracranially injected with 6-
OHDA or vehicle solution (VEH). The cylinder test (Cylinder) was performed at three time 
points and PET imaging with [18F]-FEOBV at two time points. 

 

Rats were randomly dived over two groups, rats intrastriatallly injected with vehicle 

solution (VEH) and rats injected with 6-OHDA as a model of Parkinson’s disease, 

and further divided into sedentary (VEH, n=7; 6-OHDA, n=7) and exercise groups 

(VEH+Ex, n=7; 6-OHDA+Ex, n=7) (Figure 1). The study was performed in a cohort 

design with one rat of each group included per cohort. To facilitate the same 
treatment of all rats before the intrastriatal injection of vehicle or 6-OHDA, all rats 

were acclimatized to the exercise by repeatedly (5x) providing access to a non-

motorized running wheel over a period of 7 days and then forced to exercise for 15 

min (exercise adaptation) on two consecutive days. The intrastriatal injection of 6-

OHDA or vehicle was deemed the start day of the experiment (day 0). The forced 

exercise was performed three days per week starting two days after the surgery. 

All procedures involving exercise were performed in the last 3 hours of the light 

cycle (5 to 8 p.m.). The cylinder test was performed 2 days after the surgery (day 
2) and 2 days before each [18F]-FEOBV PET scan (day 8 and 29), respectively, 

prior to forced exercise when conducted on the same day. PET imaging was 

performed between 1 and 6 p.m. with two rats simultaneously in the PET scanner 
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and two PET scans per day. The order of the rats was randomized for each 

scanning day. The weight of each rat was determined before the start of each 

procedure.  

Exercise protocol 

Voluntary Exercise 

The rat was placed in the voluntary running cage for one hour to acclimatize it to 

the concept of running voluntarily before the forced exercise. Food and water were 

supplied during this period. After one hour the rat returned to its home cage. The 

procedure was performed on 5 days in a 7-day period before the exercise 

adaptation. 

Forced exercise  

All rats were subjected to two forced exercise adaptation one and two days before 
the intrastriatal injection of 6-OHDA or vehicle. The rat was placed in the motorized 

exercise wheel (TSE systems, 303400 series, 252 mm diameter) and allowed to 

explore for a few minutes before the speed of the running wheel was slowly 

increased up to a maximum speed of 8.5 revolutions/min (6.7 m/min) for 15 min. 

After the intrastriatal injection of 6-OHDA or vehicle, the rats in the exercise groups 

were forced to exercise 12-times over a 4-week period. The exercise was 

performed in the same wheels as used during the adaptation procedure with a 

speed of 13 revolutions/min (10 m/min) for 40 min leading to approximately 400 m 
of total distance during each exercise session. Rats in the sedentary groups were 

in the same room during the procedure. 

Surgery 

Before and 24 hours after the surgery 1 mg/kg finadyne was given subcutaneously 
to each rat to reduce discomfort. After induction of anesthesia (isoflurane in 

oxygen, 5 % for induction, 1-2 % for maintenance), the rats were placed in a 

stereotactic apparatus. Eye salve was applied to prevent dehydration and body 

temperature was maintained using heating pads. Two small holes were drilled in 

the skull and an aliquot of 0.5 µL of 3 µg 6-OHDA hydrochloride (Sigma) in 0.3 % 
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ascorbic acid (Sigma) in saline (6-OHDA) or 0.3 % ascorbic acid in saline (VEH) 

was injected at each of the following coordinates: (1) AP: +1.12, L: -2.6, V: -5 mm; 

(2) AP: +0.2, L: -3.0, V: -4.5 mm relative to Bregma and ventral to dura mater as 

described previously [13]. Each injection was performed over a period of 5 min at a 

speed of 0.1 µL/min using a 10 µl Hamilton syringe (32G needle). To avoid reflux 

of the solution, the needle was kept in place for 3 min after injection. The incision 

site was sutured and the rats were placed individually in clean cages. Due to the 
photosensitivity of 6-OHDA, all injections were performed with the syringe covered 

to avoid light exposure. 

Cylinder Test  

The cylinder test was used to assess asymmetric forelimb use in rats, using a 

modified procedure as described by Schallert et al.  [24]. The rat was placed in a 
clean, clear cylinder (25 cm diameter, 30 cm height) which was placed in front of a 

mirror to allow for a 360° view. The rat was allowed to explore the cylinder for 5 

min, during which a video of the behavior was recorded. After the test, the rat was 

placed in its home cage. From the videos, the first 20 paw contacts with the 

cylinder wall were analyzed. It was noted whether the rat used the left 

(contralateral limb) or right (ipsilateral limb) paw for the contact. Contact with both 

paws simultaneously was recorded as one contact for each limb. The contralateral 
forelimb use was calculated as: 

𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙	𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏	𝑢𝑠𝑒 = 234	567849	:;	<:529=>=249=>	>?78	<:52=<2@
234	567849	:;	2:2=>	>?78	<:52=<2@

	× 100% . 

A contralateral forelimb use of 50% indicates no preference for the ipsi- or 

contralateral forelimb. If a rat did not contact the cylinder 20-times in the recorded 

period the test was excluded from the analysis.  

PET Imaging 

In our previous studies validating [18F]-FEOBV quantification in rats (Chapter 3), it 

was shown that irreversible plasma input models were preferable compared to 

simplified measures like standardized uptake value (SUV). However, even though 

repeated blood sampling from the hind paw arteries [25] is possible, it could 
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influence the behavioral tests and interfere with the exercise protocol. Thus, we did 

not perform arterial blood sampling during the first PET scan on day 10.  

For both PET scans, isoflurane (5 % for induction, 1-2.5 % for maintenance) in 95 

% oxygen was used to anesthetize the rats. Eye salve was applied to prevent 

dehydration and the heart rate, oxygen saturation and temperature were monitored 

throughout the procedure. The body temperature was maintained with heating 

pads. A cannula was placed in the tail vein for radiotracer injection. Only before the 
second PET scan, a second cannula was placed in the femoral artery for arterial 

blood sampling. Two rats were scanned simultaneously in a dedicated small 

animal PET scanner (Focus 220 MicroPET, Siemens Healthcare, USA). Before 

each emission scan, a transmission scan with a [57Co] point source was performed 

for attenuation correction. [18F]-FEOBV was synthesized according to Mullholland 

et al. with adjustments to local infrastructure [26]. [18F]-FEOBV (23.5 ± 3 MBq, 

molar activity: 425 ± 166 TBq/mmol, injected mass: 0.23 ± 0.01 µg) was injected 

over 1 min at a rate of 1 mL/min via an infusion pump and a dynamic 60 min PET 
scan was started simultaneously with the injection. The image matrix was 256 x 

256 x 95 with a slice thickness of 0.796 mm and a pixel width of 0.633 mm and 

was gained by an attenuation-weighted 2-dimensional ordered subset expectation 

maximization algorithm (OSEM2D, 4 iterations, 16 subsets) for iterative 

reconstruction into 21 frames (6x10, 4x30, 2x60, 1x120, 1x180, 4x300, 3x600 s) 

after Fourier rebinning. Normalization, corrections for scatter, attenuation and 

radioactive decay were applied.  

One [18F]-FEOBV PET scan had to be excluded as less than 7 MBq was injected 
on day 10 (6-OHDA+Ex) while three PET scans were excluded due to technical 

problems with the PET scanner on day 31 (VEH+Ex, 6-OHDA and 6-OHDA+Ex). 

Arterial Blood Sampling and Metabolite Analysis 

During the second PET scan arterial blood samples (0.10-0.13mL each) were 
taken from the femoral artery at approximately 10, 20, 30, 40, 50, 60, 90 s and 2, 3, 

5, 7.5, 10, 15, 30, 60, and 90 min after tracer injection. To compensate the blood 

loss, the same volume of heparinized saline was injected after collection of each 
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blood sample. Whole blood was centrifuged for 5 min at 30,000 x g giving the 

plasma samples. Radioactivity (decay corrected) in 25 µL of whole blood and 

plasma was measure with an automated well-counter (Wizard2480, PerkinElmer, 

USA). Metabolites in all plasma samples obtained between 1 and 90 min were 

analyzed using a modified metabolite analysis based on Mulholland et al. [27]. 

Acetonitrile (50 µL) was added to each sample, vortex and centrifuged (3,000 x g 

for 8 min). One to four µL of the supernatant was pipetted onto a silica gel 60 F254 
plate (Merck, Germany) and the elution was performed with a mixture of 

hexane/dichlormethane/diethyl-ether/triethylamine (2.3/1/1/0.2). After overnight-

exposure of the silica plates to a phosphor storage screen (PerkinElmer, USA), the 

screen was scanned the next day using the Typhoon (GE Healthcare). The 

percentage of intact tracer was obtained using OptiQuant software 3 and used 

correction of the plasma input curve. 

Pharmacokinetic Analysis 

Registration of each PET image to a tracer-specific template and the 

pharmacokinetic modeling was performed in PMOD 3.9 [28]. A volume of interest 

(VOI) atlas containing brainstem, cerebellum, frontal cortex, remainder of the 

cortex (referred to as cortex), hippocampus, hypothalamus, midbrain, striatum and 

thalamus (separately for the ipsilateral and contralateral hemisphere) was placed 
on each co-registered PET image (manually adjusted if necessary). Time-activity 

curves (TAC, in kBq/ml) for each VOI were obtained for each individual rat. 

Standardized uptake values (SUV) were calculated from the 30 to 60 min time 

frames for the PET scans on day 10 as ((radioactivity concentration in 

VOI)/(injected radioactivity/body weight)). For the second PET scan, the net influx 

rate (Ki) was estimated using the irreversible two-tissue compartmental model.  

Statistical Analysis 

The statistical analysis was performed in SPSS 24. Generalized estimating 

equation models (GEE) were used to analyze body weight change (to day of 

surgery, day 0), contralateral forelimb use in cylinder test, SUV and Ki from PET 

imaging. GEE accounts for subject specific repeated measurements even in cases 

of missing data. All models used a subject specific variable to account for intra-
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individual changes over the repeated measures and an independent covariance 

matrix. For body weight change and contralateral forelimb use in the cylinder test, 

the respective GEE was built with the factors 6-OHDA, exercise, time and the 

interactions 6-OHDA x exercise, 6-OHDA x time, exercise x time, 6-OHDA x 

exercise x time. Time was used as the repeated measurement. Post-hoc testing 

was performed to assess the effect of 6-OHDA or exercise and differences 

between factors (6-OHDA, exercise) or groups (6-OHDA x exercise interaction) for 
each day and differences within each factor or groups between time points. The 

GEE for SUV and Ki was built with the main effects 6-OHDA, exercise, hemisphere 

and the interaction term 6-OHDA x exercise x brain region x hemisphere with brain 

region and hemisphere as repeated measures. Differences in each outcome 

parameter were assessed (1) effect of exercise in vehicle and 6-OHDA rats in each 

brain region and hemisphere, (2) difference between groups in each brain region 

and hemisphere and (3) between ipsi- and contralateral hemisphere for each brain 

region and group. The p-values of the post-hoc analysis were corrected for multiple 
comparisons using Bonferroni correction (corrected p-value). The significance level 

was p ≤ 0.05. Cohen’s d was calculated for group using the means and pooled 

standard deviation of the ipsi- and contralateral hemisphere of each brain 

region with Cohen’s d > 0.2, 0.5, 0.8 considered small, medium and large, 

respectively [29]. 

Results 

Body Weight Change 

Assessment of the body weight change over time, when compared to the weight 
measured on the surgery day, revealed a statistically significant effect of exercise 

(χ2(1,1) = 33, p < 0.0001), time (χ2(1,5) = 1011, p < 0.0001), exercise x time 

(χ2(1,5) = 41, p < 0.0001) and 6-OHDA x exercise x time interaction (χ2(1,5) = 12, 

p = 0.03). The main effect 6-OHDA (χ2(1,1) = 1, p = 0.3) and the interactions 6-

OHDA x time (χ2(1,1) = 3, p = 0.1) and 6-OHDA x exercise (χ2(1,1) = 3, p = 0.7) 

were not statistically significant. Following the surgery, the body weight decreased 

significantly (corrected p < 0.0001) in all groups by 14 ± 8 g until day 4 (Figure 2). 
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After the first PET scan (day 11), all rats started gaining body weight until the end 

of the study (corrected p < 0.0001). Exercise resulted in a significantly lower weight 

change compared to sedentary rats in the VEH group from day 11 to 31 (corrected 

p < 0.02) and from day 4 to 31 for the 6-OHDA injected rats (corrected p < 0.001). 

At the end of the study, the weight gain was 15 ± 9 g and 40 ± 15 g for exercise 

and sedentary groups, respectively. 

 

Figure 2 Weight change of rats compared to the surgery day. Shown are mean ± SD (n = 
7). 

 

Cylinder Test 

The contralateral forelimb use assessed in the cylinder test ranged between 46% 

and 55% for all groups with large variations within groups (COV 7% to 21%) 
(Figure 3). The main effects 6-OHDA (χ2(1,1) = 0.5, p = 0.5), exercise 

(χ2(1,1) = 0.005, p = 0.9), time (χ2(1,2) = 0.5, p = 0.8) and the interactions 6-OHDA 

x exercise (χ2(1,1) = 0.2, p = 0.6), 6-OHDA x time (χ2(1,1) = 6, p = 0.06) and 6-

OHDA x exercise x time (χ2(1,1) = 1.5, p = 0.5) were not statistically significant 

while the interaction exercise x time (χ2(1,1) = 8, p = 0.02) reached statistical 

significance. However, post-hoc testing revealed no statistically significant 

difference in contralateral forelimb use between sedentary and exercise rats on 

day 2, 8 or 29 with corrected p-values of 0.9, 0.5 and 0.1, respectively. Additionally, 
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no statistically significant difference in contralateral forelimb were found comparing 

the factors or groups for or between time points. 

 

Figure 3 Contralateral forelimb use determined with the cylinder test 2, 8 and 29 days after 
induction of a striatal lesion with 6-OHDA or vehicle. Shown are mean ± SD (n=4-7). 

 

[18F]-FEOBV PET 

The uptake of [18F]-FEOBV on day 10 (in SUV) was not affected by the injection of 

6-OHDA or by exercise as no statistically significant main effects of 6-OHDA 

(χ2(1,1) = 3, p = 0.08) or exercise (χ2(1,1) = 0, p = 1) were found. A statistically 

significant effect of ipsi- or contralateral hemisphere was found (χ2(1,1) = 60, p < 

0.0001). The interaction of 6-OHDA x exercise x brain region x hemisphere in SUV 

was also statistically significant (χ2(1,21) = 1 x 1014, p < 0.0001). Post-hoc testing 

revealed no effect of exercise in vehicle or 6-OHDA rats in any brain region of 
either hemisphere (corrected p > 0.09). Similarly, no differences between groups 

were found in any brain region and hemisphere (corrected p > 0.2). 

Interhemispheric differences in SUV were assessed for each group and brain 

region and showed mainly small effect sizes (Cohen’s d 0.02 - 1.03). All groups 

showed a statistically significant increased SUV in the cortex of the ipsilateral 

hemisphere, when compared to the contralateral hemisphere (Cohen’s d 0.4-1, 

corrected p < 0.0003), with the highest increase found in the 6-OHDA group 
(Cohen’s d of 1). In the VEH group, a statistically significant increased SUV was 
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also found in the ipsilateral hippocampus (corrected p = 0.009) and thalamus 

(corrected p = 0.03), when compared to the contralateral side. In the 6-OHDA 

group, statistically significant increases in SUV in the ipsilateral hemisphere were 

found for the cerebellum (corrected p = 0.0003), frontal cortex (corrected 

p < 0.0001), hippocampus (corrected p = 0.003) and midbrain (p < 0.0001) 

(Cohen’s d 0.25-0.48). In both exercise groups, the ipsilateral hemisphere of the 

cerebellum (VEH+Ex, corrected p < 0.0001; 6-OHDA+Ex, corrected p = 0.047), 
frontal cortex (VEH+Ex, corrected p = 0.0003; 6-OHDA+Ex, corrected p = 0.006), 

hypothalamus (VEH+Ex, corrected p = 0.001; 6-OHDA+Ex, corrected p = 0.022) 

and midbrain (VEH+Ex, corrected p < 0.0001; 6-OHDA+Ex, corrected p = 0.006) 

showed higher uptake when compared to the contralateral hemispheres with 

Cohen’s d ranging between 0.14 and 0.31. Significant increases in SUV were also 

found in the ipsilateral hemisphere of the brainstem (corrected p = 0.038), 

hippocampus (corrected p = 0.048) and thalamus (corrected p = 0.002) in the 

VEH+Ex group (Cohen’s d 0.08-0.22). On day 31, [18F]-FEOBV PET was 
evaluated using Ki obtained from the irreversible 2TCM. No statistically significant 

effect of 6-OHDA or exercise on kinetic behavior of the radioactivity in blood or 

plasma or on the parent fraction of [18F]-FEOBV was found (data not shown). 

