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ENGLISH SUMMARY 

 
Attempts are being made to find a cure or at least a better treatment that can slow down the progression 

of Parkinson’s disease, but recently, no intervention has been discovered. A better understanding of 

the basic mechanisms that underlie this disease is of great importance for the development of new 

drugs. Lifestyle factors, such diet, can influence different biological mechanisms involved in PD, such 

as the purinergic system, the dopaminergic system, neuroinflammation and microbiota. In this thesis, 
these factors will be explored in different animal models.  

In Chapter 2, the interaction of adenosine receptors with dopaminergic receptors and the 

potential role of adenosine receptor ligands in the treatment of PD are reviewed. In this chapter, the 

potential relation of adenosine with lifestyle and diabetes is discussed as well.   

In Chapter 3, we investigated the interaction of purinergic and dopaminergic receptors in a 

zebrafish model of PD. After intra-encephalic injection of 6-OHDA, zebrafish presented behavioral 

changes and slight effect on the dopaminergic system.  

In Chapter 4, we investigated the feasibility of in vivo PET imaging in living healthy adult 
zebrafish and in a zebrafish model of inflammation. This study demonstrated that in vivo PET imaging 

with 18F-FDG and 18F-NaF in living zebrafish is feasible and differences in uptake can be seen in a 

model of inflammation.  

In Chapter 5, we analyzed the impact of a cafeteria diet on the reward system in rats. Our study 

suggests that D2 receptors play a role in obesity and consumption of a cafeteria diet, but no alterations 

after challenge was observed.  

To elucidate the influence of a high fat diet (HFD) on PD progression, we investigated the effect 
of a HFD on the availability of D2 receptors and behavioral parameters in rats, in Chapter 6. The HFD 

aggravated the damage in the PD model, suggesting a detrimental role of the HFD on the onset or 

progression of PD. 

 In Chapter 7, we suggest that the documented impact of HFD on neuroinflammation may be 

mediated by the gut microbiome in the 6-OHDA rat model of PD and it is independent of peripheral 

inflammation. 

 The knowledge of the basic mechanisms underlying PD and their relationship with changes in 

lifestyle can help scientists to better understand the factors that trigger the onset of the disease and aid 
the development of new treatments and diagnostic tools. These studies can help reveal of the 

interaction between behavior, microbiota, dopaminergic and purinergic response, and inflammation in 

the gut and the brain.  

Keywords: Zebrafish, Purinergic System, PET imaging, High-fat diet, Parkinson’s disease.  

 

 

 

 
 

 



 

RESUMO EM PORTUGUÊS 
 

Tentativas estão sendo feitas para encontrar uma cura ou pelo menos um tratamento melhor que possa 

retardar a progressão da doença de Parkinson (DP), mas, recentemente, nenhuma intervenção foi 
descoberta. Uma melhor compreensão dos mecanismos básicos que estão por trás dessa doença é 

de grande importância para o desenvolvimento de novos medicamentos. Fatores do estilo de vida, 

como a dieta, podem influenciar diversos mecanismos biológicos envolvidos na DP, como o sistema 

purinérgico, o sistema dopaminérgico, a neuroinflamação e a microbiota. Nesta tese, esses fatores 

serão explorados em diferentes modelos animais.  

No Capítulo 2, a interação dos receptores de adenosina com os receptores dopaminérgicos e 

o papel potencial dos ligantes do receptor de adenosina no tratamento da DP são revisados. Neste 

capítulo, a relação potencial da adenosina com o estilo de vida e o diabetes também é discutida.  
No Capítulo 3, investigamos a interação de receptores purinérgicos e dopaminérgicos em um 

modelo de DP em peixe-zebra. Após injeção intra-encefálica de 6-OHDA, o peixe-zebra apresentou 

alterações comportamentais e ligeiro efeito no sistema dopaminérgico.  

No Capítulo 4, investigamos a viabilidade da imagem PET in vivo em peixes-zebra adultos 

saudáveis e em um modelo de inflamação do peixe-zebra. Este estudo demonstrou que a imagem PET 

in vivo com 18F-FDG e 18F-NaF em peixes-zebra vivos é viável e diferenças na captação podem ser 

vistas em um modelo de inflamação. 

No Capítulo 5, analisamos o impacto de uma dieta de cafeteria no sistema de recompensa em 
ratos. Nosso estudo sugere que os receptores D2 desempenham um papel na obesidade e no consumo 

de uma dieta de cafeteria, mas nenhuma alteração após o desafio foi observada.  

Para elucidar a influência de uma dieta rica em gordura (HFD) na progressão da DP, 

investigamos o efeito de uma HFD sobre a disponibilidade de receptores D2 e parâmetros 

comportamentais em ratos, no Capítulo 6. A HFD agravou o dano no modelo de DP, sugerindo um 

papel prejudicial do HFD no início ou na progressão da DP.  

No Capítulo 7, sugerimos que o impacto documentado da HFD na neuroinflamação pode ser 
mediado pela microbiota intestinal no modelo de DP utilizando 6-OHDA em ratos e este é independente 

da inflamação periférica.  

O conhecimento dos mecanismos básicos subjacentes à DP e sua relação com as mudanças 

no estilo de vida pode ajudar os cientistas a entender melhor os fatores que desencadeiam o 

aparecimento da doença e no desenvolvimento de novos tratamentos e ferramentas de diagnóstico. 

Esses estudos podem ajudar a revelar a interação entre comportamento, microbiota, resposta 

dopaminérgica e purinérgica e inflamação no intestino e no cérebro. 

Palavras chave: Zebrafish, Sistema Purinérgico, Imagem PET, dieta rica em gordura, Doença de 
Parkinson.  
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Parkinson’s Disease 
 

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

(Dorsey et al. 2007), with the highest incidence in countries like Canada, United States 

and Argentina (Figure 1). According to the Parkinson`s Foundation, around 10 million 

people are currently suffering from this disease and this number is increasing, with 

around 6.1 million people being diagnosed with PD in 2016, as compared to 2.5 million 

in 1990 (Ray Dorsey et al. 2018). This progressive disease is typically diagnosed 

between the ages of 55 and 65, and globally affects 1% of the population over 60 years 

old, with an increased risk with age (Driver et al. 2008; de Lau and Breteler 2006). 

 

 

Figure 1: Age-standardized prevalence of Parkinson's Disease per 100,000 

inhabitants by location for both sexes, 2016 (adapted from Ray Dorsey et al. 2018) 

 

The hallmark of PD is the loss of dopaminergic neurons in the substantia nigra 

pars compacta (SNc), leading to a deficit in dopamine signaling in the projection areas, 

like the striatum. The dopamine signaling reduction causes the typical motor symptoms 

of the disease, such as gait disturbances, rigidity and a resting tremor (Rizek, Kumar, 

and Jog 2016). Diagnosis of PD mostly occurs when 70%-80% of dopaminergic 

neurons in the striatum are already lost (de Rijk et al. 2000). Although the dopaminergic 

nigrostriatal neurons seem to be particularly vulnerable to degeneration (Hung and Lee 

1996), deficits beyond the dopaminergic neurons in the basal ganglia, like in the 

serotonergic and noradrenergic systems, occur as well. These deficits can lead to non-

motor symptoms (NMS), like cognitive decline, anxiety, depression, gastrointestinal 

dysfunctions, behavioral changes, sleep disturbances and fatigue (Pfeiffer 2016).  
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The degeneration of neurons in both motor and non-motor circuits is associated 

with the accumulation of Lewy bodies. H. Braak and colleagues (2003) developed a 

staging system based on Lewy bodies deposition. Lewy bodies consist of misfolded 

and aggregated α-synuclein protein deposits (Heiko Braak et al. 2003a). These toxic 

aggregates accumulate in the nerve cells and eventually lead to cell death (Spillantini 

et al. 1997). The stepwise degeneration of neurons leads to a corresponding increase 

in clinical symptoms (reviewed by Schapira, Chaudhuri, and Jenner 2017) (Figure 2). 

Cellular malfunction, like disruption of the lysosomal autophagy system, mitochondrial 

dysfunction, endoplasmic reticulum stress, and calcium homeostasis dysregulation 

may contribute to the progressive deterioration of the dopaminergic neurons in 

substantia nigra (reviewed by Michel, Hirsch, and Hunot 2016), however the exact 

mechanism underlying the neurodegeneration remains unclear so far (Zeng, Geng, 

and Jia 2018). 

 
 

Figure 2: a) Schematic representation of the timeline for the manifestation of the 

non-motor symptoms of Parkinson’s Disease. b) Graphic depiction of the decline in 

dopaminergic neuronal function and the corresponding development of the motor and 

non-motor symptoms of Parkinson’s disease (from Schapira et al. 2017). 
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Heiko Braak and colleagues investigated the spread of the Lewy bodies in more 

than 150 patients diagnosed with PD post-mortem, incidental Lewy body disease and 

healthy controls (Heiko Braak et al. 2003b). They found that α-synuclein pathology 

propagates from the dorsal motor nucleus of the nervus vagus along to caudo-rostral 

axis in the brain (Figure 3).  