Similar to the SUV on day 10, no statistically significant main effect of 6-OHDA 

(χ2(1,1) = 0.1, p = 0.7) or exercise (χ2(1,1) = 1, p = 0.3) were found but hemisphere 

did show a statistically significant main effect (χ2(1,1) = 46, p < 0.0001). The 6-

OHDA x exercise x brain region x hemisphere interaction of Ki was statistically 

significant (χ2(1,21) = 1313, p < 0.0001). As for SUV, no effect of exercise was 
found in VEH or 6-OHDA rats in any brain region of either hemisphere (corrected p 

> 0.09). Additionally, no differences between groups were found in any brain region 

and hemisphere (p > 0.5). The interhemispheric differences in Ki from each brain 

region and group showed small effect sizes with Cohen’s d between 0.03 and 0.35. 

A statistically significant higher Ki-value was found in the ipsilateral compared   
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to the contralateral cortex in all groups (corrected p < 0.0001) with Cohen’s d 

ranging from 0.18 to 0.35 with the largest effect on Ki found in the 6-OHDA group 

(Cohen’s d 0.35). The VEH group, additionally, showed a statistically significant 

increase in Ki in the ipsilateral cerebellum (corrected p = 0.003, Cohen’s d 0.10) 

and a statistically significant decrease of Ki in the ipsilateral hippocampus 

(corrected p < 0.0001, Cohen’s d 0.24), when compared to its contralateral side. In 

rats with the 6-OHDA lesion (with and without exercise), a statistically significant 
increase in Ki was found in the ipsilateral brainstem (6-OHDA, corrected 

p < 0.0001; 6-OHDA+Ex, corrected p < 0.0001), cerebellum (6-OHDA, corrected 

p = 0.0004; 6-OHDA+Ex, corrected p < 0.0001) and midbrain (6-OHDA, corrected 

p < 0.0001; 6-OHDA+Ex, corrected p < 0.0001) compared to the contralateral side 

with Cohen’s d of 0.14 to 0.31. In the 6-OHDA group without exercise, a 

statistically significant increase in Ki in the ipsilateral thalamus (corrected p = 

0.005, Cohen’s d 0.18) and a decrease in the ipsilateral striatum (corrected p = 

0.039) with a small Cohen’s d of 0.06, when compared to the contralateral 
hemisphere, were additionally found. The 6-OHDA+Ex group additionally showed a 

statistically significant increase in Ki in the ipsilateral hemisphere of the 

hypothalamus compared to the contralateral side (corrected p = 0.038, Cohen’s d 

0.30). Besides the increase in the ipsilateral cortex, the VEH+Ex group also 

showed a statistically significant increase in Ki in the ipsilateral cerebellum 

(corrected p = 0.0004, Cohen’s d 0.11), hypothalamus (corrected p = 0.022, 

Cohen’s d 0.18) and thalamus (corrected p = 0.048, Cohen’s d 0.10), when 

compared to the contralateral side. 

Discussion 

In this study, we investigated whether the mild loss of integrity of dopaminergic 

innervation would increase cholinergic activity and, whether exercise could 

alleviate this effect. Using [18F]-FEOBV PET, we found no effect of 6-OHDA 

injection and no influence of exercise in vehicle and 6-OHDA injected rats on 
cholinergic activity on day 10 or 31. In multiple brain regions statistically significant 

differences in cholinergic activity between the ipsi- and contralateral hemisphere 

were found but mainly with small effect sizes, on day 10 and day 31 in all groups. 
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No changes in motor function were found after 6-OHDA injection and the exercise 

protocol.  

Injection of 6-OHDA in the substantia nigra and the medial forebrain bundle was 

found to lead to almost complete loss of dopaminergic neurons in the substantia 

nigra as well as the striatum [4], while striatal injection of 6-OHDA causes partial 

dopaminergic degeneration depending on the injection location, number of 

injections and amount of 6-OHDA injected [5, 6]. Here, we used a mild striatal 
model of Parkinson’s disease which previously showed reduced contralateral 

forelimb use in the cylinder test, 10 days after injection of 6-OHDA in the striatum 

[13]. In our study, we did not find a reduction in contralateral forelimb use in the 6-

OHDA treated rats compared to vehicle treated rats or an effect of exercise at any 

time point. The cylinder test is one of the most commonly used tests for the 

assessment of changes in motor behavior and is often used to reflect the integrity 

of the dopaminergic system in rodent models of Parkinson’s disease. It has been 

shown that the contralateral fore limb use correlates well with striatal dopamine 
content but only after at least moderate neuronal degeneration [30]. This could 

explain why in our study, where dopaminergic integrity was only mildly 

compromised, there was no difference in contralateral bias. For example, in the 

aforementioned study by Real et al. no contralateral forelimb use was found 30 

days after 6-OHDA lesion even though a 46% loss of tyrosine hydroxylase positive 

cells in the substantia nigra was shown [13]. Furthermore, this suggests that 

mechanisms compensating the loss of dopaminergic neurons could decrease the 

sensitivity of the cylinder test and it is, hence, not as reliable as proposed 
previously [30]. Indeed, it is widely accepted that motor symptoms and 

dopaminergic denervation are not linearly correlated, as dopaminergic and non-

dopaminergic mechanism compensate for the loss or dysfunction of dopaminergic 

neurons [31, 32]. Hence, for this study, the results of the cylinder test could 

indicate that the 6-OHDA injection did not lead to significant dopaminergic 

denervation. Nonetheless, it is also possible that motor function was unaffected 

either due to a small lesion size or due to compensatory mechanisms after the 
dopaminergic lesion. The extend of the dopaminergic lesion in all groups should be 

evaluated, e.g. using immunohistochemistry for the dopaminergic marker tyrosine 

hydroxylase. Additionally, future studies could also employ other behavioral tests 
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like the staircase test for fine motor control [33] or assess dopaminergic 

dysfunction directly in vivo using specific PET radioligands like [18F]-FDOPA, [11C]-

DTBZ or [11C]-Raclopride [34–37]. 

As the cholinergic neurotransmitter system is suspected to be upregulated in 

Parkinson’s disease [16], we used [18F]-FEOBV PET imaging to assess VAChT as 

a measure of cholinergic activity. Surprisingly, no effect of the 6-OHDA lesion or 

exercise was found in any brain region whether in the contra- or ipsilateral 
hemisphere. This is contrary to our expectation of an upregulation of cholinergic 

activity after dopaminergic denervation although in line with the varying results of 

previous studies exploring the effect of dopaminergic lesion of the cholinergic 

system. For example, Ma et al. showed a decrease of cholinergic neurons 

compared to control [22], while Kayadjanian et al. and MacKenzie et al. showed an 

increase in acetylcholine release after injection of 6-OHDA in the medial forebrain 

bundle [18, 23]. Brené et al. injected 6-OHDA in the ventral tegmental area in rats 

and found no change in the expression of ChAT but an increased number of D2 
receptor expressing neurons in the lateral striatum [38]. Contrary to our study, the 

studies mentioned above used 6-OHDA injections in the medial forebrain bundle, 

the ventral tegmental area or the cerebral ventricles which usually lead to more 

severe dopaminergic denervation compared to the striatal 6-OHDA model used in 

our study. One study using striatal 6-OHDA lesions in mice showed improved 

memory function after specific optogenetic photoinhibition of cholinergic 

interneurons in the striatum but they used a genetically modified mouse strain and 

did not assess the influence of the 6-OHDA treatment on the cholinergic 
innervation itself making a comparison with our study difficult [39]. To date, it is 

difficult to assess consistent changes in the cholinergic system due to a 6-OHDA 

lesion because of the large variety of 6-OHDA injection sites, doses and 

methodology applied. It is very likely that depending on the injection site, number of 

injection sites, dose of 6-OHDA and other parameters the cholinergic system is 

affected differently just as has been described repeatedly for dopaminergic 

denervation [5, 6]. Future studies could evaluate the influence of 6-OHDA lesion 
site and dose on the cholinergic system. 
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Various studies have shown the beneficial effects of exercise, e.g. exercise has 

been shown to induce neurogenesis or prevent the loss of neurons after 6-OHDA 

injection [12–15]. Indeed, in a previous study using this model, it has been shown 

that exercise reduced neuroinflammation in 6-OHDA lesioned rats [13]. In the 

same study, short and long-term memory in 6-OHDA treated rats subjected to 

exercise was found to be comparable to vehicle rats, and better than in sedentary 

6-OHDA treated rats approximately one month after 6-OHDA injection. Indeed, 
there is a wide body of literature showing increased cognitive performance due to 

exercise in healthy [40–43] as well as in Parkinson’s disease patients [44–46]. 

Among the brain regions associated with cognitive function like memory are the 

hippocampus and cortical regions [47]. While we did observe interhemispheric 

differences in the cortex on day 10 and day 31, they could be related to the 

intrastriatal injection itself as they occurred in all groups. Previous studies showed 

inflammation close to the injection tract and it could be hypothesized that this 

inflammation affected cholinergic activity in the cortex [48, 49]. Additionally, it was 
shown that dopaminergic denervation of the striatum also leads to reduced 

expression of tyrosine hydroxylase in cortical regions in the rats [50]. Hence, it 

could be speculated that this is the reason for the approximately 2.5-fold larger 

effect in the cortical region of 6-OHDA rats compared to the VEH, VEH+Ex and 6-

OHDA+Ex group with exercise decreasing the dopaminergic denervation in the 

cortex. However, at this point, this is only a speculation and post-mortem 

assessment of dopaminergic and cholinergic markers, e.g. via 

immunohistochemistry, would be needed for further analysis.  

Surprisingly, we did not observe changes in cholinergic activity in the hippocampus 

between exercise and sedentary rats. The influence of exercise on this brain region 

is well documented. It has been shown that exercise increases hippocampal 

formation in rats [51]. Furthermore, Fordyce and Farrar showed increased 

acetylcholine turnover after acute exercise in rats. However, it should be 

mentioned that they found a decrease or no change in hippocampal acetylcholine 

turnover after 6 months of exercise in 12 and 25 months old rats, respectively [52]. 
Moreover, studies have shown the positive effect of exercise in rat models of 

stroke and Korsakoff syndrome on the cholinergic neurons in the basal forebrain 
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which project to the hippocampus as well as the cortex [53, 54]. Both studies also 

found enhanced spatial learning and memory due to exercise. 

Exercise is widely seen as beneficial but it has also been used as a stressor in 

some studies [55, 56]. For example, one study found voluntary exercise to be more 

effective in facilitating hippocampal formation compared to forced exercise [51]. In 

this study, we performed a forced exercise protocol during the light phase of the 

rats while it was performed during the dark phase in most other studies [13, 57–
59]. This could have been a stressor but could not be prevented due to technical 

reasons. A study by Landers et al. similarly conducted a forced exercise protocol 

during the light phase and found no effect of exercise compared to sedentary rats 

in a 6-OHDA model [60], thereby contradicting the vast majority of previous 

research attributing positive effects to exercise. They concluded amongst others 

that stress due to light-phase exercise might have prevented the positive effects 

found in other studies. This could also have been the case in our study as no 

statistically significant difference in cholinergic activity between the sedentary and 
exercise rats were found in any brain region. 

While we did not find an effect of 6-OHDA, exercise or an interaction effect on 

cholinergic activity, e.g. in the hippocampus, we found interhemispheric differences 

in the hippocampus as well as in other brain regions. With the exception of the 

large effect size (Cohen’s d 1.03) found for the interhemispheric difference in the 

cortical region of the 6-OHDA group on day 10, the interhemispheric differences in 

all other brain regions and groups were small (Cohen’s d < 0.5) and with some 

even smaller than 0.2. For example, a statistically significant decrease was found 
in the ipsilateral compared to the contralateral striatum in the 6-OHDA group on 

day 31 although the effect size was determined to be 0.06. This is not only very 

small but also comparable to the effect size found in the other groups (Cohen’s d 

0.03-0.05). While each PET image was automatically co-registered to a tracer-

specific template, small errors in co-registration could have contributed to the 

interhemispheric differences. Additionally, the small sample size used (n=6-7) and 

the considerable amount of post-hoc comparisons performed could have led to 
false-positive results even though correction for multiple comparisons was applied 

[61, 62].  
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In summary, the cylinder test assessing motor-function gave inconclusive results 

and our study showed no effect of striatal 6-OHDA injection and exercise on 

cholinergic activity. Although we found interhemispheric differences in cholinergic 

activity they were small and could be false-positive results. Thus, further testing, 

e.g. immunohistochemistry, is necessary to confirm the dopaminergic denervation 

due to 6-OHDA as well as the interhemispheric differences in cholinergic activity. 

Future studies could also assess the degree of dopaminergic denervation as well 
as its influence on cholinergic activity in vivo with PET imaging and use exercise 

during the dark-phase to decrease the potential influence of stress. 
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Abstract  

Background: Leucine-rich repeat kinase 2 (LRRK2) mutations are the most 

common genetic risk factor for Parkinson’s disease (PD). While the corresponding 

pathogenic mechanisms remain largely unknown, LRRK2 has been implicated in 

the immune system. 

Objective: To assess whether LRRK2 mutations alter the sensitivity to a single 
peripheral inflammatory trigger, with ultimate impact on dopaminergic integrity, 

using a longitudinal imaging-based study design. 

Methods: Rats carrying LRRK2 p.G2019S and non-transgenic (NT) littermates 

were treated peripherally with lipopolysaccharide (LPS). They were monitored over 

10 months with PET markers for neuroinflammation and dopaminergic integrity, 

and with behavioral testing. Tyrosine hydroxylase and CD68 expression were 

assessed postmortem, 12 months after LPS treatment, in the striatum and 
substantia nigra. 

Results: Longitudinal [11C]PBR28 PET imaging revealed that LPS treatment 

caused inflammation in the brain, increasing over time, as compared to saline 

(corrected p = 0.008). LPS treated LRRK2 animals exhibited significantly increased 

neuroinflammation in the cortex and ventral-regions compared to saline treated 

animals (LRRK2 and NT) at 10 months post treatment, with the increase in 

[11C]PBR28 binding from baseline averaging 0.128 ± 0.045 g/mL. For LPS treated 

NT animals, the increase was not significant. CD68 immunohistochemistry data 
supported the imaging results, but without reaching statistical significance. No 

dopaminergic degeneration was observed. 

Conclusion: A single peripheral inflammatory trigger elicited long lasting, 

progressive neuroinflammation. A trend for an exacerbated inflammatory response 

in LRRK2 animals compared to NT controls was observed. Translationally, this 

implies that repeated exposure to inflammatory triggers may be needed for LRRK2 

mutation carriers to develop active PD. 
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Introduction 

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases 

worldwide. Its main neurochemical feature is the progressive loss of dopaminergic 

(DA) neurons in the substantia nigra pars compacta (SNpc). Despite extensive 

research, the factors triggering this neuronal loss are still largely unknown. 

Prevalence of PD increases significantly with age. A meta-analysis published in 

2014 showed that only 107 in 100,000 people are affected at the age of 50–59, 

increasing to more than 1000 in 100,000 at 70–79 years [1]. Likewise, it has been 
shown that propensity to neuroinflammation increases with age in healthy humans 

and in rodents [2, 3], and that disease severity can be exacerbated by inflammation 

in some neurodegenerative disease animal models [4, 5]. 

There is ample evidence supporting the presence of neuroinflammation in PD. 