 

 
Figure 3: The H. Braak staging system of Parkinson’s disease, showing that Lewy 

bodies deposition starts in the olfactory bulb and the medulla oblongata, followed by 

infiltration of Lewy pathology into cortical regions (from Doty 2012). 

 

The majority of PD cases are sporadic. In sporadic PD, a combination of genetic 

susceptibility and environmental factors is thought to contribute to the development of 

the disease (Sulzer 2007). Familial PD with specific genetic defects may account for 

less than 10% of all cases (Gasser 2001), but has helped to gain insight into the 

pathogenesis of PD.  The SCNA gene, encoding the α-synuclein protein, was the first 

gene to be associated with PD (Polymeropoulos et al. 1997). Mutations in the SCNA 

and LRRK2 genes have been linked to late-onset PD (Corti, Lesage, and Brice 2011). 

Parkin, PINK1 and probably DJ-1 have also been associated with PD. Mutations in 

these genes are associated with mitochondrial dysfunctions and are important risk 

factors for the development of early-onset autosomal recessive PD (Corti et al. 2011). 
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The dopaminergic system 

 

As mentioned above, dysfunction of the dopaminergic system plays an important role 

in PD. The neurotransmitter of the dopaminergic system, dopamine (DA), is a member 

of the catecholamine family. DA is involved in different physiological processes, 

including locomotor activity and reward. DA is produced from L-tyrosine in the brain. 

The enzyme tyrosine hydroxylase (TH) is responsible for catalyzing the hydroxylation 

of L-tyrosine into L-DOPA, which is subsequently decarboxylated by the enzyme amino 

acid decarboxylase (AADC) to form DA (Missale et al. 1998). Once synthesized, DA is 

stored in presynaptic vesicles by the vesicular monoamine transporter (VMAT) and 

transported to the synaptic terminal. Upon activation of the dopaminergic neurons, DA 

is released from the vesicles into the synaptic cleft (Rice, Patel, and Cragg 2011). DA 

can bind to the metabotropic dopamine receptors, which can be divided into the 

stimulatory D1-type (D1 and D5) and the inhibitory D2-type (D2, D3 and D4) receptors 

(Hurley and Jenner 2006; Missale et al. 1998; Sokoloff and Schwartz 1995). The DA 

receptor subtypes show a different distribution and expression levels across various 

brain regions (Beaulieu and Gainetdinov 2011) (Table 1). Locomotion, which is 

impaired in PD, is mainly mediated by D1, D2 and D3 receptors, but D4 and D5 

receptors also seem to be involved, because they are expressed in the motor regions 

of the brain (Missale et al. 1998; Sibley 1999). 

 

Table 1: Gene expression of dopamine receptor subtypes in different regions of the 

mammalian brain (animal studies). Adapted from Beaulieu and Gainetdinov 2011. 
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Levodopa is the most used medication to control symptoms of PD, due to its 

ability to cross the blood brain barrier and to be converted to DA (Parkinson’s 

Foundation 2020), therefore, increasing DA availability. Other treatments involve 

dopamine agonists because these drugs mimic the effects of dopamine and are used 

sometimes to minimize the on-off effects of levodopa. Other important components in 

dopaminergic transmission are the dopamine transporters (DAT), which are located on 

the plasma membrane of dopaminergic neurons and are responsible for the rapid 

reuptake of DA in the presynaptic neuron (Haenisch and Bönisch 2011). Several 

clinical studies with DAT inhibitors were performed in PD patients, but currently no 

specific treatment targeting these transporters is available in the clinic (Huot, Fox, and 

Brotchie 2016). However, DAT activity can be used as a biomarker for the diagnosis 

of early stages of PD (Romero et al. 2019). The degradation of DA occurs through the 

action of the enzymes monoamine oxidase (MAO) and catecholamine O-methyl 

transferase (COMT) (Huotari et al. 2002; Youdim, Edmondson, and Tipton 2006). MAO 

or COMT inhibitors are clinically used in the treatment of PD patients, the first can be 

used as a monotherapy in the early stages of the disease and the second is used as 

an adjuvant to increase the availability of levodopa in the brain (Parkinson’s 

Foundation 2020).  

 

The adenosinergic system 

 

 The importance of the dopaminergic system in PD is unquestionable, but the 

interaction of the dopaminergic system with other neurotransmitter systems suggests 

that these systems could be involved in PD as well. The adenosine system, for 

example, closely interacts with the dopaminergic system. Dopamine D2 receptors form 

heterodimers with adenosine A2A receptors and thus can have allosteric interactions. 

Adenosine A2A receptor agonists can reduce the affinity of a D2 receptor agonist (Ferre 

et al. 1991; Fuxe et al. 2003). Based on these findings, researchers suggested that 

adenosine A2A receptor antagonists may exhibit potential for the treatment of PD, as 

they could increase the affinity of D2 receptor agonist like DA and thus compensate for 

the degeneration of the dopaminergic system (Casadó-Anguera et al. 2016). 

Adenosine is an important neuromodulator that exerts stimulating activity 

through the adenosine A2A and A2B receptor subtypes and inhibitory activity via the 
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adenosine A1 and A3 receptor subtypes (Ralevic and Burnstock 1998; Zimmermann 

2011). In physiological situations, the action of adenosine is mediated only by A1 and 

A2A receptors, due to the low basal adenosine levels and the high affinity of adenosine 

for these receptors. The physiological role of the high affinity A1 receptors is reinforced 

by its wide distribution in neural tissue. Adenosine A2A receptors, on the other hand, 

are mainly expressed in the basal ganglia, blood vessels and immune cells (Chen, 

Eltzschig, and Fredholm 2013), suggesting a more important role in PD. 

The major extracellular source of adenosine is adenosine triphosphate (ATP). 

E-NTPDases hydrolyze ATP into adenosine monophosphate (AMP) and ecto-5'-

nucleotidase subsequently hydrolyzes AMP into adenosine. ATP hydrolyzing enzymes 

play an important role in controlling the activation of adenosine receptors. The key 

enzyme for adenosine production, ecto-5'-nucleotidase, plays a crucial role in striatal 

A2A receptor activation (Augusto et al. 2013). Interestingly, adenosine and ATP can 

also act as modulators in inflammatory process, oxidative stress, excitotoxicity and cell 

death (Tóth et al. 2019). Studies in rodents showed that striatal injection of 6-

hydroxydopamine (6-OHDA) caused an increase in adenosine production by 

stimulation of striatal AMP and ADP hydrolysis without altering the expression of the 

genes of enzymes responsible for the dephosphorylation of the adenosine phosphates 

(Oses et al. 2011). 

Several therapies for PD appear to exert their neuroprotective properties, at 

least in part, by modulation of adenosine-mediated signaling (Nazario, da Silva, and 

Bonan 2017). Adenosine A2A receptor antagonists can reduce the off-time and the 

complications of levodopa  (Hauser et al. 2008). These “off” episodes occur when the 

treatment with levodopa stops working and PD symptoms like tremor and difficulty 

walking start increasing again (FDA 2019). For this reason, the A2A antagonist, 

Istradefyline, has been approved as a complementary treatment for PD in Japan since 

2013 (Torti, Vacca, and Stocchi 2018). This drug was also approved as an adjunctive 

treatment to levodopa/cardiodopa in adult patients experiencing “off” episodes in 

United States of America since 2019. The European Medicines Agency has reviewed 

the product dossier and recently provided marketing authorization for this drug as well 

(EMA 2020).  Caffeine, one of the most consumed psychostimulants in the world, is an 

A2A adenosine receptor antagonist as well. Caffeine was found to exert neuroprotective 

effects (Chiu and Freund 2014) and suggested to slow down the progression of 

degeneration in PD models (Ferré et al. 1992; Morelli et al. 2012; Sonsalla et al. 2012). 
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Inflammation 

 

Inflammation is an important physiological reaction that, in most cases, is beneficial for 

the body. However, chronic and exacerbated inflammatory responses can become 

detrimental to the body, including the brain. In the brain, the response to the tissue 

damage, danger signals and pathogens is mediated by microglia, the resident 

macrophages of the central nervous system (Thameem Dheen, Kaur, and Ling 2007). 

Excessive and chronic activation of microglia leads to an increase in the release of 

pro-inflammatory cytokines that could eventually lead to neuronal damage (Zhang et 

al. 2005).  Moreover, peripheral inflammation can induce an inflammatory response in 

the brain. For example, microbiota changes, or irritable bowel syndrome can lead to 

the increase of the permeability of the blood-brain barrier through the release of 

inflammatory mediators and LPS, thus enabling the influx of the peripheral immune 

cells and immune mediators (Kortekaas et al. 2005). 