Most of it comes from postmortem studies, which generally examine the brain after 

disease has been present for a long time. Evidence from imaging data, where the 

brain can be investigated at several stages of the disease, is discordant; some 
studies show increased neuroinflammation compared to healthy controls [6, 7] while 

others show no difference [8, 9]. There is thus no conclusive evidence as to the 

possible pathogenic role and timing of neuroinflammation in PD, nor about the exact 

relationship between neuroinflammation and external (peripheral) inflammatory 

triggers. 

In order to address this question two lines of research are being pursued: 

exploration of the effect of inflammatory triggers on the probability of occurrence 

and extent of neuroinflammation, and the link between neuroinflammation and 
dopaminergic deficit. 

Lipopolysaccharide (LPS) is a commonly used inflammatory trigger in various 

animal models and human studies. For example, it has been shown that a single 

dose of 1 ng/kg of LPS administered i.v. increases neuroinflammation in healthy 

controls as measured with the PET tracer [11C]PBR28 3 hours after LPS 

administration [10]. Animal studies have shown that intracranial infusions with low 
doses of LPS lead to neuroinflammation, followed by rapid degeneration of DA 
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neurons [11–13]. Nonetheless, in humans, neuroinflammation is much more likely to 

be induced by peripheral infections rather than via an i.v. or intracranial route. Thus, 

animal models using systemic inflammatory triggers, e.g. intraperitoneal (i.p.) or 

subcutaneous (s.c.) injections, have gained more interest in recent years (see 

review by Hoogland et al. 2015) [14]. Further, given that PD often manifests later in 

life, it is reasonable to expect that dopaminergic deficit may not be an immediate 

response to an acute insult, but instead may occur in response to a prolonged 
inflammatory exposure or possibly as a response to cumulatively triggered effects. 

One of the effects of neuroinflammation is activation of microglia, which are the 

resident innate immune cells in the brain; they are involved in brain homeostasis 

and respond rapidly to neuronal injury via cytokine expression and phagocytosis. 

Detection of microglia activation could thus be taken as an indication of elevated 

neuroinflammation. It has been shown that microglia are more susceptive to 

change into an activated state, referred to as microglia priming, after infections in the 

presence of prion disease or due to ageing [4, 15]. In addition, the probability of 
microglia priming can also be influenced by genetic mutations; several genes 

involved in PD have been linked to activation of microglia, e.g. LRRK2, GBA1 or 

SNCA [16]. For example, Gao et al. using a transgenic mouse model showed that 

A53T α-synuclein (α-syn) mutation leads to an increased neuroinflammatory 

response following a peripheral inflammatory trigger. Indeed, they showed 

increased neuroinflammation at 3 months and progressive DA neuron loss at 7 and 

10 months after peripheral LPS treatment of 7 months old mice [17]. 

The most common mutations in hereditary as well as sporadic PD are located in 
leucine-rich repeat kinase 2 (LRRK2), a multi-domain protein. Mutations occur in 

several domains of the protein with G2019S in the kinase domain being the most 

prevalent: 4% in hereditary and 1% in sporadic PD cases [18]. Although the 

physiological functions of LRRK2 are still unknown, it has been implicated in 

several signaling pathways like wingless-related integration site (WNT)-signaling, 

and cellular processes such as cytoskeletal dynamics, autophagy and functionality 

of mitochondria [19, 20]. Rodent models overexpressing human LRRK2 G2019S 
rarely show degeneration of the DA system or behavioral deficits. An age-

dependent loss of DA neurons has been described in some LRRK2 G2019S 
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transgenic mice [21, 22], but in similar rat models there have been no reports of a 

loss of DA neurons, with behavioral deficits also rare [23, 24]. This could suggest 
that LRRK2 is not directly involved in degenerative processes but rather 

influences other pathways, which consequently lead to neurodegeneration. It was 

shown that LRRK2 is not only expressed in neurons but also in cells of the innate 

as well as adaptive immune system [25–27]. This led to the suggestion that 

LRRK2 is involved in neuroinflammation as it is thought that LRRK2 promotes 

microglia priming via negative regulation of the transcription factors NFAT and 

NF-κB leading to exacerbated immune responses; increased LRRK2 kinase 

activity was shown to increase motility of microglia in vitro [28]. We thus 

hypothesized that microglia in a LRRK2 p.G2019S rat model [23] are primed by 
overexpression of human LRRK2 G2019S transgene and that a peripheral 

inflammatory trigger such as LPS would lead to exacerbated and long lasting 

neuroinflammation compared to non-transgenic (NT) littermates. The exacerbated 

neuroinflammation would lead to DA neuronal loss. We chose to administer LPS 

via a systemic injection as this route imitates infections in humans better than 

intracranial injections. We used [11C]PBR28, a Positron Emission Tomography 
(PET) tracer which binds to 18kDa translocator protein (TSPO) overexpressed in 

activated microglia, to evaluate microglia activation with autoradiography 24 hours 

after i.p. treatment with 3 mg/kg LPS or saline in NT and LRRK2 p.G2019S 

rats. Following the validation of our model, a longitudinal PET study with 

[11C]PBR28 was performed to assess microglia activation in the brain up to 10 

months after LPS treatment. Limited immunohistochemistry for a marker of 
microglia activation (cluster of differentiation 68, CD68) was performed 12 months 

post-LPS to provide an exploratory comparison to our in vivo PET findings. CD68 

was chosen as the marker for neuroinflammation as it is considered a well 

characterized and robust marker for activated microglia even though it is not 

suitable to distinguish microglia morphology [29, 30]. In the same cohort of animals 

in vivo PET imaging using markers of the DA system was performed. The vesicular 

monoamine transporter 2 (VMAT2, [11C]DTBZ) was chosen to investigate the 
integrity of the DA system after the inflammatory trigger, and DA storage and 

turnover was evaluated via [18F]FDOPA PET imaging as increased DA turnover 

was observed in human LRRK2 mutation carriers [31]. Furthermore, postmortem 
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analysis using immunohistochemistry against tyrosine hydroxylase (TH) was 

completed to verify [11C]DTBZ results. 

Methods 

Subjects and treatment  

Subjects 

In this study, male non-transgenic (NT) Sprague Dawley rats and hemizygous BAC 

LRRK2 p.G2019S littermates were used. Animals from this colony were previously 

shown to robustly express the human LRRK2 p.G2019S transgene [3]. The rats 

were housed in controlled standard conditions of humidity, a temperature of 21◦C and 

a 12-hour light cycle (light from 0700 to 1900 hours). The animals had access to 
water ad libitum while a mild food restriction was applied to reduce excessive 

weight gain of the animals starting at 3 months of age (50 g of chow per day; 60 

g/day for rats weighing over 825 g). 

Treatment 

At 4 months of age transgenic and NT animals were injected i.p. with either 3 

mg/kg lipopolysaccharide (LPS, Sigma L4130; extracted from E. coli serotype 

O111:B4 using trichloroacetic acid, no less than 500,000 endotoxin units/mg) 

dissolved in isotonic saline solution (Hospira) or saline solution only and their 

reaction monitored for 4 days for clinical signs of distress like decreased activity, 

food or fluid intake or decreased body weight. The amount of LPS used was 
determined with a pilot study testing LPS concentrations ranging from 0 to 3 mg/kg 

with 3 mg/kg showing the most reliable and consistent neuroinflammation 24 hours 

after i.p. injection (data not shown). The number of rats used per group for each 

type of test is presented in Table 1. 
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Behavioral testing 

Behavioral tests were performed 6 and 10 months after treatment with LPS or 

saline unless otherwise specified. Each animal was recorded and the videos 

evaluated for each outcome measure by an experimenter blinded to genotype and 
treatment. 

Open field test 

To assess general locomotor and exploratory activity and anxiety animals were 

placed in the center of a Plexiglas square (50 cm × 50 cm) and recorded for 5 

minutes. The time the animals spent in the center of the square (25 cm × 25 cm), 

time spent in motion and the number of rearings (weight only supported by hind 
legs) during the test period were evaluated. 

Beam walking test 

The beam walking test was performed to evaluate balance and motor coordination. 

A tapered beam (165 cm long, width: tapered from 6.5 cm to 1.5 cm, ledge: 2 cm 

below upper beam surface 2.5 cm on each side) was used and 5 tests were 

recorded [32]. The number of left and right hind paw slips was assessed and 

evaluated as a total score of paw slips on the entire beam. 

Olfactory test 

The olfactory test was performed to evaluate the animals’ interest in smelling and 

their ability to differentiate smells. The procedure was performed with some 

modifications as described previously [33]. A small container with vanilla smell and 

one with distilled water were placed in opposite corners of a clean cage (45 × 24 

cm). The rat was placed in the cage and recorded for 5 minutes. The number of 

sniffs was evaluated for each scent (vanilla/distilled water) with a sniff being defined 
by the animal actively approaching the container and moving the head to smell the 

scent. 
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Rotarod test 

Coordination and balance were assessed with the rotarod test. The apparatus was 

an automated rotarod (four station treadmill, ENV-575, Med-Associates Inc.) 

controlled by manufacturer’s software. At the start of the experiment the speed of 

the apparatus as set to 4 revolutions per minute (RPM) and accelerated to 40 RPM 
over a 5 minute period, remaining at 40 RPM for an additional minute. 10 trials 

were performed on the same day by each rat. A trial was ended when the animal 

fell from the apparatus or at the end of the 5 minutes. The variable of interest was 

the time spent on the device averaged over all trials. This test was only performed 

at 6 months post LPS treatment. At 10 months after treatment the animals were too 

large and heavy (most were over 800 g) to comfortably fit on the device [23]. 

Cylinder test 

To assess spontaneous forelimb use, at 6 months post treatment, animals were 

placed in a Plexiglas cylinder (21 cm diameter, 30 cm height) and recorded for 5 

minutes. The number of rearings was evaluated and defined as the animal 
supporting its weight completely with its hind paws. 

[11 C]PBR28 autoradiography 

A subset of animals was sacrificed by decapitation 24 hours after injection of LPS or 

saline. The brain was extracted rapidly and flash-frozen in isopentane and dry ice 

before storage at –80°C. Autoradiography with [11C]PBR28 was performed as 
described earlier [3] to evaluate the acute response to LPS. Briefly, sagittal 

sections were cut at 16 µm with a microtome cryostat (HM 500 OM; Microm 

International, Walldorf, Germany) and electrostatically adhered to glass microscope 

slides (Fisherbrand Superfrost Plus; Fisher Scientific). Slides were incubated in 

[11C]PBR28 (2 nmol/L) in 50 mmol/L Tris-HCl pH 7.8 for 30 minutes, followed by 5 
one minute washes in ice-cold rinsing buffer (10 mmol/L Tris-HCl pH 7.4, 150 

mmol/L NaCl). To measure non-specific binding adjacent sections were incubated 

simultaneously with the same buffer and nonradioactive PK11195 (1 µmol/L, 

Abcam Inc.). Slides were dried, placed on a phosphor screen (multi-sensitive 

imaging plate; Perkin-Elmer, Waltham, MA, USA) and eight standards of different 
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11C activity concentrations were added for accurate quantification with a standard 

curve. A high-resolution phosphor imager (Cyclone storage phosphor system; 

Packard Bioscience Co., Meriden, CT, USA) was used to read the screen after 

exposure. The manufacture’s software (OptiQuant; Parkard Instrument Co.) was 

used to position regions of interest (ROI) on the autoradiography images. Striatum, 

frontal cortex, cerebellum and midbrain were analyzed as individual regions and 
combined as whole brain region. The standard curve allowed the conversion of 

OptiQuant digital light units (DLU, measured signal) into activity (Bq) at the 

reference time. In each region the concentration of bound ligand (TSPO density, 

pmol/cc) was estimated by quantification of DLU per unit area. For this the 

contribution of nonspecific binding (typically <10% of total) was first subtracted 

before the DLU was divided by the slice thickness. DLU per unit volume was 

converted to activity concentration using the calibration factor and divided by the 

specific activity at the reference time. 

PET imaging 

Scanning methods 

A total of 193 scans with one radiotracer for neuroinflammation and two DA 

radiotracers were performed. PET imaging was performed using a MicroPET Focus 

120 (Concorde Microsystems Inc./Siemens, Knoxville, TN, USA) before LPS/saline 

treatment and 1.5, 3, 6 and 10 months after treatment (see Table 1) [34]. 

All radiotracers were injected as a bolus intravenously (i.v.). Neuroinflammation 

was assessed using the translocator protein (TSPO) ligand [11C]PBR28 at all time 
points [3]. Pre-synaptic integrity of the DA system was evaluated using the 

vesicular monoamine transporter 2 (VMAT2) ligand (+)-dihydrotetrabenazine 

([11C]DTBZ) at baseline, 6 and 10 months after LPS/saline treatment [35, 36]. 

Storage and synthesis of dopamine and dopamine turnover was assessed 10 

months after treatment with the levodopa analogue fluoro-3, 4-dihydroxyphenyl-L-

alanine ([18F]FDOPA) [37, 38]. PET imaging procedures were performed as 
described previously [3, 23, 39]. Briefly, to prevent rapid metabolism of parent 

radiotracer in blood, rats were fasted overnight prior to [18F]FDOPA scans and given 

a catechol-O-methyltransferase inhibitor (entacapone, 40 mg/kg) in two 20 mg/kg 
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i.p. doses at 60 and 30 minutes prior to the scan. 30 minutes prior to the scan an 

inhibitor of aromatic L-amino acid decarboxylase (benserazide, 10 mg/kg) was 
given i.p. Both inhibitors were given in a volume of 1 mL/kg. The functionality of the 

peripheral inhibitors was confirmed in venous blood samples. The specific activity 

for [11C]PBR28 was 116 ± 75 GBq/µmol (mean, standard deviation), 160 ± 79 

GBq/µmol for [11C]DTBZ and 0.014 ± 0.016 GBq/µmol for [18F]FDOPA. For all 

scans the injected activity was 45 ± 1 MBq/kg body weight. 

All scans were performed under 2.5% isoflurane anesthesia. During the scanning 

procedure the heart rate and blood oxygen saturation were measured using a pulse 

oximeter. The animal’s temperature was kept at 35 to 36°C using a heat lamp and 

measured with a digital thermometer. A 10-minute transmission scan with 57Co was 

performed before intravenous injection of the radiotracer in a 30-second bolus. 

Emission data were collected in listmode for 90 min for [11C]PBR28, 60 min for 

[11C]DTBZ and 180 min for [18F]FDOPA. 

Data processing and reconstruction was performed with the manufacturer’s 

software. This included standard corrections for attenuation, randoms, scatter, 

normalization and deadtime. Fourier rebinning followed by 2D filtered 

backprojection was used for reconstruction of dynamic images consisting of 20 

time frames (6×30, 2×60, 5×300, 3×400, 4×600 s) for [11C]PBR28, 17 time 

frames (6×30, 2×60, 5×300, 2×450, 2×480) for [11C]DTBZ and 26 time frames 

(6×30, 2×60, 5×300, 3×400, 6×700, 4×900) for [18F]FDOPA. 

Image processing and kinetic analysis 

Image processing and kinetic analysis for [11C]PBR28, [11C]DTBZ and [18F]FDOPA 
were performed as described previously [3, 23]. To enable consistent placement of 

regions of interest (ROIs), images were co-registered to pre-made tracer-specific 

templates aligned to the atlas of Rubins et al. [39]. Atlas-derived regions containing 

the cerebellum (0.047 cm3), cortex (0.119 cm3), thalamus (0.011 cm3), striatum 

(0.013 cm3), hippocampus (0.007 cm3) and ventral-region including the midbrain, 

brainstem, amygdala and hypothalamus (0.361 cm3) were co-registered to each 
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[11C]PBR28 image using the same transformation. An additional region was formed 

by combining the six regions of the brain atlas and denoted as ‘whole-brain’. Time-

activity curves were obtained from the dynamic PET images using those 7 regions 

and standard uptake values (SUV, g/mL) were calculated between 45 and 90 min 

post injection. For this the average activity concentration in a region (kBq/mL) was 

divided by the injected activity per unit body weight (MBq/kg). This measure has 
been previously found to be well correlated with plasma derived VT and BPND, while 

being considerably more precise [3]. Previously, we also observed increased 

[11C]PBR28 binding as a function of age, independent of genotype. Therefore, for 

each time point, age-centered SUV were calculated by subtracting the mean SUV 

of all saline treated animals from each individual rat’s SUV values to account for the 

effect of age on neuroinflammation [3]. For the analysis of [11C]DTBZ and 

[18F]FDOPA, ROI were drawn manually on the left and right striatum (0.022 cm3) 

and cerebellum (0.043 cm3) and time-activity curves were extracted. Striatal ROIs 

were combined for further analysis as no asymmetry was found. For [11C]DTBZ the 
Logan graphical analysis method was used to calculate BPND [40]. The start of the 

fitting time was 30 min and the term containing k’2 was omitted [41]. Comparison of 

the baseline BPND with one-way ANOVA revealed an incidental trend towards a 

difference in BPND values between the four groups (F(3, 23) = 2.924, p = 0.059). 