Neuroinflammation is a common hallmark of neurodegenerative diseases such 

as PD (Suescun, Chandra, and Schiess 2019). The confirmation that PD is 

accompanied with neuroinflammation was made through postmortem analysis of 

specific inflammatory markers in the brain of PD patients. These findings were later 

confirmed with neuroimaging techniques that could visualize the presence of 

neuroinflammation in vivo (Cebrián, Loike, and Sulzer 2014; Gerhard et al. 2006; 

Hirsch et al. 2016; Toulorge, Schapira, and Hajj 2016). In addition, increased levels of 

pro-inflammatory mediators have been found in the blood of PD patients (Kim et al. 

2018). After many years of study, however, it is still not clear whether 

neuroinflammation is the cause or the consequence of neurodegeneration in PD 

(Tansey and Goldberg 2010). Another key question is if the exacerbated activation 

microglia originates from the brain or has an extra-cerebral origin.  

 

Gut-Brain Axis  

 

Interactions of the brain and the gut are well described in pathologies like depression, 

anxiety, inflammatory bowel disease, Alzheimer disease and PD (Gracie, Hamlin, and 

Ford 2019; Hirschberg et al. 2019; Peirce and Alviña 2019).  Although it is known that 

the gut and the brain interact in PD, it is not entirely clear yet what happens first: 

degeneration in the brain or gut modifications (Borghammer and Van Den Berge 2019). 
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A problem for the research on PD is that the diagnosis can only be made at a late 

stage of the disease, which makes it difficult to discover the origin of the disease. 

Environmental, genetic and lifestyle factors can possibly induce pathological 

processes in the gut and brain that can aggravate each other. 

Patients with PD are more likely to suffer gastrointestinal problems, such as 

constipation, and these symptoms can appear ten years before the diagnose (Poewe 

et al. 2017). H. Braak and colleagues (2003) performed pathological analysis of the 

gut of PD patients and observed that there is α-synuclein deposition in the gut (H Braak 

et al. 2003). A systematic review and meta-analyses performed in 2019 demonstrated 

a correlation between the α-synuclein deposition in the gut and PD. The authors 

concluded that the α-synuclein deposition in the gut may be used as an adjuvant for 

the diagnosis (Bu et al. 2019). The deposition of α-synuclein is highly correlated with 

neuroinflammation (Gelders, Baekelandt, and Perren 2018), which may be due to a 

direct immune response that increases the expression of inflammatory mediators 

(Gelders et al. 2018) or could be related to changes in microbiota composition 

(Fitzgerald, Murphy, and Martinson 2019). Animal studies revealed that mice receiving 

microbiota transplant from PD patients show enhanced motor impairment and 

neuroinflammation, as compared to a control group (Sampson et al. 2016). Several 

studies show that gut composition of patients with PD have an increased relative 

abundance of bacteria from the genera Akkermansia, Lactobacillus, 

and Bifidobacterium and decreased abundances of Prevotella, Faecalibacterium, 

and Blautia (Bedarf et al. 2017; Keshavarzian et al. 2015; Scheperjans et al. 2015; 

Unger et al. 2016).  

 It is interesting to mention that alterations in the dopaminergic system have 

been associated with constipation, one of the first symptoms of PD patients (Colucci 

et al. 2012; Garrido-Gil et al. 2018; Jiménez et al. 2014). Colucci and colleagues (2012) 

found a reduced expression of D2 receptors in the proximal (-66.8%) and distal (-

54.5%) colon, as well as reduced peristalsis efficiency in rats with 6-OHDA induced 

lesions in striatum. This observation was confirmed by Garrido-Gil and colleagues 

(2018), who showed in rodents that nigrostriatal dopaminergic lesions cause a 

decrease in colonic D1 and D2 receptor expression (Garrido-Gil et al. 2018). Vice versa, 

colonic inflammation can increase nigrostriatal dopaminergic cell death in PD model, 

which is accompanied by an increase in neuroinflammatory markers (Gil-Martínez et 

al. 2019). These observations support the hypothesis that the gut-brain axis is involved 
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in the pathology of PD, and could help explain why constipation is one of the first 

occurring symptoms. 

 

Diet  

 

Evidences suggests that life style is an important factor that may prevent, reduce or 

accelerate the progression of PD. The influence of lifestyle before PD diagnosis has 

been researched in epidemiological studies (Morris et al. 2010; Paul et al. 2019; Xu et 

al. 2011), showing that factors like caffeine and alcohol (moderated consumption) 

intake, and exercise may have a protective effect against PD, whereas smoking and 

alcoholism were associated with an increased risk (Paul et al. 2019). Other risk factors 

like a bad diet, diabetes, high cholesterol, traumatic brain injury, cancer and exposure 

to pesticides were also reported in the literature (Ascherio and Schwarzschild 2016).  

One of the life style factors that can affect the onset and progression of PD is 

the diet (Mischley, Lau, and Bennett 2017). For example, Western diet (high intake of 

fat, sugar and red meat) was found to increase the risk to develop PD, whereas a 

Mediterranean diet (high intake of fibers) decreases it (Maraki et al. 2019; Mischley et 

al. 2017). The mechanisms responsible for the effects of diet are not elucidated yet, 

but can be a direct effect of components in diet or an indirect effect through diet-

induced changes in the composition of the gut microbiota (Figure 4) (Heiman and 

Greenway 2016; Perez-Pardo et al. 2017). 
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Figure 4: Communication between the intestinal microbiota and the brain. (from 

Jackson et al. 2019) 

 

Diet can affect intestinal microbiota. For example, Western diet can stimulate 

the expansion of lipopolysaccharide (LPS)-releasing bacteria and reduce the 

abundance of short chain fatty acids (SCFA)-producing bacteria, whereas a 

Mediterranean diet promotes the opposite. LPS-releasing bacteria are known as pro-

inflammatory and are capable of inducing a disruption of the intestinal barrier integrity. 

LPS binds to toll-like receptor 4 (TLR4) and thus can stimulate a cascade of events, 

summarized in Figure 4, that can contribute to neuroinflammation and 

neurodegeneration in the brain. In contrast, the ingestion of a Mediterranean diet 
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increases the production of SCFA and as a consequence fortifies the intestinal barrier, 

stimulates the intestinal production of glucagon like peptide 1 (GLP-1) and 

gastrointestinal peptide (GIP), which inhibits NLRP3 inflammasome activation and 

regulates insulin resistance. SCFA and GLP-1/GIP can activate the intestinal 

glucogenesis (IGN) of epithelial cells and thus stimulate the vagus nerve and the 

production of brain-derived neurotrophic factor (BDNF). BDNF has several positive 

effects on the brain, improves neuronal insulin resistance and promotes neural health 

(Figure 4) (Jackson et al. 2019). Characteristic features of PD patients’ microbiome are 

similar to those observed following consumption of a Western diet (low SCFA-

producing bacteria, high LPS-secreting bacteria). This suggests that dietary 

interventions, such as a Mediterranean diet (or components of the Mediterranean diet), 

may be a viable approach to blunt neuroinflammation and improve neuronal function 

in PD  patients (Oliveira de Carvalho et al. 2018). Such a lifestyle intervention may also 

help preventing the onset of the disease.  

Another risk factor for PD related with the diet is the development of diabetes 

type 2. Prevalence of type 2 diabetes mellitus (T2DM) increased over the years, with 

465 million people being diagnosed with this condition in 2019, according to data from 

the international diabetes federation (WHO 2016). People with T2DM have a higher 

incidence of cognitive decline and an increased risk of developing all types of 

dementia, which corroborates the idea that diabetes could be an accelerator for the 

development of neurodegenerative diseases (Umegaki 2012; Yang and Song 2013). 

The association between PD and T2DM was first reported in 1960 and it was 

suggested that diabetes accelerated the evolution of both motor and cognitive 

Parkinsonian symptoms (Schwab 1960). A meta-analysis confirmed that T2DM 

increases the risk of developing PD by approximately 38% (Yue et al. 2016). 

Morris et al. (2010) demonstrated that a high fat diet leads to insulin resistance 

and accelerates the progression of neurodegeneration in a PD model. In animals on a 

high-fat diet, dopamine depletion in substance nigra and striatum after 6-OHDA 

injection in the medial forebrain bundle was correlated with adiposity and insulin 

resistance (Morris et al. 2010). Likewise, many patients with PD demonstrated 

abnormal glucose tolerance and hyperglycemia (Lipman, Boykin, and Flora 1974; 

Marques et al. 2018). The association between T2DM and PD could be explained by 

the increase in methylglyoxal (MGO) levels in response of the increased glucose levels 

in the body. MGO is a potent glycation agent that plays an important role in the 
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exacerbated formation of α-synuclein aggregates and is also involved in insulin 

resistance (A. Shamsaldeen et al. 2016; Vicente Miranda, El-Agnaf, and Outeiro 2016). 

In addition, the glycated species produced by MGO activate RAGE (multi-ligand 

receptor for advanced glycation end products), thereby triggering an inflammatory 

response. Thus, glycation can contribute to neurodegeneration and neuroinflammation 

in PD and may constitute the missing link between diabetes and this 

neurodegenerative disease (Vicente Miranda et al. 2016).  

Santiago and Potashkin (2013b, 2013a) provided evidence that PD and T2DM 

are also strongly linked at the molecular level. They identified 478 genes implicated in 

both diseases. The genes that are most correlated between PD and T2DM are: cd63, 

cdk1, ushbp1, raf1, pkn1, mapk1 and 3, rhoa, crebbp, copb1, akt1, arf1 and 3, braf, 

ralgds, app, pourf1, rock 1 and 2, and prkca. Most of these genes are involved in cell 

survival and metabolism, mitochondrial function, autophagy, inflammatory response, 

and insulin resistance (Santiago and Potashkin 2013a). 

 

Animal models 

 

Animal models that try to mimic specific features of diseases in general do not 

have all the characteristics of face, prediction and construct validity (Belzung and 

Lemoine 2011). This is not different for models of PD: the models cannot reproduce all 

motor and non-motor symptoms, and show different dynamics of dopaminergic neural 

loss with increasing age than patients. Despite these shortcomings, the use of animal 

models is important for unraveling the basic mechanisms underlying the disease and 

can help in the development of new drugs (reviewed by Tieu 2011). Different species 

are used as animal models for PD, including invertebrates, such as Drosophila, 

Caenorhabditis elegans and snail, and vertebrates like zebrafish, mouse, rat, and 

monkey (Zeng et al. 2018). These animals have different characteristics that can direct 

their use as animal model for a specific purpose. For example, monkeys are the closest 

to humans, but expensive and used less frequently because of ethical reasons; rodents 

also have physiological and morphological aspects similar to humans, but are cheaper; 

and zebrafish are the cheapest animal model, but smaller and only share some 

characteristics similar to humans.  

Genetic and pharmacological interventions are used to create models that 

mimic specific aspects of PD (Meredith, Sonsalla, and Chesselet 2008). The most used 
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genetic animal models are the ones with mutations in the autosomal dominant LRRK2 

or SCNA genes, or mutations in the autosomal recessive parkin, DJ1 or PINK1 gene 

(Dawson, Ko, and Dawson 2010). Different pharmacological approaches are also used 

to produce PD models. In the most frequently used animal model, nigrostriatal damage 

is induced by intracerebral injection of 6-OHDA. Other neurotoxins are used to induce 

neurodegeneration in animals as well. The well-known herbicide, Paraquat is capable 

of inducing PD symptoms after prolonged exposure (Berry, La Vecchia, and Nicotera 

2010). Other models include intraperitoneal injection of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridinen (MPTP), a lipophilic molecule that can cross the blood-brain barrier 

(Toomey et al. 2012) or injection of Rotenone, an organic pesticide that can cause 

dopaminergic toxicity by interference with the mitochondrial complex I (Glinka, Tipton, 

and Youdim 1998; Richardson et al. 2007; Schapira et al. 1989; Tanner et al. 2011). 

6-OHDA is the most used neurotoxin to model dopaminergic neurodegeneration 

in vivo and in vitro. Since this neurotoxin cannot cross the blood-brain barrier, 

stereotactic injection is required (Schober 2004). The mechanism behind the toxicity 

of 6-OHDA is largely due to the induction of oxidative stress, respiratory inhibition and 

formation of reactive oxygen species (Rodriguez-Pallares et al. 2007; Sachs and 

Jonsson 1975). The stereotaxic injection of 6-OHDA in the striatum leads to a 

progressive, retrograde degeneration of the nigrostriatal neurons, with up to 70% of 

the dopaminergic neurons being destroyed in 4 weeks (Shimohama et al. 2003). This 

makes it an interesting model for a longitudinal study. Normally only a unilateral lesion 

is generated, resulting in a “hemiparkinson’s model” (Perese et al. 1989), in which the 

contralateral hemisphere can serve as internal control. Furthermore, bilaterally 

affected animals require intensive care (Cenci, Whishaw, and Schallert 2002). The 

damage induced to the nigrostriatal system in the hemiparkinson’s model causes 

asymmetric motor symptoms. However, it does not mimic all pathological features of 

PD, like tremor and rigidity. Other options to damage the dopaminergic system are to 

inject 6-OHDA into substantia nigra or the medial forebrain bundle, but both methods 

cause rapid cell death (Przedbroski et al. 1995). 

Some studies investigate the mechanisms involved in PD using the zebrafish 

as an animal model. The dopaminergic pathway in zebrafish shows large similarities 

with that in rats (Figure 5) (Parker et al. 2013). The dorsal nucleus of the ventral 

telencephalon of zebrafish is suggested to be homologous to the mammalian striatum, 

and receives projections of dopaminergic neurons from the ventral diencephalon, 
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resembling the nigrostriatal pathway of mammals (Rink and Wullimann 2002). MPTP 

induces a decrease in dopamine levels in adult zebrafish (Lam, Korzh, and Strahle 

2005). Rotenone induces cataleptic behavior and neuronal loss in zebrafish 

comparable to that seen in rodents (Makhija and Jagtap 2014). Paraquat has been 

used to mimic the parkinsonian phenotype in zebrafish promoting the typical 

behavioral, biochemical and molecular changes (Bortolotto et al. 2014). Exposure of 

zebrafish larvae to 6-OHDA leads to reduced general expression of tyrosine 

hydroxylase, increased expression of proinflammatory cytokines, and behavioral and 

locomotor changes (Feng et al. 2014; Parng et al. 2007). Unilateral diencephalic 

injections of 6-OHDA in adult zebrafish can ablate more than 85% of the dopaminergic 

neurons (Vijayanathan et al. 2017).  

 

 
 

 
Figure 5: Schematic drawing illustrating the dopaminergic projections in adult 

zebrafish and rat brain. Adapted from Parker et al. 2013. 

 

PET imaging 

 

To study in vivo disease characteristics in animal models and PD patients, 

functional imaging techniques can be applied. Positron Emission Tomography (PET) 

is a non-invasive molecular imaging technique that uses tracers labeled with specific 

positron emitting isotopes to visualize biochemical and physiological processes in vivo. 

Rat 

Zebrafish 
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The most frequently used positron emitting radioactive isotopes for the labeling of PET 

tracers are carbon-11 and fluor-18, with a half-life of 20 and 110 minutes, respectively. 

These isotopes are used to label biologically active molecules that can be applied as 

tracers to assess parameters like metabolism, perfusion, receptor binding and 

transporter availability. The radiotracer is usually injected intravenously before the 

scan and allowed to distribute throughout the body. The unstable isotope of the tracer 

will decay and the emitted positron will collide with an electron in the tissue, causing 

an annihilation event. In this annihilation event, the mass of the positron and electron 

is converted into two gamma rays with an energy of 511 keV, which will travel in 

opposite direction from each other (usually with a small deviation in the angle). These 

gamma rays can be detected by scintillators located in a ring around the patient or the 

animal. The detection of the two photons is registered if the two photons are recorded 

by two opposite scintillators at the same time (true coincidence). After true 

coincidences have been measured and several corrections have been applied, a 3D 

representation of the tracer distribution can be generated. PET provides quantitative 

information about the tracer distribution (and thus about the underlying processes). 

Usually tracer concentration in the tissue of interest is normalized to the injected dose 

and bodyweight and, therefore, is expressed as the standardized uptake value (SUV) 

in order to enable comparison between subjects and conditions.  

PET can be used in preclinical and clinical researches and has the advantage 

that findings in animal models can be confirmed in a noninvasive way in patients using 

the same methodology. PET can capture processes that are difficult to visualize with 

other modalities, like metabolism, enzymatic activity, protein accumulation and 

receptor binding (Slough et al. 2016). These characteristics may contribute, in the 

future, to a faster diagnosis of the disease and more accurate monitoring of therapy 

efficiency (Eisenmenger et al. 2016).  

Different radiotracers have been used to study various aspects of PD in clinical 

studies, such as: glucose metabolism (18F-FDG), neuroinflammation ([11C]PBR28; 

[11C]PK11195), the GABAergic ([11C]flumazenil), dopaminergic ([11C]raclopride; 6-

[18F]Fluoro-L-DOPA) and adenosinergic ([11C]Preladenant) system (Gerhard et al. 

2006; Ibrahim et al. 2016; Sun et al. 2019; Varnäs et al. 2019; Volonté et al. 2001). 

PET imaging methods for PD have recently been reviewed (Abbasi Gharibkandi and 

Hosseinimehr 2019). 
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THESIS OUTLINE 

 

The number of patients with PD increases each year and no curative treatment is 

available yet. At present, the best treatment option is slowing down the progression of 

the disease and reducing the symptoms. Early diagnosis and preventive treatment are 

important factors that can help minimizing disease burden. This requires a better 

understanding of the basic mechanisms involved in the onset and early progression of 

the disease. Such information could help the development of new interventions to 

prevent, slow down or stop the disease at an early stage. The main goal of this thesis 

is to investigate basic mechanisms underlying PD in different animal models. Since 

lifestyle is an important risk factor for PD, the influence of diet is investigated as well. 