Post-hoc analysis revealed significant differences between NT-LPS group and all 

other groups (NT-Sal: p = 0.016; LRRK2-Sal: p = 0.032; LRRK2-LPS: p = 0.040). 

Therefore, the fractional change of BPND used in the analysis, was calculated by 
dividing the BPND at 6 and 10 months by the baseline value for each rat. The 

dopamine uptake rate (Kref) and effective dopamine turnover (EDVR) were 

analyzed for [18F]FDOPA as described previously [38, 42]. All analysis was 

performed using in-house software written in Matlab (The Mathworks Inc., Natick, 

MA, USA). 
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Postmortem analysis 

Immunohistochemistry 

Twelve months after LPS or saline treatment, LRRK2 p.G2019S rats and NT 

littermates were deeply anesthetized with 240 mg/kg sodium pentobarbital i.p. and 
transcardially perfused with 150 mL isotonic saline and 4% paraformaldehyde (PFA, 

4◦C). The brains were removed, postfixed in 4% PFA overnight and incubated in a 

10% to 30% sucrose gradient. 30 µm thick coronal sections were harvested using a 

microtome cryostat (HM 500 OM; Microm International, Walldorf, Germany). 

Immunohistochemistry for antigen CD68 was performed as follows. Tissue sections 

were blocked in 5% normal goat serum, 2% bovine serum albumin (BSA), 0.4% 
Triton-X in Tris buffered saline (TBS), incubated with the primary antibody (α-

CD68, 1:2000; BioRad MCA341R) overnight at room temperature, and then with 

the biotinylated secondary antibody (1:500, Vector Laboratories BA-9200) for one 

hour. Sections with biotinylated marker were incubated for 75 minutes with avidin-

biotin complex with alkaline phosphatase (ABC-AP) (Vectastatin, Vector 

Laboratories AK-5005) and stained with VectorRed (Vector Laboratories SK-5100) 

according to the manufacturer’s instructions. The sections were mounted on 

electrostatic slides (Fisherbrand Superfrost Plus; Fisher Scientific) and cover-
slipped with Permount (Fisher Scientific SP15-500). 

For tyrosine hydroxylase (TH) immunohistochemistry, tissue sections were blocked 

in 2% normal goat serum, 0.1% Triton X-100 in PBS, incubated with the primary 

antibody (1:1000, Immunostar 22941) overnight at 4◦C and for one hour with the 

biotinylated secondary antibody (1:200, Vector Laboratories BA-9200) at room 

temperature. Sections were incubated for 75 minutes with ABC with horse radish 
peroxidase (ABC-HRP) (Vectastatin Elite, Vector Laboratories PK-6100) and 3,3’-

Diaminobenzidine Tetrahydrochloride (DAB) (Sigmafast, Sigma D4293) staining 

was performed for 2.5 minutes according to the manufacturer’s instructions. 

Sections were mounted on slides (Fisherbrand Superfrost Plus; Fisher Scientific) 

and cover-slipped with Permount (Fisher Scientific SP15-500). 
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Optical density quantification 

The optical density (O.D.) of TH immunoreactive (ir) fibers was determined in the 

striatum; photomicrographs of striatal sections were captured using an Evos FL 
Auto Cell Imaging System (Invitrogen, Carlsbad, CA, USA) and analyzed with NIH 

ImageJ software. A step tablet was used to calibrate ImageJ, and grey scale values 

were converted to O.D. units using the Rodbard function. The mean O.D. of a ROI 

placed on the striatum was recorded. 

Stereological cell quantification 

The optical disector method [43] was used to evaluate the numerical density of the 

TH positive neurons in the SN; cells were counted using an Olympus BH2 

microscope with Olympus SPlan Apo 100x objective (oil, numerical aperture 1.4) 

(Olympus, Tokyo, Japan). The focus depth was measured with a 3-MR Microcode II 

(Boeckeler Instruments Inc., Tuscon, AZ, USA) for each counted area individually 
and averaged over each section (D, average focus depth). The counting frame had 

an area of 100 µm × 100 µm (0.01 mm2) giving the disector (the box in which cells 

are counted) a volume of 0.01 × D mm3. TH positive neurons were counted when 

they were completely within the counting frame or touching its top or left side. If they 

were touching the bottom or right side of the counting frame or the top level of focus 

of the disector the TH positive neurons were excluded. 

The number of CD68 positive cells per area (Na) was evaluated, as the focus 

depth for those sections could not be assessed. Cells were counted using an 

Olympus BH2 microscope with an Olympus SPlan 20x PL objective (numerical 

aperture 0.46) (Olympus, Tokyo, Japan). The counting frame had an area of 490 µm 

× 490 µm (0.24 mm2). CD68 positive cells were counted when they were 

completely within the counting frame or touching the top or left side. Cells touching 
the bottom or right side of the counting frame were excluded as well as CD68 

positive cells in blood vessels or in close proximity to the corpus callosum or 

ventricles. 
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Statistical analysis  

Autoradiography 

TSPO density levels determined in [11C]PBR28 autoradiography were compared 
using a 2-way analysis of variance (ANOVA) with LPS treatment and genotype as 

main effects. For each LPS treated rat and each region, the fractional increase in 

binding compared to saline treated rats was found. This was calculated as the 

difference in TSPO density (LPS rat minus mean of saline rats) divided by the mean 

TSPO density from saline rats. The average of such increase for all LPS treated rats 

is reported, and expressed as a percentage. 

PET data 

Age-centered SUV of longitudinal [11C]PBR28 PET imaging were analyzed using a 

linear mixed effects model with a random intercept and with group and time since 
LPS (time) as fixed effects. Maximum likelihood (ML) was used as the estimation 

method. A second linear mixed effects model was fitted using ML with a random 

intercept and LPS treatment as a fixed effect. For both models post-hoc tests were 

performed and corrected for multiple comparison using the Sidak method [44]. For 

[11C]DTBZ imaging the fractional change of BPND to baseline was analyzed using a 

repeated measures 2-way ANOVA with LPS treatment and genotype as main 

effects. Similarly, a 2-way ANOVA for comparison of Kref and EDVR of [18F]FDOPA 

PET imaging was performed. 

Behavioral tests 

The data from behavioral assessments were transformed using the square root to 

approximate normal distribution. Repeated measures 2-way ANOVAs with genotype 

and LPS treatment as main effects were used to analyze the measurements 

obtained at 6 and 10 months after LPS treatment. As the cylinder and rotarod test 

were only performed at 6 months post-LPS respectively, they were analyzed with a 

2-way ANOVA. 
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Postmortem analysis 

A 2-way ANOVA with genotype and LPS treatment as main effects was applied to 

Nv of TH positive cells in the SN, optical density (O.D) of TH immunoreactive fibers 
in the striatum and number of CD68 positive cells (Na) in SN and striatum. Na 

values were transformed using the natural logarithm before applying the statistical 

analysis. 

Spearman’s correlation of CD68 positive cells (Na) with [11C]PBR28 SUV was 

calculated using non-transformed data. The PET outcome measure SUV (not 

corrected for age) for the ventral-region, encompassing the SN, was correlated 
with Na of SN, and a correlation between striatal SUV and Na was performed. 

Results 

Acute effects of LPS treatment 

In our pilot, dose-validation study, high-resolution autoradiography showed 

significantly and roughly uniformly increased TSPO density 24 hours after 

treatment in animals injected with LPS compared to saline injected animals in all 

examined regions independent of genotype (Table 2). The increase was 52% in the 
whole-brain region, 57% in the striatum and 47% in the cerebellum. The highest 

increase was found in the midbrain (61%) with a similar value (57%) for the frontal 

cortex. The 2-way ANOVA showed no effect of genotype or interaction of LPS and 

genotype for any of the regions evaluated. These data confirmed an acute effect of 

LPS. Example autoradiography images for LRRK2 p.G2019S animals are shown in 

Fig. 1. 
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Figure 1 Increased TSPO density 
24 hours after injection of 3 mg/kg 
LPS i.p. in the whole brain region 
compared to saline injected 
animals. Autoradiography using 
[11C]PBR28 was performed 24 
hours after injection of 3 mg/kg 
LPS or saline in LRRK2 p.G2019S 
rats and NT littermates. (A) 2-way 
ANOVA found a significant 
increase in TSPO density due to 
effect of LPS treatment (p = 0.007) 
but no effect of genotype (p = 0.8) 
or LPS x genotype interaction (p = 
0.5). (B) Representative sagittal 
auto-radiography slices for saline 
and LPS injected LRRK2 
p.G2019S animals are shown. (n = 
4, shown is the mean). 

 

Table 2 TSPO density 24 hours after treatment with LPS (3mg/kg i.p.) or saline and 
statistical analysis. Mean and standard error are shown. (2-way ANOVA, n = 4) 

 TSPO density (nmol/cc) 

Group Striatum Frontal 
Cortex 

Cerebellum Midbrain Whole-brain 

NT-Sal 22 ± 2 27 ± 3 47 ± 8 29 ± 5 36 ± 5 

LRRK2-Sal 29 ± 8 36 ± 4 50 ± 5 34 ± 2 41 ± 4 

NT-LPS 40 ± 4 40 ± 5 72 ±10 51 ± 6 60 ± 7 

LRRK2-LPS 38 ± 5 48 ± 6 70 ± 9 49 ± 5 57 ± 7 

LPS effect F(1, 16)=13.0 
p = 0.004 

F(1, 16)=11.8 
p = 0.005 

F(1, 16)=7.6 
p = 0.017 

F(1, 16)=15.7 
p = 0.002 

F(1, 16)=10.7 
p = 0.007 

Genotype 
effect 

F(1, 16) = 0.4 
p = 0.535 

F(1, 16) = 0.4 
p = 0.518 

F(1, 
16)=0.01 
p = 0.939 

F(1, 16) = 0.6 
p = 0.809 

F(1, 16)=0.07 
p = 0.801 

LPS x 
Genotype 
effect 

F(1, 16) = 1.4 
p = 0.260 

F(1, 16) = 1.3 
p = 0.282 

F(1, 16) = 
0.1 

p = 0.743 

F(1, 16) = 0.5 
p = 0.478 

F(1, 16) = 0.4 
p = 0.545 
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Longitudinal effects of a single LPS treatment PET imaging 

PET imaging 

In accordance with previous results no genotype effect on [11C]PBR28 binding was 

found in the saline treated groups at any time point [3]. Hence, the two saline-

treated groups were pooled to increase the power for further analysis of in vivo 

PET imaging data and subsequent immunohistochemistry analysis. Results 

areprovided in Table 3. No significant differences between groups were observed in 

the thalamus, hippocampus, cerebellum and the striatum. Figure 2E shows the age-
centered SUV over time in the striatum as an example of all ROIs where no 

significant difference between groups was found. Significant differences were 

however found in the cortical, ventral, and whole-brain regions. 

Age-centered SUV values derived from the cortical ROI (see Fig. 2C) were 

significantly different between the Saline and LRRK2-LPS group at 10 months after 

LPS treatment (corrected p = 0.04, age-centered SUV difference 0.07 g/ml) but not 

between Saline and NT-LPS (corrected p = 0.4) or NT-LPS and LRRK2-LPS 

(corrected p = 0.8). The main effects time, treatment group and the time × group 

interaction were not significantly different between groups. An effect of LPS was 
found at 10 months (corrected p = 0.02), however there was no effect of LPS over all 

time points (F(1,18) = 2.289, p = 0.14). 

Age-centered SUV values derived from the ventral-region, which includes the 

midbrain, brainstem, amygdala and hypothalamus, showed a significant increase 

between baseline and 10 months post LPS in LRRK2 p.G2019S rats (ventral-

region: corrected p = 0.02, age-centered SUV difference of 0.128 ± 0.045 g/mL). 

Although a smaller increase occurred in LPS treated NT rats (age-centered 

difference of 0.025 ± 0.02 g/mL), the difference was not statistically significant 
compared to any other group (LRRK2 LPS treated, or saline treated animals). 

LRRK2-LPS animals at 10 months showed significantly higher [11C]PBR28 binding 

compared to saline treated animals (corrected p = 0.01, age-centered SUV 

difference 0.116 g/ml) as shown in Fig. 2D.  
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Figure 2 Significantly increased uptake of [11C]PRB28 10 months after LPS treatment. 
Representative [11C]PBR28 PET images (A) and age-centered SUV (SUV adjusted by mean 
value of saline group at each time point) for whole brain (B), cortex (C), ventral-region (D) 
and striatal ROI (E). Analysis with linear mixed effects model showed a significant difference 
between saline and LRRK2-LPS groups at 10 months in whole brain (corrected p = 0.01), 
cortex (corrected p = 0.04) and ventral-region ROI (corrected p = 0.01) but not in the 
striatum (corrected p = 1). Representative PET images presented in units of SUV (activity 
concentration (kBq/mL) divided by injected activity per unit body weight (MBq/kg)). The 
images were prepared by summation of the last 45 min of the scan, followed by smoothing 
using 1-mm full-width half-maximum 3D Gaussian. A 0.4 mm thick slice is shown. Schematic 
outline of the rat brain is shown in white and an outline of the ROI ventral-region (including 
midbrain, brainstem, amygdala and hypothalamus) in red. Shown are mean and standard 
error (see Table 1 for number of animals used per time point).  
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No significant differences between Saline and NT-LPS or NT-LPS and LRRK2-LPS 

rats (corrected p = 0.3 and p = 0.6 respectively) or in the main effects group and the 

time × group interaction were found, however, a trend towards significance was 

observed for the main effect time (F(4,25) = 2.183, p = 0.08). Assessment of LPS 

effect in the ventral-region found increased uptake of [11C]PBR28 at 10 months 

after LPS treatment in animals treated with LPS compared to saline injected 

animals with a difference in age-centered SUV of 0.09 (corrected p = 0.006), and a 
significant main effect for LPS (F(1, 18) = 4.319, p = 0.043). 

Similar results were found for whole-brain ROI. The LRRK2 p.G2019S rats treated 

with LPS showed a significant increase in [11C]PBR binding between baseline and 

10 months post LPS (corrected p = 0.04, age-centered SUV difference 0.102 g/ml). 

[11C]PBR28 binding in LRRK2-LPS animals was significantly higher compared to 
saline treated animals at 10 months post-LPS administration (corrected p = 0.01, 

age-centered SUV difference 0.096 g/ml) as shown in Fig. 2B. Differences between 

the Saline and NT-LPS group (corrected p = 0.3) or NT-LPS and LRRK2-LPS 

(corrected p = 0.6) were not significant. No significant differences in the main 

effects time, treatment group or time × group interaction were found for the whole-

brain ROI. The comparison of LPS treated rats with saline treated rats for an LPS 

effect found an increase of [11C]PBR28 uptake at 10 months in the region 

(corrected p = 0.008, age-centered SUV difference 0.08 g/ml). The main effect for 
LPS was significant (F(1, 18) = 4.124, p = 0.048). 

Postmortem analysis 

Results from the postmortem analysis, performed at 12 months after LPS 

administration showed an increase in striatal CD68 positive cells (Na) in the LPS 

treated groups of 39% for NT and 142% for LRRK2 p.G2019S animals compared 

to saline as shown in Fig. 3A. In the SN, a decrease in Na of 23% was assessed for 

NT-LPS and an increase of 27% for LRRK2 p.G2019S rats treated with LPS 

compared to saline treated animals (Fig. 3C). However, these differences did not 

reach statistical significance due to the high variability in the data. Spearman’s 

correlation of PET imaging data with postmortem analysis revealed a weak but 

significant correlation (ρ = 0.44, p = 0.046) between Na of SN and the SUV (not 
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corrected for age) of [11C]PBR28 in the ventral-region which includes the SN. No 

correlation between the [11C]PBR28 binding in the striatum and results from the 

postmortem CD68 analysis in the striatum was found (ρ = 0.22, p = 0.3). 