This thesis starts with the assessment of basic mechanisms of PD in zebrafish; then 

the feasibility of PET imaging in zebrafish is explored; and finally, the effect of high-fat 

diet on the dopaminergic signaling pathway is studied in healthy rats and a rat model 

of PD. 

 

In Chapter 2, the interaction of adenosine receptors with dopaminergic receptors 

and the potential role of adenosine receptor ligands in the treatment of PD are 

reviewed. In this chapter, the potential relation of adenosine with lifestyle and diabetes 

is discussed as well.   

 

In Chapter 3, a PD model in zebrafish is described. In this PD model, purinergic 

and dopaminergic receptors and behavioral parameters were measured at different 

time points after induction. 

 

In Chapter 4, the feasibility of in vivo PET imaging in zebrafish is explored. Animal 

preparation and imaging procedures have been optimized to be applied in different 

research sites.   

 

Chapter 5 describes a study investigating the effect of a cafeteria diet on the 

dopaminergic reward system in rats. PET was used to measure dopamine D2 receptor 

availability in rats on a cafeteria diet (high caloric diet) and control animals after a 

challenge with highly palatable food.  
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Chapter 6 employed 11C-Raclopride PET to investigate the effect of a high-fat diet 

on D2 receptor availability, before and after injection of the neurotoxin 6-OHDA as a rat 

model for PD.  

 

Chapter 7 investigated the effect of high-fat diet on the neuroinflammation in the 6-

OHDA rat model of PD, using PET with the tracer 11C-PBR28. In addition, the effect 

on the gut microbiota composition and cytokines in the blood was evaluated. 
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Abstract 
 
Parkinson's disease (PD) is one of the most prevalent neurodegenerative disease 

displaying negative impacts on both the health and social ability of patients and 

considerable economical costs. The classical anti-parkinsonian drugs based in 

dopaminergic replacement are the standard treatment, but several motor side effects 

emerge during long-term use. This mini-review presents the rationale to several efforts 

from pre-clinical and clinical studies using adenosine receptor antagonists as a non-

dopaminergic therapy. As several studies have indicated that the monotherapy with 

adenosine receptor antagonists reaches limited efficacy, the usage as a co-adjuvant 

appeared to be a promising strategy. The formulation of multi-targeted drugs, using 

adenosine receptor antagonists and other neurotransmitter systems than the 

dopaminergic one as targets, have been receiving attention since Parkinson's disease 

presents a complex biological impact. While pharmacological approaches to cure or 

ameliorate the conditions of PD are the leading strategy in this area, emerging positive 

aspects have arisen from non-pharmacological approaches and adenosine function 

inhibition appears to improve both strategies. 

 

Keywords: adenosine, A2AAR, dopaminergic system, neurodegeneration, Parkinson 

disease 
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General aspects of parkinson's disease 
 
Parkinson's disease (PD) is the second most prevalent chronic neurodegenerative 

disease, affecting more than 1% of the elderly population, with diagnostic confirmation 

occurring when the loss of dopaminergic neurons in the striatum is close to 80% (de 

Rijk et al., 2000). PD is also diagnosed in people less than 40 years old, named early-

onset PD (Crosiers et al., 2011). PD is associated with the formation of Lewy bodies 

and neurites (Braak et al., 2003), mainly composed of aggregated forms of α-synuclein 

(Spillantini et al., 1998). The loss of dopaminergic neurons causes a reduction in the 

release of dopamine, leading to motor symptoms such as bradykinesia, rigidity, 

imbalance and tremor (Jankovic, 2008). PD presents in sporadic and familial forms. 

The risk factors involved in the development of PD are both genetic and environmental 

(Mortimer et al., 2012; Noyce et al., 2012; Van der Mark et al., 2012; Pezzoli and 

Cereda, 2013). The familial form, with specific genetic targets, represents less than 

10% of PD cases (Dawson and Dawson, 2010). The genetic aspects of the disease 

are linked to mutations in several genes related to a multitude of cellular mechanisms, 

such as protein aggregation, protein and membrane trafficking, lysosomal autophagy, 

immune response, synaptic function, endocytosis, inflammation, and metabolic 

pathways (Redenšek et al., 2017). The 

genes SNCA (PARK1), UCHL1 (PARK5), LRRK2 (PARK8), GIGYF2 

(PARK11), OMI/HTRA2 (PARK13), VPS35 (PARK17), and EIF4G1 (PARK18) result 

in autosomal dominant PD, and PRKN (PARK2), DJ-1 (PARK7), ATP13A2 (PARK9), 

PLA2G6 (PARK14), FBX07 (PARK15), DNJC6 (PARK19), and SYNJ1 (PARK20) 

causes autosomal recessive PD (Lautier et al., 2008; Di Fonzo et al., 2009; Klein and 

Westenberger, 2012; Deng et al., 2015; Bartonikova et al., 2016; Miki et al., 2017; 

Scott et al., 2017). The gene contribution from other loci (PARK 3, 10, 12, and 16) is 

under investigation (Dawson and Dawson, 2010). However, a putative causative 

mutation in the gene that encodes the A1 adenosine receptor, located in the locus 

PARK16, has been related to susceptibility to PD (Jaberi et al., 2016). Among the 

environmental contributors to PD development are occupational exposure of 

pesticides, such as Rotenone and Paraquat, infection by Helicobacter and HCV, low 

body weight and sedentary lifestyle (McCarthy et al., 2004; Villar-Cheda et al., 2009; 

Golabi et al., 2017; Sharma and Lewis, 2017; Shen et al., 2017). 
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The relationship of adenosine and dopamine signalling 
 
Adenosine affects dopaminergic signaling through receptor heteromer formations and 

shared intracellular pathways. Adenosine is a neuromodulator that acts through the 

A1 (A1AR) and A3 (A3AR) inhibitory adenosine receptors and A2A (A2AAR) and 

A2B (A2BAR) excitatory adenosine receptors (Ralevic and Burnstock, 1998). D1 

(D1DR) and D2 (D2DR) dopamine receptors are found co-localized with A2AAR and 

A1AR, mGluR5 and NMDA (Hillion et al., 2002; Lee et al., 2002; Beggiato et al., 2016). 

The dopamine-adenosine receptor heteromers are constituted mainly of D1DR/A1AR 

and D2DR/A2AAR, displaying antagonistic properties. A1AR agonist decreases the 

binding potential of dopamine to D1DR, and reduces the D1DR-induced cAMP 

production, while A1AR antagonists activate D1DR increasing cAMP levels (Ferré et 

al., 1998). A3AR activation appears to have some influence on dopamine release and 

vesicular transport, while no functional impacts have been registered in dopamine 

receptors (Gołembiowska and Zylewska, 1998; Björklund et al., 2008; Shen et 

al., 2011). 

The heteromerization of D2DR/A2AAR is one of the most studied receptors 

interaction. A2AAR agonists reduce the in vitro affinity of the D2DR agonist through an 

increase in D2DR Kd without affecting receptor density (Ferré et al., 1991). In 

vivo studies confirmed these findings since the administration of A2AAR antagonist 

increased the effects of the D2DR agonist in the rat striatum and basal ganglia, while 

the action of A2AAR agonists was opposite (Hillefors-Berglund et al., 1995; Strömberg 

et al., 2000). This heteromerization was confirmed through co-immunoprecipitation, 

fluorescence resonance energy, bioluminescence resonance energy transfer and ex 

vivo proximity ligation studies (Hillion et al., 2002; Canals et al., 2003; Trifilieff et 

al., 2011; Fernández-Dueñas et al., 2015). Studies with PET in the human brain 

showed the increased binding of a D2DR antagonist, after the administration of 

caffeine, a nonselective antagonist of adenosine receptors (Volkow et al., 2015). 

The interaction between adenosinergic and dopaminergic receptors has been 

described as intramembrane, involving direct interaction between receptors, or the 

modulation of G-proteins and the consequent influence on cAMP-dependent proteins 

(Fuxe et al., 1998; Ferré et al., 2001; Hillion et al., 2002; Fredholm and 

Svenningsson, 2003). The administration of D2DR antagonists can reduce the cAMP 

production by A2AAR and the D2 agonist administration induces increase in cAMP 
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levels by A2AAR (Vortherms and Watts, 2004; Botsakis et al., 2010). A2AAR 

stimulation, in vitro, causes the phosphorylation and activation of DARPP-32, which 

can be inhibited by D2DR activation (Nishi et al., 1997). A2AAR antagonists increase 

D2DR-dependent regulation of c-fos, which is more intense when dopaminergic 

neurodegeneration is presented (Pollack and Fink, 1995; Svenningsson et al., 1999). 