 

 
Figure 3 No differences in the number of CD68 positive cells 12 months after 3 mg/kg LPS 
i.p. injection. Shown are the number of CD68 positive cells (black arrows) per area (Na) in 
the striatum (A) and SN (C). No effects of genotype or LPS treatment were found using 2-
way ANOVA. Representative images of CD68 stain in striatum and SN (B). Scale bar 100 
µm. n = 6-12. 

 

Influence of LPS treatment on DA system PET imaging 

PET imaging 

The integrity of the DA system was assessed at baseline, 6 and 10 months post 

LPS treatment using [11C]DTBZ. The fractional change of BPND to baseline showed 
no significant differences over time (F(1,15) = 2.581, p = 0.13) or between 

genotype (F(1,15) = 0.051, p = 0.82), treatment (F(1,15) = 1.214, p = 0.29) or the 

interaction of genotype × treatment (F(1,15) = 0.913, p = 0.35, see Fig. 4A).The 
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capacity of the DA system for dopamine uptake (Kref ) and effective dopamine 

turnover (EDVR) was only evaluated with [18F]FDOPA 10 months after injection of 

LPS or saline. As shown in Fig. 4D and 4E no significant differences were found in 

either outcome measure for genotype, treatment or genotype × treatment 

interaction. 

 

 

Figure 4 No significant differences in fractional change in BPND to baseline of [11C]DTBZ 
over time or between genotype and treatment groups (repeated measures 2-way ANOVA) 
and no significant differences in [18F]FDOPA uptake (Kref) or turnover (EDVR) (2-way 
ANOVA). Shown are fractional change of BPND of [11C]DTBZ to baseline (A) and effective 
distribution volume (EDVR) and tissue input uptake rate constant (Kref) of [18F]FDOPA (D, E) 
of the striatum. Representative images of an animal from the LRRK2-LPS group are shown 
for [11C]DTBZ (B) and [18F]FDOPA (C) in units of SUV (activity concentration (kBq/mL) 
divided by injected activity per unit body weight (MBq/kg) (mean and standard error)). 
Example PET images were prepared by summation of the final 30 min of [11C]DTBZ and 5-
180 min of [18F]FDOPA scan, followed by smoothing using 1-mm full-width half-maximum 3D 
Gaussian. A 0.4 mm thick slice is shown. Radiotracer accumulation in the striatum and 
Harderian glands can be seen. Shown is the mean. 

 

Behavioral tests 

Open field testing: A significant decrease of time in center (F(1,24) = 6.197, p = 

0.02) and time in motion (F(1,24) = 24.614, p < 0.0001) from 6 to 10 months was 
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observed for all groups in open field testing (Fig. 5A, B). No effect of genotype, 

treatment or genotype × treatment was found for time in center. A significant 

effect of LPS was observed (F(1,24) = 4.322, p = 0.048) for both the LRRK2 and WT 

groups for time in motion but no effect of genotype or genotype × treatment 

interaction. Genotype was found to be a significant factor in rearing frequency in 

open field testing (F(1,24) = 4.879, p = 0.037) with an increasing difference of 

26% to 61% between NT and LRRK2 p.G2019S animals from 6 to 10 months after 

treatment (Fig. 5C). No significant effects of treatment, or genotype × treatment 

interaction were found. 

Beam Walking Test: No significant effects of genotype, treatment or genotype × 

treatment interaction were found in the total number of hind paw slips assessed at 

6 and 10 months post LPS (Fig. 5D). Additionally, no significant effect of time was 

found. 

Olfactory test: Olfactory test showed a significant decrease of sniffs of odor (vanilla, 

F(1,24) = 11.802, p = 0.002) and total sniffs (F(1,24) = 11.742, p = 0.002) from 6 to 
10 months after treatment (see Fig. 5E and F, respectively). For either 

measurement, the biggest decrease was found for NT-LPS animals (vanilla sniffs: 

69%, total sniffs: 58%) followed by LRRK2 p.G2019S rats treated with LPS (vanilla 

sniffs: 41%, total sniffs: 49%) and NT animals treated with saline (vanilla sniffs: 

41%, total sniffs: 22%). LRRK2-Sal animals showed a slight increase in vanilla 

sniffs as well as total sniffs. Genotype or genotype × treatment interaction were not 

significant for vanilla or total sniffs. 

Rotarod test: Mean time on the rotarod was evaluated 6 months after LPS injection 

and showed a trend towards significance for genotype (F(1,25) = 3.085, p = 0.09) 
with LRRK2 p.G2019S rats performing 23% worse on average compared to NT 

littermates (Fig. 5G), but with no effect of treatment. 

Cylinder Test: The cylinder test was performed at 6 months post LPS and found no 

effect of genotype or treatment on number of rearings (data not shown) consistent 

with a previous study [23]. 
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Figure 5 Significant effect of time in behavioral testing. Time in center (A) and time in motion 
(B) assessed in open field test showed a significant time effect (p = 0.02, p < 0.001 
respectively). LPS treatment decreased time in motion significantly (p = 0.05). Significant 
effect of genotype (p = 0.04) was found for number of rearing (C) assessed in open field test. 
No significant differences were observed for number of slips in beam walking test (D). A 
significant time effect was detected in number of vanilla sniffs (E, p = 0.002) and number of 
total sniffs (p = 0.002) in olfactory testing. The tests were assessed at 6 and 10 months after 
injection of LPS with 2-way ANOVA. Rotarod (G, Time on rotarod) was evaluated at 6 
months’ post LPS. No significant differences were found. (Mean, n = 5-9) 
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Postmortem analysis 

TH was used as a marker of the DA system for immunohistochemistry 12 months 

after LPS treatment. The number of TH positive cells was evaluated in the SN 

whereas optical density of TH immunoreactive fibers was assessed in the striatum 

as shown in Fig. 6. No influence of genotype, treatment or genotype × treatment 

interaction was found in the SN or striatum. 

 

 

Figure 6 No difference in TH in 
striatum and SN. Shown are 
representative images of striatum 
and SN sections stained for TH. 
(A) O.D. of immunoreactive DA 
fibers was assessed in the striatum 
(B) and Nv of TH positive neurons 
was evaluated in the SN (C). No 
significant differences between 
saline and LPS treated groups or 
effect of genotype was observed 
by 2-way ANOVA in Nv of DA 
neurons in the SN or O.D. of TH 
immunoreactive fibers determined 
12 months after injection of 3 
mg/kg LPS i.p. Shown is the mean 
(n = 6-12). 
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Discussion 

We explored the response of LRRK2 p.G2019S rats to a systemic inflammatory 

trigger as related to neuroinflammation and the consequent possible impact on the 

DA system over a period of 12 months. An increase of TSPO density was found 24 

hours after peripheral LPS injection in several brain regions as an acute effect of 

treatment demonstrating effectiveness of the intervention. Longitudinal in-vivo 

imaging demonstrated a significant elevation of [11C]PBR28 binding in rats carrying 

LRRK2 p.G2019S 10 months after i.p. injection of LPS compared to rats (NT and 

transgenic) injected i.p. with saline, particularly in the ventral brain region which 

included the midbrain, brainstem, amygdala and hypothalamus. The results of the 

postmortem analysis with a marker for neuroinflammation (CD68) performed in the 

striatum were inconclusive due to high noise in the data; for technical reasons we 
were unable to perform a comparative postmortem analysis in the ventral brain 

sections. The DA system was not affected by the increased activation of microglia 

up to 12 months after LPS treatment confirmed by in vivo PET studies using both 

[11C]DTBZ and [18F]FDOPA, and by immunohistochemistry for TH. Behavioral 

alterations were mainly due to ageing. LPS treated animals showed a reduced time 

in motion in the open field test compared to saline treated animals. LRRK2 p.G2019S 
animals showed an increased number of rearings in the open field test, 

independent of treatment, as compared to NT animals. 

Systemic LPS causes acute neuroinflammation 

LRRK2 is expressed in high quantities not only in neurons but also in glia cells. 
Recently, several mutations in LRRK2 gene have been linked to 

neuroinflammation. To investigate the influence of inflammatory triggers like LPS on 

the innate immune system in the brain several different rodent models have been 

used in the past years. Most involve intracranial injections of low doses of LPS and 

lead to rapid degeneration of DA neurons [12–14]. Although valid approaches, these 

models do not represent the usual route of infection in humans. Peripheral 

injections have been used by several groups to show increased neuroinflammation 

in rodents but also non-human primates and humans [10, 11, 45]. However, most 
studies only investigate neuroinflammation over a short period of time while longer 
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studies usually require several cohorts of animals. PET imaging offers the possibility 

to investigate changes in different markers over time in a single cohort of animals. 

Here, we used [11C]PBR28 PET imaging before and up to 10 months after systemic 

LPS treatment to investigate inflammation in the brain in the same subjects. 

First, the acute response to the chosen inflammatory trigger was investigated with 

[11C]PBR28 autoradiography 24 hours after systemic injection of LPS in NT and 

LRRK2 p.G2019S rats. As expected, an elevation of TSPO density was seen in all 

regions evaluated with more than doubled binding of [11C]PBR28 in the midbrain, 

striatum, frontal cortex and cerebellum. In line with previously published data our 

results show that a systemic injection of 3 mg/kg LPS leads to inflammation in the 

brain in our rat model [11]. 

Systemic LPS causes chronic neuroinflammation, possibly 
exacerbated by LRRK2 mutations 

The main part of our study was comprised of [11C]PBR28 PET scans at baseline 
and, additionally, from 1.5 to 10 months after LPS injection. An overall increase of 

[11C]PBR28 accumulation in saline treated animals with age was seen, in line with a 

previous study by Walker et al. in the same rat model [3]. The age-related increase 

from baseline to 10 months post intervention was 0.25 ± 0.025 g/ml for the saline 

treated animals in the whole-brain region (data not shown). Therefore, the outcome 
variable (SUV) was corrected for the effect of age on microglia activation to evaluate 

only the influence of LPS treatment or genotype. This allowed us to focus on the 

additional 40% increase as found in the whole-brain for the LRRK2-LPS group. 

Figure 2B and 6.2D show the progression of [11C]PBR28 accumulation in the 

whole-brain region and the ventral-region at baseline and up to 10 months after 

treatment. An almost identical behavior was found for both regions over time, and 
statistical analysis verified the similarities. The whole-brain region was a weighted 

average of all regions analyzed individually and included the ventral-region; given 

its relatively large size, the behavior of the ventral-region was the main driver of the 

results observed in the whole-brain region. 
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An elevated neuroinflammatory response of LRRK2 p.G2019S rats treated with LPS 

compared to saline treated animals developed and increased over time in the cortex 

(6 to 10 months) and ventral-region (3 to 10 months). Even though a significant LPS 

effect was found irrespective of the mutation status, the LPS-treated LRRK2 

animals showed consistently higher [11C]PBR28 binding values in the cortex and 

ventral-regions compared to LPS-treated NT animals at 10 months, albeit this 
increase did not reach statistical significance. Contrary to our expectations LRRK2 

p.G2019S rats, similar to NT animals, did not show a clear elevation of 

neuroinflammation in the striatum 1.5 to 10 months after the LPS challenge. This 

was corroborated by immunohistochemistry for a marker of activated microglia 

(CD68). CD68 positive cells per area were evaluated in the striatum and SN and no 

significant difference between LRRK2 p.G2019S rats or NT littermates treated with 

LPS and saline treated animals was found. Nonetheless, a trend for significance of 

an LPS effect between groups was observed in the striatum (p = 0.2) despite the 
high variability in the postmortem data (see limitations). The resolution of PET 

imaging is limited and therefore it is possible that this trend for an LPS effect in the 

post-mortem data was not yet detectable with PET imaging for neuroinflammation. 

On the other hand, the same reasoning would confirm the robustness of the PET 

findings for the ventral striatum. 

No influence of systemic LPS on DA system 

Behavioral testing, in vivo PET imaging using [11C]DTBZ and [18F]FDOPA and 

immunohistochemistry with TH were used to investigate the influence of a single 

inflammatory trigger on the DA system of LRRK2 p.G2019S rats and NT littermates. 

We found a trend towards significance for reduced rotarod performance in LRRK2 
p.G2019S rats compared to NT littermates with no effect of treatment or treatment 

genotype interaction at 6 months post LPS (10 month of age). This outcome is 

consistent with a previous study in the same LRRK2 model and with that of Sloan 

et al. who found significantly reduced rotarod performance in LRRK2 G2019S TG 

rats compared to non-transgenic controls in old animals (18–21 months) [23, 46]. 

No differences in number of steps in beam walking test related to genotype or LPS 

treatment were found. Open field and olfactory tests showed a significant effect of 
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time in all groups, which is most likely related to ageing of the rats. High variability, 

most likely due to the small group size, in both tests make interpretation of the 
results difficult. Our LRRK2 p.G2019S rat model showed increased number of 

rearings at 6 and 10 months after LPS injection compared to NT animals and a 

reduced decrease of time in motion at 10 months in open field test. This could be 

interpreted as a hyperkinetic phenotype as seen by Longo et al. in LRRK2 

p.G2019S mice. Their model showed increased activity in open field compared to 

WT mice until 19 months of age. Nevertheless, their model showed constantly better 

performance on rotarod compared to WT contrary to our findings [23, 47]. 

We hypothesized that persistent neuroinflammation induced by a single 
inflammatory trigger in LRRK2 p.G2019S rats would lead to degeneration of the 

nigrostriatal pathway. Our results did not detect exacerbated inflammation in the 

striatum using [11C]PBR28 PET imaging or striatum and SN with 

immunohistochemistry for CD68. Hence, it is not surprising that no degeneration of 

the DA system was found. Neither the integrity of the DA system nor DA turnover or 

uptake were significantly altered 6 or 10 months after the inflammatory trigger. 
Influences of genotype were evaluated as well and similarly showed no effect. 

Additionally, Nv of TH positive neurons in the SN and O.D. of TH immunoreactive 

fibers in the striatum were evaluated 12 months after LPS treatment and showed no 

significant differences. 

Our results are in line with previously published characterizations of LRRK2 

p.G2019S rodent models. Loss of DA neurons or nigrostriatal dysfunction have 

only been described in few transgenic LRRK2 p.G2019S mouse models [48, 49] 
but to our knowledge not in transgenic rats [23, 24] suggesting that LRRK2 G2019S 

mutations do not influence the DA system directly. The addition of an inflammatory 

trigger did not lead to loss of DA neurons as seen by Qin et al. in a wild-type mouse 

model. They described loss of DA neurons in the SN and increased microglia 

activation 7 and 10 months after systemic injection of LPS [50]. Our results showed 

increased inflammation only in the cortex and ventral-region of the brain 10 months 

after LPS treatment and we could not confirm an impact of this neuroinflammation 

on the DA system. Nevertheless, not only DA but also other neurotransmitters are 
involved in PD, and have gained more interest in recent years. Choline, 
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noradrenaline and serotonin are involved in motor- as well as non-motor symptoms 

of PD [51]. The increased inflammation we found, especially in the ventral-region of 

the brain, could affect those neurotransmitter systems. Indeed, coincidentally, most 

of the monoaminergic cell bodies that are known to be among the most sensitive 

neurons to injury and inflammation are located in this ventral-region, suggesting a 

path for preferential deficit to repeated exposure over time. 

Limitations of the study 

Limitations of the current study are the high variability and a non-parametric 

distribution in the postmortem immunohistochemistry results and limited choice of 

immunostaining markers. The main reason for the variability is that not all brain 

tissue from each animal could be included in the analysis for technical reasons. 

Tissue was initially stained with Iba1 and CD68 with the intent to assess both 
microglia numbers and their morphology. However, due to the presence of an 

unexpectedly high background staining (from technical problem), these tissues had 

to be excluded from the study. The immunohistochemistry protocol was improved 

and re-validated, but due to the limited number of tissue sections that remained we 

continued only with CD68 as a marker for activated microglia. Although CD68 is not 

only expressed in activated microglia but also in other cell types like endothelial cells 

or lymphocytes, it is still an accepted marker for microglia activation [29, 30]. 
However, immunohistochemistry using the microglia marker Iba1 would have 

allowed differentiation between ramified and activated microglia by morphology, 

which would have strengthened the current study. 

The reduced number of brain sections in the striatum and SN most likely increased 

the variability in Na and Nv. The postmortem analysis was however included only as 

an exploratory comparison to the imaging data (where the longitudinal progress 

was the aspect of most interest) rather than being the primary end-point of interest. 

The lack of correlation between the imaging data and postmortem analysis in the 
striatum and the weak correlation between SN and ventral-region is likely in part 

due to the variability in the data, different spatial resolution of the two techniques 

and the non-identical binding targets for the in-vitro measurement (CD68) and in-

vivo ([11C]PBR28). Future studies, which would control for animal handling, 
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anesthesia and other effects, could specifically address LPS -induced expression of 

cytokines and transcriptional factors. Furthermore, the small group size in NT groups 
for behavioral tests meant that these tests had only modest power. The numbers of 

rats in the control groups were small due to the exploratory character of the 

behavioral aspects in this study, with the focus being on longitudinal PET imaging 

where repeated imaging of the same individuals greatly enhances the power of the 

study. Following our previous study [3], we did not expect large variation of 

[11C]PBR28 SUV within our groups. An additional limitation is that the scope of the 
PET imaging was limited to 10 months after LPS treatment. It is possible that 

microglia activation in the ventral-region precedes that in other regions of the brain 

like the striatum or SN. Several studies of PD patients have suggested increased 

inflammation in the basal ganglia, pons, midbrain and different areas of the cortex 

[6, 52]. Notwithstanding, more studies investigating the course of 

neuroinflammation in the prodromal stage of PD are needed, for example in 

unaffected LRRK2 G2019S or α-syn A53T carriers to assess disease on-set and 

development of PD. 

Here, we used a single peripheral LPS treatment at the age of 4 months to model a 

human infection. Other, and possibly more effective, models could be multiple 

peripheral LPS challenges, e.g. with lower doses of LPS, or a single inflammatory 

trigger at an older age. For example, a comparably designed study using α-

synuclein A53T transgenic mice subjected to one peripheral LPS injection at the 

age of 7 months showed persistent inflammation in the SN and striatum and 

progressive neurodegeneration of the DA system compared to NT and saline 
treated TG mice [17]. The mice used by Goa et al. were treated with LPS at an 

older age compared to our study which could suggest that LRRK2 p.G2019S rats 

should have been treated at a later time point after microglia priming is complete. 

Nevertheless, it is questionable whether priming of microglia occurs in our LRRK2 

model; an interesting next step would be the exploration of the hypothesis that 

multiple exposures and/or more advanced age would indeed result in differential 

vulnerability to neuroinflammation and dopaminergic deficit for carriers of this 

mutation. This would be consistent with the observation that the exacerbated 
neuroinflammation in the LPS-treated LRRK2 TG animals only started to become 



Chapter 6 

 174 

noticeable 6 months after administration and seemed to keep increasing at the end 

of this study. This hypothesis would also be supported by a non-complete and age 

dependent penetrance associated with LRRK2 mutations. 

In summary, the aim of the present study was to examine the effect of a single 

peripheral inflammatory trigger on neuroinflammation and the DA system in a LRRK2 

p.G2019S rat model compared to NT littermates using a longitudinal study design. 

We found long lasting, progressive neuroinflammation in LPS treated rats compared 
to saline treated animals in the ventral-regions and in the cortex. Further, when 

compared individually, only the LRRK2 animals had significantly higher 

neuroinflammation compared to saline treated controls at 10 months post LPS 

leading to the speculation that a differential response to a single inflammatory 

trigger in LRRK2 animals may only develop over longer times. Interestingly, these 

increases were not observed in the striatum. No degeneration of the DA system 

was detected at any time point with PET or immunohistochemistry. These data 

suggest that either the single inflammatory trigger did not lead to prolonged and 
exacerbated neuroinflammation in the striatum or SN of LRRK2 p.G2019S rats with 

resultant degeneration of the DA system, or that these effects develop over a time 

period greater than 12 months, or that these effects may have been present but at 

levels below our detection limit. A possible translational conclusion of this study is 

that repeated exposure to inflammatory triggers is likely needed for LRRK2 mutation 

carriers to develop active PD. 
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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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Since its inception, positron emission tomography (PET) has been used 

extensively in neurological, cardiac and oncological disorders, because of its ability 

to non-invasively assess physiological processes. Nonetheless, new radioligands 

that are developed have to be evaluated for their suitability to quantify the 

corresponding target. Plasma input compartmental modeling is the gold standard 

for quantification of radioligands with PET imaging, but this quantification method 

requires a metabolite-corrected arterial input function and thus arterial blood 
sampling. Blood sampling is an invasive procedure in small animals like rats. 

Nevertheless, it is necessary especially for the comparison of non-invasive imaging 

quantification, i.e. methods without the need for plasma input, with the gold 

standard. 

The first part of this thesis evaluated the quantification of two radioligands for the 

cholinergic system in rats. The radioligand [11C]-PMP is an acetylcholine analog 

that is irreversibly hydrolyzed by acetylcholinesterase (AChE) and thus trapped in 

the human brain. The radioligand [18F]-FEOBV is reversibly bound to the vesicular 
acetylcholine transporter (VAChT) in humans. Once specificity of radioligands for 

their target and the optimal quantification method are established, they can be 

used to quantify the expression or function of their target in patients or animal 

models of disease. In the second part of the thesis, PET imaging with [18F]-FEOBV 

and radioligands for neuroinflammation and dopaminergic function were used in a 

toxin-based or transgenic model of Parkinson’s disease. 

One of the main findings of this thesis is further evidence for the need to validate 

radioligands for each species. The study described in Chapter 2 confirmed 
previous findings of the apparent reversibility of [11C]-PMP trapping in rats, while 

the [11C]-PMP metabolite is irreversibly trapped in humans [1]. Although we 

showed that quantification of [11C]-PMP is possible using surrogate measures for 

the hydrolysis rate of [11C]-PMP by AChE, further evaluation of the radioligand is 

necessary before it can be used in rats. Our and earlier studies [2, 3] suggest an 

active transport mechanism of the [11C]-PMP metabolite over the blood-brain 

barrier which can hamper [11C]-PMP quantification. Efflux transporters like P-
glycoprotein (P-gp) have been shown to be more extensively expressed in rats 

than in humans [4]. Furthermore, efflux transporters could be affected in disease 
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models which, in turn, could bias the outcome of [11C]-PMP quantification in an 

unknown manner. Hence, studies using efflux transporter inhibitors could be 

performed to evaluate their effect on [11C]-PMP quantification. Additionally, our 

exploratory study did not include test-retest evaluation of [11C]-PMP or the blocking 

of AChE to conclusively evaluate the cerebellum as a reference region for 

graphical analysis methods yielding the effective distribution volume (EDV) and the 

effective distribution volume ratio (EDVR) [5] or the standardized uptake volume 
ratio (SUVR). These issues should be addressed before [11C]-PMP can be used in 

further studies in rats. 

Compared to [11C]-PMP, the kinetics of [18F]-FEOBV did not vary drastically 

between humans and rats. Nevertheless, the radioligand still showed a different 

preferred quantification method in rats than in humans. We found the irreversible 

compartmental model and Patlak graphical analysis to fit the [18F]-FEOBV data in 

rats best, whereas the reversible compartmental model was preferred in humans. 

Chapter 3 and 4 emphasize that no reference region for kinetic modeling in rats 
exists, while reference tissue approaches in humans were found to robustly 

quantify [18F]-FEOBV binding to VAChT [6]. In humans, the cerebellar gray matter 

was used as reference region, while we assessed the cerebellum as a whole as 

reference tissue in rats. The smaller size of the rodent brain limits the brain regions 

that can be accurately delineated using PET imaging. Although the volumetric 

resolution of dedicated small animal PET scanners (approximately 2.2-3.4 mm3) is 

better than that of clinically used PET scanners for humans (64-512 mm3), the 

human brain is nearly 600-fold larger compared to the rat brain [4, 7]. 
Consequently, radioligands cannot be accurately quantified in smaller brain regions 

like the substantia nigra in rats, due to large partial-volume effects and poor signal-

to-noise ratios in small regions of interest. Additionally, co-registration errors could 

influence the measures for reference tissues like the cerebellar gray matter thereby 

biasing reference tissue approaches. The use of radioligand-specific templates 

with co-registered atlases of regions of interest has been shown to improve the co-

registration of radioligands [8] and was used in all chapters of this thesis. 
Therefore, co-registration errors are not likely to be responsible for the differences 

in the effects of the reference tissue between rats and humans. 
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Chapter 4 assesses [18F]-FEOBV binding after D2 receptor antagonism via 

raclopride and haloperidol pretreatment. While haloperidol is a D2 receptor ligand it 

is also a potent s receptor ligand. The apparent decreases of cholinergic activity 

after haloperidol treatment in the cerebellum and other brain regions suggest off-

target binding of [18F]-FEOBV to s receptors. Thus, the differences in the results 

obtained when using a reference tissue for [18F]-FEOBV between rats and humans 

might be related to the higher binding affinity of [18F]-FEOBV to the rat s1 receptor 

compared to the human s1 receptor. While it has been suggested that [18F]-FEOBV 

and other benzovesamicol-derived radioligands should not be used for VAChT 

PET imaging due to their off-target binding [9, 10], one could argue that they could 

still be used in diseases or disease models in which s receptors are not affected. 

Interspecies differences as observed in Chapters 2 to 4 have been described for 

other radioligands. The most pronounced interspecies difference might be for 

radioligands which are P-gp substrates similar to [11C]-PMP. As mentioned above 

efflux transporters like P-gp show higher expression in rats than humans, and 

Syvänen et al. showed large differences in the brain uptake of the radioligands 

[11C]-Verapamil, [11C]-GR205171, and [18F]-Altanserin between rats and humans 

[11]. Furthermore, it was shown that [11C]-PIB did not bind amyloid-b in a 

transgenic mouse model of Alzheimer’s disease due to structural differences in 

mouse and human amyloid-b [12]. It should be noted that species differences 

between rodents can also occur. For example, (R)-N-(2-[18F]fluoroethyl)-3-

pyrrolidyl benzylate, a radioligand for muscarinic acetylcholine receptors, showed 
different brain retention patterns in mice and rats, due to the formation of different 

metabolites in the brain between both species [13]. 

Besides brain uptake, interspecies differences can also affect the peripheral 

metabolism of a radioligand. It was shown that 3-trans-FCWAY and 3-cis-FCWAY 

(radioligands for the serotonergic 5-HT1A receptor) are metabolized differently in 

rat, monkey and human hepatocytes [14]. Additionally, Walker et al. found that 

pretreatment with the inhibitors of the catechol-O-methyltransferase and the 

aromatic L-amino acid decarboxylase (AADC) is required to facilitate PET imaging 
of [18F]-FDOPA in rats [15] while in humans, only AADC inhibition is necessary. 
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To perform compartmental modeling of radioligands, a metabolite-corrected arterial 

input function is necessary. Obtaining blood samples is more difficult in rodents 

than in humans. Although it is possible to obtain arterial blood samples from the 

rat’s tail artery (Chapter 2, [15, 16]), the femoral artery is more commonly used 

[17]. The procedure for the exposure of the femoral artery is extensive and the 

animal is terminated after the procedure. Hence, it cannot be used for the test-

retest assessment of radioligands. Nevertheless, it is possible to use a superficial 
branch of the femoral artery in the hind legs of rats to facilitate repeated blood 

sampling in the same rat [17]. The test-retest reliability of [11C]-PMP has not yet 

been assessed and the test-retest reliability of [18F]-FEOBV was assessed without 

blood sampling (Chapter 3). However, a future study could evaluate the test-retest 

reliability of both radioligands with plasma input models using the method 

described by Sijbesma et al. [17]. While this approach has been validated for the 

test-retest evaluation of radioligands, it has not been used in longitudinal animal 

disease models yet. Longitudinal PET assessment is often combined with 
behavioral tests and the surgical intervention in the hind legs could affect animal 

behavior. Therefore, the method for repeated blood sampling in rats needs to be 

evaluated for its effect on behavioral experiments before it can be used in 

longitudinal studies of animal disease models. 

The total blood volume of rodents (approximately 1.5 ml in mice and 20 ml in rats) 

is much smaller than in humans (approximately 5000 ml). Hence, the blood 

samples need to be much smaller compared to humans which can lead to an 

larger error in the assessment of radioactivity or metabolites in blood and plasma, 
because of a lower radioactivity count rate of the samples especially for short-lived 

isotopes like 11C. However, the removal of a large proportion of blood can also lead 

to physiological changes which could affect radioligand pharmacokinetics and 

animal welfare in longitudinal studies [4]. Continuous blood sampling via a shunt 

can be used to decrease blood loss [18]. Nevertheless, as the radioactivity is 

determined in blood, a correction factor needs to be applied to determine 

radioactivity in plasma [19]. Hence, for the initial evaluation of new radioligands, 
manual blood sampling is still required. Furthermore, analysis of metabolites is still 

necessary although population-based metabolite-correction might be an option, 

depending on the radioligand and disease model. Taken together, blood sampling 
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cannot be avoided at least for the initial evaluation of new radioligands, and 

physiological changes should be considered when assessing the data. 

The blood sampling approaches mentioned above require anesthetized animals. 

Anesthesia may lead to a confounding difference between clinical and preclinical 

PET imaging. The most common anesthetics used are inhalable agents, such as 

isoflurane, which are most convenient to apply to the animal. However, anesthesia 

can cause decreases in body temperature which can influence radioligand kinetics 
and metabolism, and thus quantification. While heating pads or lamps can be used 

to counteracted changes in body temperature, anesthesia can also influence brain 

metabolism, the binding of radioligands or even inhibit the release of 

neurotransmitters [20–23]. Some attempts have been made to image awake 

animals using restraining of the animal [24], motion tracking approaches [25, 26] or 

even a small PET scanner around the rat’s head [27], but these approaches have 

their own disadvantages and are still not commonly used. Thus, the effects of 

anesthesia should be considered when analyzing PET data from animals and the 
time of anesthesia should be kept as short as possible. 

Since it was shown that anesthesia decreases acetylcholine release in the synaptic 

cleft [28, 29], anesthesia is especially important to consider when evaluating 

radioligands targeting the cholinergic system like [18F]-FEOBV or [11C]-PMP in rats. 

As discussed in Chapter 4, our results obtained with [18F]-FEOBV PET imaging 

after raclopride pretreatment are similar to results obtained in mice using ex vivo 

biodistribution with reduced time of anesthesia [30, 31]. Hence, it seems unlikely 

that the reduced acetylcholine release influenced the net influx rate measured with 
[18F]-FEOBV. Similarly, it is unlikely that anesthesia by itself influenced [11C]-PMP 

kinetics as studies in pigtail monekys anesthetized with ketamine showed the 

retention of the [11C]-PMP metabolite in the brain [1, 32]. 

As outlined above there are certainly challenges associated with PET imaging in 

small animals, nonetheless, the advantages of PET imaging prevail. PET imaging 

with kinetic modeling compensates for differences in non-specific binding of 

radioligands or perfusion of tissue, which cannot be distinguished when using 
methods like ex-vivo biodistribution. Therefore, PET imaging offers the possibility 
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to accurately quantify physiological processes in vivo. Furthermore, it is possible to 

repeatedly assess the same animal (even with blood sampling) while other 

methods like biochemical assays or immunohistochemistry of brain tissue only 

provide information for a single time point. To evaluate several time-points with 

methods like immunohistochemistry cross-sectional study designs are required 

which can obscure intra-individual changes and require a larger number of 

animals. 