Compelling evidence for the impairment of D2DR/A2AAR oligomers in the striatum of 

rats was obtained in experimental Parkinsonism induced by 6-hydroxydopamine (6-

OHDA) (Fernández-Dueñas et al., 2015). The ventral striopallidal GABA pathway 

appears to be a target of mGlu5R/D2DR/A2AAR interactions. The co-administration of 

A2AAR and mGlu5R agonist enhances GABA release compared with mGlu5R agonist 

alone, and this effect decreases with the administration of D2DR agonists (Díaz-

Cabiale et al., 2002). In addition, D2DR/A2AAR controls NMDA-mediated excitation in 

neurons from the nucleus accumbens through a direct protein–protein interaction 

(Azdad et al., 2009). 

 

Support for the A2AAR antagonism hypothesis from animal studies 
 
The co-expression of D2DR/A2AAR receptors and their close functional and structural 

association in the striatopallidal GABAergic neurons reveals sites for therapeutic 

intervention and has received attention in the last three decades (Fink et al., 1992; 

Kase, 2001; Kelsey et al., 2009). The non-specific blockade of adenosine receptors 

by methylxanthines produces contralateral rotations in animals with dopaminergic 

lesions induced by 6-OHDA, since contralateral rotations have been related to an 

indirect stimulation of dopamine receptors in the lesioned area (Watanabe et al., 1981; 

Herrera-Marschitz et al., 1988). 

During the late 1990s and early 2000s, exciting results from animal models of 

Parkinsonism indicated that A2AAR antagonism improves motor activity by reducing 

the postsynaptic effects of dopamine depletion. Caffeine neuroprotection against 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced lesion showed to be 

especially dependent on A2AAR from the striatal neurons, but not exclusively (Chen et 

al., 2001; Xu et al., 2016). The A2AAR antagonist KW6002 (Istradefylline) was shown 

to be powerful enough to increase locomotion activity and potentiate dopaminergic 

agonist motor effects in MPTP- and 6-OHDA-lesioned animals (Kanda et 

al., 1998, 2000; Grondin et al., 1999; Koga et al., 2000; Bibbiani et al., 2003). The anti-
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parkinsonian effects of KW6002 and similar drugs, such as KW17837, appear to be 

dose-dependent, effective in the postsynapse and beyond the direct effect on the 

dopaminergic system, and act on glutamatergic/gabaergic neurotransmission and 

monoamine oxidase activity (Bibbiani et al., 2003; Petzer et al., 2003; Tanganelli et 

al., 2004; Orru et al., 2011). MSX-3, a water-soluble precursor of the highly specific 

A2AAR antagonist MSX-2, which exhibits greater potency for A2AAR than KW6002, 

appeared to be a candidate of monotherapy since it alleviates the symptomatic 

parkinsonian locomotor deficiency in a genetic model of dopaminergic degeneration 

(Yang et al., 2007; Marcellino et al., 2010). 

While some studies advocated that A2AAR antagonism, as a monotherapy, 

could reach a mildly lower or similar efficacy of L-DOPA treatment without inducing 

dyskinesia (Grondin et al., 1999; Pinna et al., 2007), the promisor effect of these drugs 

appeared to be when co-administrated with L-DOPA, simultaneously inhibiting A2AAR 

and activating D2DR. A2AAR-knockout animals demonstrated weak and transitory 

rotational sensitization and no sensitized grooming as a response to L-DOPA 

(Fredduzzi et al., 2002). The blockade of adenosine receptors by caffeine promoted 

additive or synergistic interactions with L-DOPA (Yu et al., 2006), whereas the co-

administration of specific A2AAR antagonists, such as KW6002, ST1535, and L-DOPA, 

potentiated the anti-parkinsonian effect of L-DOPA without exacerbating dyskinesia 

(Kanda et al., 2000; Koga et al., 2000; Bibbiani et al., 2003; Matsuya et al., 2007; 

Tronci et al., 2007). However, some studies using several A2AAR antagonists, such as 

SCH4123-48, BIIB014 (Vipanedant), KW6002 and caffeine, when administered 

concomitantly and chronically with L-DOPA, failed to avoid dyskinesia (Jones et 

al., 2013). 

The mechanism behind the effects of A2AAR antagonists alone or as co-

adjuvant drugs appears to beyond actions on dopaminergic system (Fuxe et al., 2009; 

Maggio et al., 2009; Figure Figure1).1). The A2AAR exerts its neuronal activity in the 

striatum in a manner that is partially independent of D2Rs (Chen et al., 2001). Actually, 

KW6002 decreases the neuronal activity of the striatopallidal indirect pathway in the 

absence of D2R-mediated signaling (Aoyama et al., 2000). Dopaminergic 

neurodegeneration induced by transgenic mutant human α-synuclein is prevented in 

mice lacking the A2AAR reinforcing the potential of shared downstream pathways 

(Ferraro et al., 2012). However, the adenylate cyclase activity did not differ in a genetic 

model of PD, suggesting that coupling to G-proteins of dopaminergic and 
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adenosinergic receptors should be a target (Botsakis et al., 2010). Regional 

differences appear in the anti-parkinsonian ability of A2AAR antagonism, since caffeine 

given at or before MPTP exposure blocks the nigral neurodegenerative process 

without restoring the striatal nerve terminal neurochemical features (Sonsalla et 

al., 2012). Motor sensitization developed in unilaterally 6-OHDA-lesioned rats 

submitted to L-DOPA has been associated with an overexpression of the GABA-

synthesizing enzyme glutamic acid decarboxylase, dynorphin, and enkephalin mRNAs 

in the striatal efferent indirect pathway (Fink et al., 1992; Tronci et al., 2007). The 

impact of A2AAR antagonism over enkephalin content seems to promote motor 

recovery in D2DR-knockout animals, but did not promote changes in the 

preproenkephalin mRNA in a 6-OHDA model (Fink et al., 1992; Aoyama et al., 2000). 

The functional relation of D2DR/A2AAR in striatal medium spiny neurons appears to 

receive contributions of cholinergic signaling with consequences for the anti-tremor 

benefits of A2AAR antagonists (Simola et al., 2006; Tozzi et al., 2011; Salamone et 

al., 2013). The existence of A2AAR/mGlu5R heteromers and shared intracellular 

cascades steps, such as the stimulation of DARPP32 phosphorylation, increase in 

cAMP levels and elevated c-fos expression, provides clues to the possible contribution 

of glutamatergic and adenosinergic signaling to the beneficial effects of adenosine 

receptor antagonism (Nash and Brotchie, 2000; Kachroo et al., 2005). Effects 

resembling akinesia in 6-OHDA-lesioned rats were fully reversed by either a single 

treatment of an A2AAR antagonist or an mGlu5R antagonist at higher doses, or by a 

combined treatment with ineffective doses of each compound (Coccurello et 

al., 2004). Increased A2AAR mRNA levels, decreased DARPP-32 phosphorylation and 

increased phosphorylation of ERK1/2 appeared in 6-OHDA-lesioned rats that display 

L-DOPA motor sensitization (Tomiyama et al., 2004; Song et al., 2009). This altered 

downstream signaling pathway is recovered by CSC (8-(3-chlorostryryl) caffeine), an 

A2AAR antagonist (Song et al., 2009). Amelioration of motor response by A2AAR 

antagonism seems to be accompanied by the rescue of dopamine, dopamine 

metabolites, glutamate, and GABA striatal levels as well as the reversal of astroglial 

and microglial activation and antioxidant properties with beneficial outcomes on 

cognition (Aguiar et al., 2008; Gołembiowska et al., 2013; Uchida et al., 2014). 
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Figure 1: Schematic description of pharmacological and non-pharmacological 

strategies for PD management and its relation with adenosinergic signaling. Block of 

A2AAR by antagonist induces reduction of positive effects over Adenylyl cyclase and 

negative effects over D2R signaling. Block of mGlu5R reduces its positive effects over 

Adenilyl cyclase through release of Ca2+. Recent studies with non-phamacological 

strategies for PD have been related it with adenosine receptors expression. 

 
Prodrugs such as DP-L-A2AANT were designed to conjugate the beneficial 

effects against dopaminergic degeneration obtained by the combined action of 

dopamine and A2AAR antagonists in central nervous system (Dalpiaz et al., 2012). In 

addition to the potential dual action on adenosinergic and dopaminergic systems, the 

complimentary action on glutamatergic and adenosinergic systems appeared as 

prospective targets for dual anti-parkinsonian approaches. The combination of A2AAR 

antagonists and NR2B or mGlu5R antagonists has demonstrated attractive effects on 

motor activity with potential in the treatment of PD (Michel et al., 2014, 2015; Beggiato 

et al., 2016). A2AAR–CB1-D2DR-receptor-heteromer has been suggested as a 
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component of motor alterations associated with dyskinesia and a possible target of 

multi-targeted drugs (Bonaventura et al., 2014; Pinna et al., 2014). The effects of 

caffeine-derived compounds over A2AAR and that of monoamine oxidase B have 

revealed that these proteins are targets for synergistic action with benefits on 

dopaminergic degeneration (Petzer and Petzer, 2015). Sulphanylphthalimides are 

also presented as a dual-targeted-direct compound acting in A1AR and monoamine 

oxidase B (Van der Walt et al., 2015). The association of L-dopa, serotonin 5-HT1A/1B 

receptor agonist and A2AAR antagonist also demonstrated a promissory strategy in 6-

OHDA-lesioned rats exhibiting prevented or reduced dyskinetic-like behavior without 

impairing motor activity (Pinna et al., 2016). 

 

Support for the A2AAR antagonism hypothesis from clinical tests 
 
The A2AAR biding sites and mRNA levels in PD patients with dyskinesia are increased 

in striatopallidal pathway neurons in relation to healthy patients (Martinez-Mir et 

al., 1991; Calon et al., 2004). These data, in association with the experimental benefits 

of A2AAR antagonists in dopaminergic degenerative diseases increased the 

enthusiasm regarding non-dopaminergic drug development. Table Table11 updates 

the clinical trials assigned in the EUA and European Union using adenosine receptor 

antagonists. Istradefylline had long-term tolerability and safety, including as an 

adjuvant therapy to levodopa (Hauser et al., 2003; Stacy et al., 2008). In 2008, US 

Food and Drug Administration issued a non-approvable letter to the use of 

Istradefylline in humans based in the concern if the efficacy findings support clinical 

utility of Istradefylline in patients with PD. However, Kyowa Hakko Kirin has received 

approval for the use of Istradefylline as adjunctive therapy in Japan (Dungo and 

Deeks, 2013; Mizuno et al., 2013). After the additional data request, a 12-week 

randomized study to evaluate oral Istradefylline in subjects with moderate to severe 

PD ended with disappointing results, since Istradefylline did not change the off time 

per day (NCT01968031). However, a clinical trial is currently open (NCT02610231). 

Preladenant was evaluated as monotherapy to patients with early PD since it reduced 

the mean daily off time in a phase II study; however, no evidence has supported its 

efficacy in phase III studies (Hauser, 2011; Stocchi et al., 2017). BIIB014 and 

SCH900800 also failed to prove efficacy in clinical trials, while Tozadenant showed a 

mean daily off time reduction accompanied by adverse events of dyskinesia, nausea, 
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and dizziness (Hauser et al., 2014). A safety and efficacy study of Tozadenant to treat 

end of dose wearing off in PD patients using L-DOPA is currently open 

(NCT02453386). Multiple epidemiological studies indicate that caffeine is able to 

prevent PD development (Ross et al., 2000; Ascherio et al., 2001). In a pilot study of 

caffeine for daytime sleepiness in PD, there was evident benefit on the motor 

manifestations of disease with no adverse effects (Postuma et al., 2012). Recently, a 

clinical trial has aimed to evaluate the efficacy of caffeine for motor and non-motor 

aspects of disease (NCT01738178). Nowadays, changing the dose and frequency of 

daily drug taking had no benefits in the use of adenosine receptor antagonists as a 

monotherapy or as an adjuvant of current Parkinsonism treatment. 
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NCT02610231* 

(2015) 

Moderate to severe 

disease 

Safety and tolerability 

(20 or 40 mg oral daily) 
III 

Active – 

not 

recruiting 

- 

NCT01968031* 

(2013) 

2013-002254-

70** 

(2014) 

Moderate to Severe 

Disease 

Efficacy and safety 

(20 or 40 mg daily) 
III Completed 

No change in the 

OFF time 

NCT00957203* 

(2009) 

Advanced disease 

treated with levodopa 

Long-term safety and efficacy 

(20 or 40 mg daily) 
III Completed  

NCT00955526* 

(2009) 

Levodopa-Treated 

 

Efficacy in reducing the mean 

total hours of awake time per 

day spent in the OFF state 

(20 or 40 mg daily) 

III Completed 
Reduction in daily 

OFF time 

NCT00456794* 

(2007) 

Advanced disease 

treated with 

levodopa/carbidopa 

Safety and efficacy compared 

with placebo in subjects with 

OFF-time 

(20 and 60 mg daily) 

II Completed 

Significant reduction 

in OFF time, and 

was well tolerated as 

adjunctive treatment 

to levodopa 

NCT00456586* 

(2007) 

 

Advanced disease 

treated with 

levodopa/carbidopa 

Safety and efficacy  compared 

with placebo in subjects with 

OFF phenomena(40 mg daily) 

II Completed 

Istradefylline was 

safe, well toler-ated, 

and effective at 

improving end-of-

dose wearing 

NCT00455507* 

(2007) 

Advanced disease 

treated with levodopa. 

Efficacy for reducing the mean 

total hours of awake time per 

day spent in the OFF state(20 

or 40 mg daily) 

II Completed  

2004-002844-

93** 

(2005) 

Motor response 

complications on 

levodopa therapy 

Long-term tolerability and 

safety 

(20 or 40 mg daily) 

III Completed 

Istradefylline was 

well tolerated as 

adjunctive therapy to 

levodopa for 

subjects with 

Parkinson’s disease 

NCT00250393* 

(2005) 
Not specified 

Change in Unified Parkinson's 

Disease Rating Scale  

(UPDRS) part-III (Motor 

examination) 

(40 mg daily) 

II Completed  

NCT00203957* 

(2005) 

Motor Response 

Complications on 

Levodopa 

Confirmation of long term 

tolerability and safety 

(20 or 40 mg daily) 

III Completed  

NCT00199420* 

(2005) 

Aadvanced disease 

treated with levodopa 

Percentage of OFF time 

(10, 20 or 40 mg daily) 
III Completed  
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NCT00199407* 

(2005) 

Advanced disease 

treated with levodopa 

Efficacy for reducing the 

percentage of OFF time (20 

mg daily) 

III Completed  

NCT00199394* 

(2005) 

Advanced disease 

treated with levodopa 
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spent in the OFF state (40 mg 

daily) 
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Patients Who Have 
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the study early (not 
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NCT00199368* 

(2005) 
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Safety Study (20 or 40 mg 
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NCT00199355* 
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NCT01294800* 

(2011) 

Moderate to severe 

disease experiencing 

motor fluctuations and 

receiving levodopa 

Efficacy on "off" time 

(2, 5, 10 mg twice/day) 
II Completed 

Change From 

Baseline in Mean 

“Off” Time 

NCT01227265* 

(2010) 

Moderate to severe 

disease 

Efficacy and safety 

(2-5 mg twice/day) 
III Completed 

Not superior to 

placebo in reducing 

off time from 

baseline 

NCT01155479* 

(2010) 

Early Parkinson's 

disease 

Efficacy and safety 

(2,5, 10 mg twice/day) 
III Completed 

Change From 

Baseline in motor 

impairments and 

disability 

2009-015161-

31** 

(2010) 

Moderate to severe 

disease 

Efficacy and Safety 

(2,5, 10 mg twice/day) 
III Completed  

2009-015162-

57** 

(2010) 

Moderate to severe 

disease 

Extension Study 

(2,5, 10 mg twice/day) 
III 

Study 

withdrawn 

Lack of efficacy in 

the parent studies. 

NCT01155466* 

(2010) 

Moderate to severe 

disease 

Stability in levodopa dose 

(2, 5, 10 mg twice/day) 
III Completed 

No change From 

Baseline in Mean 

"Off" Time 

2009-013552-

72** 

(2010) 

Early Parkinson’s 

disease 

Dose-Range-Finding Efficacy 

and Safety 

(2, 5, or 10 mg twice/day) 

III Completed 

No statistically 

significant or 

clinically meaningful 

difference vs. 

placebo 

NCT01215227* 

(2010) 

Moderate to severe 

disease 

Long-term safety and 

tolerability from  patients of  

NCT01155466 and 

NCT01227265 

(2, 5, 10 mg twice/day) 

  

Terminated early 

due to the lack of 

efficacy in the parent 

studies 

NCT1155466 and 

NCT01227265. 