The radioligands [11C]-PMP and [18F]-FEOBV have already been used to 

investigate a variety of research questions not only in Parkinson’s disease, but also 

Alzheimer’s disease patients. Parkinson’s disease is associated with motor 

symptoms such as bradykinesia, tremor, and rigidity. However, non-motor 

symptoms like dementia, sleep problems and hallucinations are a significant 

additional burden for Parkinson’s disease patients [33, 34]. First indications for an 

involvement of the cholinergic system came from postmortem studies showing 

reduced cholinergic innervation in the basal forebrain and reduced AChE activity in 
the frontal cortex of demented Parkinson’s disease patients [35, 36]. Since then, 

several PET imaging studies using radioligands for the cholinergic system have 

found reduced AChE activity or expression of VAChT in demented Parkinson’s 

disease patients [37–40]. Furthermore, studies using [11C]-PMP found an 

association of reduced AChE activity in the cortex and thalamus with a history of 

falls in non-demented Parkinson’s disease patients [41, 42], and an association of 

olfactory dysfunction with reduced AChE activity in the hippocampus, amygdala, 

and neocortex [43]. A study using [18F]-FEOBV showed increased radioligand 
uptake in certain brainstem areas of idiopathic rapid eye movement sleep behavior 

disorder (RBD) patients compared to controls [44]. In Alzheimer’s disease patients, 

[18F]-FEOBV can be used for quantification of cholinergic denervation and was 

suggested as a potential biomarker for Alzheimer’s disease [45].  

As shown above the radioligands [18F]-FEOBV and [11C]-PMP can be used to 

evaluate cholinergic activity in several aspects of Parkinson’s disease. In 

combination with animal models, the radioligands can help to elucidate the 
mechanisms leading to the development of cognitive impairment and other non-

motor symptoms or assess the effectiveness of treatments on the cholinergic 
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activity in Parkinson’s disease but also in other diseases. Studies in animal models 

of Parkinson’s disease have several advantages compared to human studies. 

Animal models can be used to assess different aspects of disease development in 

a shorter time compared to human studies. They are cost-effective, short-lived and 

readily available. Compared to humans, they also show higher standardization, i.e. 

lower variation in genetic background and environmental influences. The possibility 

of genetic modification provides the opportunity to evaluate the effect of different 
genes involved in Parkinson’s disease. An ideal disease model should show 

construct, face and predictive validity [46]. Construct validity represents the 

conceptual likeness between model and disease, e.g. similar genetic mutation, 

while face validity concerns the pathological features of the disease that the model 

embodies. The main pathological hallmarks of Parkinson’s disease are the 

formation of Lewy bodies from a-synuclein and the progressive dopaminergic 

degeneration in the substantia nigra pars compacta, although the involvement of 

other neurotransmitters such as acetylcholine, noradrenaline or γ-aminobutyric 

acid (GABA) has also been shown [47, 48]. Additionally, animal models should 

replicate the motor and non-motor symptoms associated with Parkinson’s disease. 

Lastly, treatment responses should be similar in human disease and in the disease 

model (predictive validity). For example, the 6-hydroxydopamine (6-OHDA) model 

in rats has been shown to be responsive to L-DOPA treatment [49].  

While the numerous contributions of animal models to Parkinson’s disease are 

widely recognized there is also agreement in the scientific community that there is 

no “perfect” model of Parkinson’s disease as each model only characterizes a 

certain number of pathological features of the disease [50–53]. The most important 

limitation is that Parkinson’s disease only develops spontaneously in humans and 

thus the disease always needs to be induced in animals. Another limitation is the 

lower susceptibility of rodents to toxins like 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), but also to inflammatory triggers such as 
lipopolysaccharide (LPS), compared to humans [50, 54]. Additionally, in humans, 

but not in rodents, neuromelanin is formed, e.g. in dopaminergic neurons in the 

substantia nigra or ventral tegmental. This has been shown to increase the 

vulnerability of neurons to neurodegeneration and might contribute to the lower 
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susceptibility of rodents to MPTP [50, 55, 56]. Many other differences between 

rodents and humans are known, including the aforementioned higher expression of 

efflux transporters, but also differences in gene regulation or behavior which can 

limit the ability to transfer of results found in animal studies to humans.  

The limitations of each animal model should be considered before choosing a 

model for a specific research question. For example, the 6-OHDA model of 

Parkinson’s disease has been characterized as an acute model of dopaminergic 
degeneration, which does not reflect the prolonged and progressive degeneration 

of dopaminergic neurons in humans [52]. Nevertheless, depending on the 6-OHDA 

injection site, the speed and extent of dopaminergic degeneration can differ. While 

the injection of 6-OHDA into the medial forebrain bundle or the substantia nigra 

leads to rapid degeneration of dopaminergic neurons [57], injection of 6-OHDA in 

the striatum, causes dopaminergic neurons to degenerate more slowly and 

retrogradely [58, 59]. Hence, it has been suggested that this model can be used for 

disease-modifying strategies. Therefore, we assessed the hypercholinergic state in 
Parkinson’s disease and the influence of exercise on cholinergic activity in this 6-

OHDA model. While exercise has shown mainly beneficial effects in Parkinson’s 

disease [60–66] and healthy subjects [67–71], we could not replicate those findings 

in the 6-OHDA treated group or the control group. The study only showed small 

asymmetric changes in [18F]-FEOBV uptake and no effect of 6-OHDA or exercise 

on contralateral forelimb use in the cylinder test. Thus, the reasons for this should 

be evaluated. As already discussed in Chapter 5, the cylinder test can lead to 

inconclusive results if dopaminergic denervation is mild [72]. Hence, 
immunohistochemistry with a marker of dopaminergic neurons should be 

performed to confirm the extend of degeneration of dopaminergic neurons. 

Additionally, exercise was performed during the light-phase for logistical reasons. 

This could have caused stress in the rats and thus confounded the beneficial 

effects of exercise. Additionally, the exercise was performed in the housing room of 

all rats in the study for practical reasons. It is possible that prolonged stress 

experienced by the rats in the exercise groups affected control rats housed in the 
same room [73]. In future studies, the exercise protocol should not be performed in 

the housing room to avoid elongated stress-responses. Furthermore, the possibility 
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to use voluntary instead of forced exercise should be explored as it could decrease 

stress in the rats [71].  

Besides the evaluation of treatments, animal models can address research 

questions that cannot be appropriately evaluated in humans. Clinical diagnosis of 

Parkinson’s disease usually occurs after the onset of motor symptoms, and 

approximately 50-60% of dopaminergic neurons have already degenerated at this 

time [74]. Although longitudinal clinical studies of prodromal hereditary Parkinson’s 
disease or RBD patients – approximately 81% of which could develop Parkinson’s 

disease later in life [44, 75, 76] – will shed new light on the development of 

Parkinson’s disease, several years or even decades will pass before patients 

become symptomatic and the first conclusions can be drawn. Such studies are 

inherently limited by the patient cohort, having specific aspects of disease 

development that might not be present in sporadic Parkinson’s disease. Contrarily, 

animal models can be widely used for the evaluation of risk factors of the disease 

including genetic causes. 

Interestingly, most transgenic animal models have only shown limited replication of 

the pathological hallmarks of Parkinson’s disease [50, 51], although more recent 

transgenic rat models seem to show higher face validity [53]. The age-dependent 

penetrance of some genes affected in Parkinson’s disease, the relatively low 

number of hereditary Parkinson’s disease cases and the link between 

environmental risk factors and Parkinson’s disease suggest that it is a multi-

factorial disease [77–79]. In human studies, environmental contributions like 

infections or food intake cannot be controlled. In contrast, animal studies offer the 
opportunity to assess environmental factors in a tightly controlled setting. We 

assessed the effect of single inflammatory trigger (LPS) on neuroinflammation and 

dopaminergic degeneration in a LRRK2 p.G2019S transgenic rat model using PET 

imaging, behavioral testing, and immunohistochemistry (Chapter 6). While no 

effect of LPS on dopaminergic innervation was found, we could show increased 

neuroinflammation in the cortical and ventral-brain region (average of brainstem 

and midbrain amongst others) 10 months after LPS treatment. The study was 
limited to the assessment of one neurotransmitter system over a period of one 

year. However, the involvement of neurotransmitters other than dopamine has 
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been shown in Parkinson’s disease although their timing is unknown [47, 48]. As 

discussed in Chapter 6, the increased neuroinflammation in the cortex and a brain 

region encompassing midbrain and brainstem could have affected serotonergic, 

noradrenergic or cholinergic neurons, which were not evaluated in this study. In a 

recent study, Liu et al. showed increased AChE activity in LRRK2 mutation carriers 

without Parkinson’s disease compared to healthy controls and in LRRK2 mutation 

carriers with Parkinson’s disease compared to idiopathic Parkinson’s disease and 
healthy controls amongst others in cortical brain region [80]. Hence, it would be of 

interest to evaluate the cholinergic system in the transgenic LRRK model described 

in Chapter 6. 

The limited time assessed in the study described in Chapter 6 could have missed 

neuroinflammation in the striatum and substantia nigra at later times. Additionally, 

only a single intraperitoneal injection of LPS was performed in this study, whereas 

repeated infections usually occur in humans over a lifetime. Other studies have 

assessed the repeated application of low-dose LPS in rodent models of 
Parkinson’s disease. For example, increased oxidative stress was found in the 

cortex in a 6-OHDA rat model treated repeatedly with LPS or control animals 

treated with repeated LPS-exposures alone [81]. Additionally, decreased spatial 

memory was observed in 6-OHDA rats repeatedly exposed to LPS compared to 

controls or rats treated with 6-OHDA alone. Furthermore, a study in mice found 

increased neuroinflammatory markers in the striatum and substantia nigra after 

repeated LPS exposure in combination with lactacystin, a proteasome inhibitor 

[82]. However, similar to our study no change in tyrosine hydroxylase-positive cells 
was found. Contrarily, repeated LPS-exposure before treatment with MPTP in mice 

aggravated dopamine depletion in the striatum and decreased stride-length 

compared to control groups [83]. These effects persisted until four months post-

intervention. These findings indicate that repeated inflammatory triggers 

exacerbate the pathological features of various Parkinson’s disease models. 

Although all studies above used 250 µg/kg LPS, the inflammatory trigger was 

applied in a relatively short period of time for three to seven consecutive days. 
Nevertheless, future studies can build on this foundation, and explore repeated 

LPS injections over a longer period of time, which would reflect infections in 

humans more closely. 
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Concluding, PET imaging is a valuable tool to assess protein expression or 

enzymatic function in vivo. We found that it is necessary to determine the optimal 

quantification method of radioligands in each species and fortunately this is already 

increasingly performed. The combination of PET imaging with Parkinson’s disease 

models facilitates the assessment of numerous neurotransmitters or 

neuroinflammation in the same animal over long periods of time. Nevertheless, 

studies that expose animals to redundant stressors, like exercise during the light-
phase or combining housing and experimental rooms, which can confound study 

outcomes in an unknown manner, should be avoided in the future. Nonetheless, 

animal models of Parkinson’s disease in conjunction with methods like PET 

imaging, behavioral tests, biological assays, and immunohistochemistry, can aid in 

the evaluation of multiple aspects of the disease and thus increase our 

understanding of Parkinson’s disease in ways which cannot be easily be 

implemented in human studies.  
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Inleiding 

De ziekte van Parkinson is de op een na meest voorkomende neurodegeneratieve 

ziekte wereldwijd en, met een steeds ouder wordende bevolking, een aanzienlijke 

belasting voor patiënten, zorgverleners en de samenleving. De ziekte wordt 

gekenmerkt door de pathologische vorming van alfa-synucleïne-eiwitaggregaten 

en de degeneratie van dopaminerge neuronen in de substantia nigra pars 
compacta. Klinische symptomen van de ziekte van Parkinson zijn de motorische 

symptomen bradykinesie, starheid en tremor, evenals een aantal niet-motorische 

symptomen, waaronder constipatie, depressie en dementie. Zowel klinische 

studies met patiënten met de ziekte van Parkinson als studies in diermodellen, 

zoals vissen, knaagdieren of niet-menselijke primaten, zijn een belangrijk 

onderdeel geweest van het onderzoek naar de moleculaire en fysiologische 

mechanismen achter de ziekte. Een breed scala aan methoden wordt toegepast in 
deze klinische en preklinische studies, waaronder positron emissie tomografie 

(PET). PET is een krachtige techniek die de evaluatie van fysiologische processen 

in vivo mogelijk maakt, zowel bij mensen als bij dieren, op voorwaarde dat een 

geschikt radioligand voor het beoogde doelwit beschikbaar is. Voordat PET met 

een nieuw radioligand kan worden toegepast in onderzoek of de reguliere 

patiëntenzorg, moet de optimale kwantitatieve analyse van elk PET-radioligand 

worden bepaald. Terwijl mensen en kleine proefdieren, zoals knaagdieren, het 

grootste deel van hun genetische code delen, zorgen verschillen in eiwitexpressie 
en -binding of metabolisme er voor dat een evaluatie van een radioligand in elke 

soort noodzakelijk is. 

Evaluatie van de PET-methodologie 

De focus van het eerste deel van dit proefschrift was de evaluatie van twee 

radioliganden voor cholinerge doelwitten in ratten. Eerst werd het radioligand 1- 

[11C]-methylpiperidine-4-ylpropionaat ([11C]-PMP) geëvalueerd. [11C]-PMP is een 
acetylcholinederivaat dat wordt gehydrolyseerd door acetylcholinesterase (AChE) 

in de synaptische spleet van cholinerge neuronen. Na hydrolyse zit de metaboliet 

van [11C]-PMP onomkeerbaar gevangen in de hersenen van mensen en andere 
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primaten. Er werd echter ook aangetoond dat de metaboliet niet irreversibel 

gebonden is in de hersenen van ratten. Deze schijnbare omkeerbaarheid van de 

binding van [11C]-PMP in ratten zou kunnen leiden tot onjuiste resultaten als de 

kwantificering ervan wordt uitgevoerd met methoden die bedoeld zijn voor 

irreversibel bindende radioliganden. Daarom werd een verkennend onderzoek naar 

de geschiktheid van farmacokinetische modellen of semi-kwantitatieve 

uitkomstmaten voor [11C]-PMP kwantificatie uitgevoerd (Hoofdstuk 2). We hebben 
dynamische [11C]-PMP PET-scans van 90 minuten in combinatie met arteriële 

bloedafname en metabolietanalyse uitgevoerd. Farmacokinetische modellen op 

basis van een metaboliet-gecorrigeerde plasma inputfunctie of een referentie-

weefsel als inputfunctie zijn toegepast voor data analyse en daarnaast zijn als 

semi-kwantitatieve uitkomstmaten de gestandaardiseerde opnamewaarde (SUV) 

en de gestandaardiseerde opnamewaarde ratio (SUVR) berekend. De 

uitkomstmaten werden vergeleken met waarden van AChE-activiteit uit de 

literatuur om hun biologische validiteit te beoordelen. De studie bevestigde de 
schijnbare omkeerbaarheid van [11C]-PMP binding in ratten en we vonden dat het 

irreversibele compartimentmodel met twee weefselcompartimenten (2TCM) niet in 

staat was om de data goed te beschrijven. Er konden namelijk geen betrouwbare 

schattingen van de snelheidsconstante k3, die de AChE-hydrolysesnelheid 

weergeeft, worden gemaakt, vanwege het verlies van de [11C]-PMP metaboliet uit 

het hersenweefsel. Niettemin bleek uit visuele beoordeling dat Patlak grafische 

analyse de gegevens voor een acquisitielengte van 20 minuten goed te kunnen 

beschrijven. Hoewel de metabole snelheid (Ki) verkregen uit Patlak grafische 
analyse theoretisch niet de gewenste uitkomstparameter is, was Ki goed 

gecorreleerd met AChE-activiteit uit de literatuur. Voor een langere acquisitielengte 

van 60 minuten zou [11C]-PMP kunnen worden gekwantificeerd met behulp van het 

effectieve distributievolume (EDV) dat rekening houdt met het verlies van 

metaboliet uit de hersenen en de mogelijke uitwisseling van de metaboliet tussen 

weefsel en plasma. Hoewel het EDV de gegevens van slechts vier hersengebieden 

goed kon beschrijven, correleerden die hersengebieden goed met AChE-activiteit. 
Hoewel de Patlak grafische analyse met het cerebellum als referentieweefsel de 

data niet goed kon beschrijven, correleerde de effectieve distributievolume ratio 

(EDVR) verkregen met het cerebellum als referentieweefsel goed met AChE-
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activiteit. Net zoals geldt voor de EDV, zou de EDVR van slechts vier 

hersengebieden door het model kunnen worden gekwantificeerd. De semi-

kwantitatieve metingen correleerden goed met AChE-activiteit. Er werden echter 

slechts matige correlaties van SUV met Ki of EDV gevonden, terwijl SUVR een 

goede correlatie vertoonde met beide uitkomstmaten verkregen met plasma-input. 

Al met al laat de studie zien dat [11C]-PMP kan worden gebruikt voor de 

kwantificering van AChE-activiteit met behulp van surrogaatmaten verkregen uit 
Patlak grafische analyse met metaboliet-gecorrigeerd plasma inputfunctie of de 

grafische analyse die rekening houdt met de uitstroom van metabolieten. Hoewel 

de evaluatie van [11C]-PMP bij ratten veelbelovende resultaten liet zien, zijn 

aanvullende beoordeling van het cerebellum als referentiegebied en de invloed van 

veranderingen in de cerebrale doorbloeding op de opname van radioligand 

noodzakelijk voordat radioligand kan worden gebruikt in ziektemodellen in ratten.   

Een ander radioligand voor het cholinerge systeem is [18F]-

fluorethoxybenzovesamicol ([18F]-FEOBV), een ligand van de acetylcholine-
transporter (VAChT). In hoofdstuk 3 werd de kwantificering van [18F]-FEOBV 

geëvalueerd in controle dieren en in ratten met gedeeltelijke verzadiging van 

VAChT door voorbehandeling met 10 µg/kg FEOBV. Net als bij de evaluatie van 

[11C]-PMP, werden dynamische [18F]-FEOBV PET-scans van 90 minuten in 

combinatie met arteriële bloedafname uitgevoerd. Zowel farmacokinetische 

modellering als semi-kwantitatieve metingen werden toegepast om de gegevens te 

kwantificeren. Kwantificering met compartimentmodellen toonde aan dat het 

irreversibele 2TCM de snelheidsconstanten en de influxsnelheid Ki betrouwbaarder 
kon schatten dan het reversibele 2TCM. Logan en Patlak grafische analyse 

toonden een goede fit van de gegevens en een vergelijkbare variantie van het 

distributievolume VT en Ki. De influxsnelheid Ki van de irreversibele modellen was 

echter vergelijkbaar voor 60- en 90-min acquisitie, terwijl VT voor 90 min 

acquisitielengte hoger was dan voor 60 min. Voor 60 min acquisitielengte was 

Logan grafische analyse minder gevoelig voor gedeeltelijke verzadiging van 

VAChT dan de irreversibele modellen. De gedeeltelijke VAChT-verzadiging had 
geen effect op het optimale kinetische model met metaboliet-gecorrigeerde plasma 

input voor kwantificering van [18F]-FEOBV. We vonden echter een afname van Ki in 

alle hersengebieden na voorbehandeling met FEOBV, wat suggereert dat er geen 
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referentieweefsel voor [18F]-FEOBV bestaat. De grafische analyse van Patlak met 

het cerebellum als referentieweefsel kon inderdaad de data niet goed beschrijven. 

Bovendien werden slechte correlaties gevonden tussen de resultaten van het 

irreversibele 2TCM en de semi-kwantitatieve SUVR. Evenzo vertoonde SUV een 

slechte correlatie met Ki berekend met het irreversibele 2TCM wanneer VAChT 

gedeeltelijk verzadigd was en een lage gevoeligheid om onderscheid te maken 

tussen de controle en partiële verzadiging van VAChT. Daarom moet SUV alleen 
worden gebruikt voor de kwantificering van [18F]-FEOBV als bloedafname niet 

mogelijk is of als het te meten biologische effect groot is. Naast het vinden van de 

optimale kwantificatiemethode hebben we ook de test-hertest betrouwbaarheid van 

[18F]-FEOBV in controle dieren onderzocht. SUV werd gebruikt voor kwantificering 

van [18F]-FEOBV omdat er geen bloedmonsters konden worden genomen 

vanwege herhaalde PET-scans. We vonden een goede intraclass 

correlatiecoëfficiënt en test-hertest betrouwbaarheid met behulp van de SUV als de 

uitkomstparameter. Er moeten echter nog aanvullende test-hertest onderzoeken 
met arteriële bloedafname en kinetische modellering worden uitgevoerd.  

De resultaten beschreven in hoofdstuk 3 toonden aan dat [18F]-FEOBV een 

veelbelovend radioligand is voor de beoordeling van VAChT. Daarom hebben we 

het radioligand verder geëvalueerd door de mogelijkheid een verhoogde cholinerge 

activiteit af te beelden te onderzoeken. Dopaminerge en cholinerge 

neurotransmissie beïnvloeden elkaar in de hersenen en er is aangetoond dat 

dopamine D2-receptorantagonisten de afgifte van acetylcholine verhoogde. In de 

studie beschreven in hoofdstuk 4 hebben we voorbehandeling met twee D2-
receptorantagonisten, raclopride (1 mg/kg) en haloperidol (10 mg/kg), gebruikt om 

de afgifte van acetylcholine te stimuleren. Vervolgens werden dynamische [18F]-

FEOBV PET-scans van 90 minuten met arteriële bloedafname uitgevoerd voor 

optimale kwantificering van cholinerge activiteit. Patlak grafische analyse met 

behulp van metaboliet-gecorrigeerde plasma-invoer werd gebruikt om de 

influxsnelheid Ki te verkrijgen als een maat voor cholinerge activiteit. We vonden 

dat de influx in het striatum na behandeling met raclopride was toegenomen. 
Hoewel het effect niet statistisch significant was, was de effectgrootte groot 

(aangepaste p=0,1, Cohen's d=1,1). Het cerebellum vertoonde een lagere 

influxsnelheid na behandeling met raclopride in vergelijking met controleratten. Dit 
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zou kunnen suggereren dat off-target binding van raclopride of een interactie met 

andere neurotransmitters leidde tot de afname van de influxsnelheid als gevolg van 

de hoge dosis raclopride die werd gebruikt. Ratten behandeld met haloperidol 

vertoonden een verlaagd metabolisme van [18F]-FEOBV in vergelijking met 

controleratten, maar er werd geen effect op de metaboliet-gecorrigeerde plasma-

invoer gevonden. Alle hersengebieden behalve het striatum vertoonden een 

statistisch significant verlaagde influxsnelheid in met haloperidol behandelde ratten 
in vergelijking met de controle ratten. Naast D2-receptoren bindt haloperidol aan 

verschillende andere receptoren, zoals adrenerge en serotonerge receptoren. 

Hoewel de hoge dosis haloperidol kan resulteren in binding aan andere 

receptoren, is de binding van haloperidol aan σ-receptoren de meest 

waarschijnlijke reden voor de effecten van haloperidol op [18F]-FEOBV opname. 

Hoewel de bindingsaffiniteit van [18F]-FEOBV voor VAChT 10 keer groter is dan 

voor σ-receptoren bij ratten, kwam de distributie van de verminderde binding na 

behandeling met haloperidol gedeeltelijk overeen met de expressie van σ-
receptoren. Dit suggereert dat de binding van [18F]-FEOBV aan σ-receptoren bij 

ratten verder moet worden geëvalueerd. 

Toepassing van PET-methodologie 

Het doel van de evaluatie van de kwantificatie van nieuwe radioliganden in ratten 

was het bevestigen van hun geschiktheid voor toepassing in PET-beeldvorming in 

dierziektemodellen. Voor progressieve neurodegeneratieve ziekten, zoals de ziekte 
van Parkinson, kan veel informatie worden verkregen uit longitudinale studies. In 

het tweede deel van dit proefschrift is PET-beeldvorming toegepast bij het 

onderzoek naar pathologische processen gerelateerd aan de ziekte van Parkinson. 

Er wordt gesuggereerd dat in de hersenen van patiënten met de ziekte van 

Parkinson een hypercholinerge toestand optreedt, waarschijnlijk vanwege de 

degeneratie van dopaminerge neuronen, de daaropvolgende vermindering van 

beschikbare dopamine en de eerder genoemde interactie tussen dopaminerge en 
cholinerge neurotransmissie. Hoofdstuk 5 beschrijft een studie naar het effect van 

dopaminerge degeneratie op cholinerge neurotransmissie in een rattenmodel van 
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de ziekte van Parkinson. Unilaterale intrastriatale injectie van 6-hydroxydopamine 

(6-OHDA) werd gebruikt om in ratten de degeneratie van dopaminerge neuronen, 

zoals waargenomen bij de ziekte van Parkinson, te modelleren. De controlegroep 

ontving intrastriatale injectie van vehikel. Daarnaast werd een subgroep van 6-

OHDA en vehikel behandelde ratten gedurende vier weken onderworpen aan 

gedwongen lichaamsbeweging. Lichaamsbeweging lijkt neuroprotectief te zijn bij 

de ziekte van Parkinson door oxidatieve stress, hersenontsteking en dopaminerge 
denervatie te verminderen, hoewel de exacte mechanismen onbekend zijn. 

Daarom wilden we onderzoeken of de verhoogde cholinerge activiteit in het 

Parkinson-model werd verminderd door lichaamsbeweging. De motorfunctie van 

elke rat werd geëvalueerd met behulp van de cilindertest. Daarnaast werd PET-

beeldvorming met behulp van [18F]-FEOBV uitgevoerd om cholinerge activiteit te 

bepalen. Tien dagen na intrastriatale 6-OHDA of vehikelinjectie werd PET-imaging 

uitgevoerd zonder arteriële bloedafname en daarom werd de SUV gebruikt voor 

kwantificering van [18F]-FEOBV opname. Op dag 31 werd de metaboliet-
gecorrigeerde plasma-input bepaald met behulp van arteriële bloedafname en 

toegepast in het irreversibele 2TCM om de influxsnelheid Ki te verkrijgen. We 

vonden geen effect van lichaamsbeweging of 6-OHDA-injectie op de motorfunctie 

in de cilindertest op dag 2, 8 of 29 na de behandeling met 6-OHDA of vehikel. 

Bovendien had 6-OHDA of lichaamsbeweging geen effect op de SUV of Ki van 

[18F]-FEOBV. De vergelijking van de ipsi- en contralaterale hemisfeer van 

verschillende hersengebieden toonde statistisch significante verschillen in SUV en 

Ki. Hoewel deze verschillen veroorzaakt zouden kunnen zijn door de unilaterale 
injectie van 6-OHDA of vehikel, waren de effectgroottes klein. Daarom is het 

noodzakelijk om verder onderzoek uit te voeren met behulp van 

immuunhistochemie van markers van cholinerge neuronen om de PET-

bevindingen te bevestigen. Bovendien moet de mate van dopaminerge denervatie 

van het striatum en substantia nigra in onze studie nog worden geëvalueerd. 

Hoewel op toxinen gebaseerde modellen van de ziekte van Parkinson zoals het 6-

OHDA-model nuttig zijn bij het evalueren van bepaalde aspecten van de ziekte, 
kunnen ze geen informatie verschaffen over de effecten van genetische mutaties 

op de ziekte van Parkinson. De meest voorkomende genetische mutaties bij 

familiale en idiopathische ziekte van Parkinson zijn gevonden in het leucine-rijke 
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repeat kinase 2 (LRRK2) gen, dat betrokken is bij ontstekingsprocessen, zoals het 

primen van microglia. Geprimede microglia zijn gevoeliger voor triggers van 

ontsteking en vertonen een heftigere ontstekingsreactie. In Hoofdstuk 6 hebben we 

de hypothese onderzocht dat microglia van ratten die de menselijke LRRK2 

p.G019S-mutatie dragen gevoeliger zouden zijn voor triggers en dus een heftigere 

hersenontstekingsreactie op een perifere ontstekingsstimulus zouden vertonen in 

vergelijking met niet-transgene nestgenoten. Bovendien verwachtten we dat de 
verhoogde ontstekingsactiviteit zou leiden tot verlies van dopaminerge neuronen. 

Daarom werden LRRK2 p.G2019S-ratten en niet-transgene nestgenoten in de 

buikholte geïnjecteerd met lipopolysaccharide (LPS, 3 mg/kg) als 

ontstekingsstimulus, of met zoutoplossing (controle ratten). Gedurende een 

periode van 10 maanden werden ontstekingen in de hersenen en dopaminerge 

integriteit beoordeeld met behulp van PET-beeldvorming met respectievelijk [11C]-

PBR28, [11C]-DTBZ en [18F]-DOPA. Bovendien werden gedragstesten voor 

motorische functie en reukzin en postmortale immuunhistochemie van markers van 
hersenontsteking (CD68) en dopaminerge neuronen (tyrosine hydroxylase, TH) 

uitgevoerd. De verschillen die werden gevonden in gedragstesten hadden 

voornamelijk betrekking op veroudering van de ratten. Niet-transgene en LRRK2 

p.G2019S transgene ratten behandeld met LPS vertoonden na verloop van tijd 

verhoogde [11C]-PBR28 binding in de cortex en ventrale hersengebieden, 

waaronder hersenstam, amygdala en hypothalamus. Deze toename was echter 

alleen statistisch significant voor LRRK2 p.G2019S transgene ratten in vergelijking 

met controle ratten 10 maanden na LPS injectie. Postmortale analyse op 12 
maanden na LPS-behandeling vertoonde geen statistisch significante toename van 

CD68-positieve cellen in het striatum of substantia nigra. Er werd geen 

dopaminerge degeneratie gedetecteerd met behulp van PET-beeldvorming of met 

immuunhistochemie bij ratten die werden behandeld met LPS die gerelateerd 

konden zijn aan de aanwezigheid van ontsteking in het striatum en substantia 

nigra. Door de ontsteking in de cortex en ventrale hersengebieden kunnen echter 

andere neurotransmittersystemen zijn aangetast. Samengevat toonde deze studie 
aan dat een perifere inflammatoire trigger een progressieve toename van 

ontstekingsreacties in de hersenen bij LRRK2 p.G2019S-ratten kan veroorzaken, 
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hoewel deze ontstekingsreacties de dopaminerge integriteit in deze studie niet 

beïnvloedde. 

De bevindingen van dit proefschrift benadrukken het belang van het evalueren van 

nieuwe radioliganden in elke diersoort vóór hun gebruik. De verschillen tussen 

mensen en ratten, waaronder in bloed-hersenbarrière permeabiliteit zoals gezien 

voor [11C]-PMP of de bindingsaffiniteit van [18F]-FEOBV voor VAChT- en σ-

receptoren, kan de selectie van het kinetische model sterk beïnvloeden en 
bijgevolg de uitkomstmaten van de studie beïnvloeden. Bovendien toont het aan 

dat PET-beoordeling van dierziektemodellen in longitudinale studies kan worden 

beïnvloed door radioliganden die bloedmonsters nodig hebben voor hun optimale 

kwantificering. Rekening houdend met deze beperking, vonden we geen 

hypercholinerge staat in het 6-OHDA rattenmodel, hoewel aanvullende bevestiging 

van de mate van dopaminerge degeneratie nog moet worden uitgevoerd. Injectie 

van 6-OHDA leidt tot snelle degeneratie van dopaminerge neuronen in vergelijking 

met ziekteprogressie gedurende meerdere decennia bij de mens. Deze 
discrepantie zou de uitkomst in onze studie kunnen hebben beïnvloed. Bij het 

evalueren van het effect van een perifere ontstekingstrigger op 

ontstekingsprocessen en het dopaminerge systeem in de hersenen vonden we 

geen dopaminerge degeneratie in LRRK2 p.G2019S transgene ratten. 

Daarentegen werd een toename van hersenontsteking gevonden in de cortex en 

ventrale hersengebieden en dit had andere neurotransmittersystemen kunnen 

beïnvloeden. Onderzoek naar de ontwikkeling van de ziekte van Parkinson is 

zeldzaam omdat de ziekte meestal pas wordt gediagnosticeerd na het optreden 
van motorische symptomen wanneer er al een aanzienlijke dopaminerge 

degeneratie is opgetreden. Diermodellen dragen enorm bij aan onze kennis van de 

ziekte van Parkinson en andere ziekten. Niettemin, zoals dit proefschrift aantoont, 

moeten de bevindingen uit dierstudies zorgvuldig worden vertaald naar de mens. 
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