NCT00845000* 

(2009) 

Levodopa 

treated 

Effects on the dyskinesia and 

antiparkinsonian actions of a 

levodopa infusion 

(10 or 100 mg daily) 

I Completed  

NCT00537017* 

(2007) 

Moderate to 

severe disease 

Long term safety 

(5 mg twice daily) 
II Completed 

Long-term 

preladenant 

treatment (5 mgtwice 

a day) was well 

tolerated and 

provided sustained 

OFF time reductions 
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and ON time 

increases 

NCT00406029* 

(2006) 
Not specified 

Efficacy and safety when used 

together with a stable dose of 

L-dopa/dopa decarboxylase 

(1, 2, 5 and 10 mg twice a day) 

II Completed 

Mean daily off time 

reduced  (5 mg and 

10 mg) 
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NCT03051607* 

2016-003961-

25** 

(2017) 

Experiencing end of 

dose "Wearing-Off” 

Safety and Tolerability(120 mg 

oral twice daily) 
III Recruiting - 

2014-005630-60 

** 

(2015) 

Levodopa-Treated 

Experiencing End-of-

Dose “Wearing-Off” 

Efficacy and Safety as 

Adjunctive Therapy to 

Levodopa 

(60 mg oral daily) 

III Active - 

2011-005054-59 

** 

(2013) 

Experiencing end of 

dose "Wearing-Off” 

Safety and efficacy as an 

adjunct to levodopa (60 mg 

oral daily) 

II Completed  

NCT01283594* 

(2011) 

Motor fluctuations on 

levodopa 

Safety and efficacy as an 

adjunct to levodopa(60, 120, 

180, 240 mg twice/day) 

II/III Completed 

Tozadenant (120 or 

180 mg) was 

generally well 

tolerated and was 

effective at reducing 

off-time. 
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NCT01738178* 

(2012) 
Not specified 

Motor effects of caffeine 

persist (or even magnify)helps 

reduce dose of other PD meds 

and/or prevents their side 

effects 

(200 mg daily) 

III Completed - 

R
o

n
 P

o
s
tu

m
a

 

 

NCT01190735* 

(2010) 
Not specified 

Optimal caffeine dose with 

maximal motor benefit and the 

least amount of undesirable 

adverse effects (100-200 mg 

twice/day) 

II Completed  

NCT00459420* 

(2007) 
Not specified 

Effect on sleepiness and motor 

symptoms 

(100-200 mg daily) 

II/III Completed 

No significant benefit 

on excessive 

daytime sleepiness 

 
Table 1 
A2AAR antagonists under clinical investigation for Parkinson's disease. 
*ClinicalTrials.gov 
**EU Clinical Trials Register. 
 
Association of A2AAR antagonism and non-pharmacological approaches 
 

Non-pharmacological approaches are strategies to combine, reinforce and 

complement the pharmacological options for the management and prevention of PD 

(Figure (Figure1).1). Dance, treadmill and aquatic exercises feasibility to PD 

management have been evaluated in clinical trials with benefits to life quality, based 

in cognitive and motor features (Picelli et al., 2016; Carroll et al., 2017; Shanahan et 

al., 2017). Recently, it was demonstrated that treadmill exercises induce brain 
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activation in PD (Maidan et al., 2017). These benefits have been reproduced in animal 

models of PD suggesting that physical exercise prevents the development of L-DOPA-

induced dyskinesia and its association with hyperphosphorylation of DARPP-32, c-

Fos expression and increased brain-derived neurotrophic factor (BDNF) levels 

(Gyárfás et al., 2010; Aguiar et al., 2013; Shin et al., 2017). Studies with wheel running 

rats revealed that A1AR and A2AAR expression is reduced in the striatum, reinforcing 

the idea that physical exercise is able to promote neuroplasticity and neuroprotection 

to brain regions related to motor control, probably through the reduction of antagonistic 

adenosine effects over dopamine signaling (Clark et al., 2014). 

Deep Brain Stimulation (DBS) was approved by the FDA in 2002 as therapy for 

advanced PD (Suarez-Cedeno et al., 2017). From studies with animals, DBS 

appeared to have a neuroprotective effect against loss of dopaminergic neurons 

induced by classical dopaminergic neurotoxins (Maesawa et al., 2004). The use of 

A2AAR antagonism as an adjuvant of DBS in rodents suggests the potential to enhance 

the response in the treatment of parkinsonian symptoms, such as tremor (Collins-

Praino et al., 2013). While clinical studies using transcranial direct current stimulation 

(tDCS) in PD suggest possible locomotor benefits, the biological mechanism is still 

under investigation (Benninger et al., 2011). In rodents, tDCS on the cerebral cortex 

promotes cognitive effects involving A1AR, although the adenosinergic participation in 

tDCS responses of PD has not been evaluated (Márquez-Ruiz et al., 2012). 

Electroconvulsive therapy (ECT) has been proposed to be efficient for both motor and 

non-motor symptoms in PD with psychological problems (Nishioka et al., 2014; 

Calderón-Fajardo et al., 2015). The proposed mechanism for ECT includes the 

enhancement of dopaminergic transmission in the striatum and an increase in the 

levels of levodopa by disrupting the blood–brain barrier (Kennedy et al., 2003). The 

purinergic system appears to be influenced by ECT, since the action, metabolism and 

release of nucleotide and nucleoside are altered under ECT, but no correlation with 

PD was identified until now (Gleiter et al., 1989; Busnello et al., 2008; Sadek et 

al., 2011). A combination of drugs and non-pharmacological therapies could warrant 

new investigations into the preclinical and clinical studies, with hope for the 

amelioration and affects in PD prevention, management and treatment. 
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Conclusions 
 

This review highlights the need to intensify research into adenosine signaling in the 

development of PD therapies. The interaction between adenosine and dopamine 

signaling has been extensively studied and contributed to knowledge of the role of 

non-dopamingergic neurotransmitters in the PD. As cholinergic, glutamatergic, 

GABAergic, canabinergic and serotoninergic systems appear together with 

adenosinergic system in the myriad of pathways involved in the PD, appearing 

together with the possibility of improved results from dual or multi-targeted anti-

parkisonism approaches opened a new area of drug development. In addition, the 

association of pharmacological and non-pharmacological approaches brings new 

perspectives for a more effective treatment of PD and improved of quality of life for PD 

patients. 
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A3AR A3 adenosine receptor 

BDNF brain-derived neurotrophic factor 

DARPP-32 Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa 

D1DR D1 dopamine receptor 

D2DR D2 dopamine receptor 

PD Parkinson's disease 

6-OHDA 6-hydroxydopamine 

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. 
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Abstract 
 
The purinergic system strongly interacts with the dopaminergic system, often via 

allosteric interactions within heteromeric receptor complexes. The most studied 

heteromer complex consists of the dopamine D2 and the adenosine A2A receptor. The 

aim of this study was to investigate the interaction of adenosinergic and dopaminergic 

signalling during neurodegeneration in a zebrafish model of Parkinson’s disease. To 

this purpose, behavioural parameters, dopamine levels and expression levels of 

adenosine and dopamine receptors in the brain in of adult zebrafish injected with 6-

hydroxydopamine (6-OHDA) were studied. The animals were evaluated 3, 7 and 28 

days after injection of 6-OHDA in the right telencephalon (8 µg/µL). The locomotor 

parameters ‘turn angle’ and ‘time spent in the superior zone’ were decreased on day 

28 and 7, respectively. Dopamine levels in the whole brain were not altered, but D2 

and A2A1 receptor expression was higher on day 3, which was normalized on day 28.  

In conclusion, the exposure of adult zebrafish to intra-encephalic injection of 6-OHDA, 

even in a dose that produces mild locomotor effects, is able to transiently affect 

dopaminergic and adenosinergic receptor expression. This refined locomotor 

impairment after intra-encephalic injection of 6-OHDA occurred without detectable 

changes in dopamine levels.  
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Introduction 
 
Parkinson’s disease (PD) is the second most common neurodegenerative disease, 

affecting about 1% of the elderly population (Tysnes & Storstein, 2017). PD is 

characterized by a progressive degeneration of dopaminergic neurons. When a patient 

is diagnosed with PD, the loss of striatal dopaminergic neurons is already close to 80% 

(Fearnley & Lees, 1991). Current treatment is focussed on compensation for the loss 

of dopaminergic signalling, but treatment efficacy is decreasing when the disease is 

progressing. The dopaminergic system strongly interacts with the purinergic system, 

especially because adenosine and dopamine receptors can form heterodimers and 

thus influence each other’s action. Especially the interaction between A2A and D2 

receptors has received much attention (Ferré & Ciruela, 2019). In vivo rat studies 

showed that A2A antagonists can enhance D2 receptor binding and function (Bortolotto 

et al., 2014a; Hillefors-Berglund, Hedlund, & von Euler, 1995; Strömberg, Popoli, 

Müller, Ferré, & Fuxe, 2000). This finding turned the A2A receptor into a potential 

therapeutic target for PD (Beggiato et al., 2014). 

 The 6-hydroxydopamine (6-OHDA) model is a frequently used animal model to 

investigate specific characteristics of PD in rodents (Hernandez-Baltazar, Zavala-

Flores, & Villanueva-Olivo, 2017). This model selectively destroys the dopaminergic 

neurons with little collateral damage in other brain regions or peripheral organs. In this 

model, 6-OHDA is injected directly in the brain of the animals, since the toxic substance 

is not capable to cross the blood brain barrier (Simola, Morelli, & Carta, 2007).   

Zebrafish is a well-known model in basic research because of the possibility to 

use different disease models, mutants, CRISPR and avatars. Moreover, the complexity 

of their structure is already sufficient to investigate physiological and behavioural 

parameters (Costa et al., 2020; Lam & Peterson, 2019; J. Li et al., 2019; Orger & de 

Polavieja, 2017). In zebrafish, the use of the 6-OHDA model has recently been 

introduced, but a better understanding of its characteristics is still necessary (Caldwell 

et al., 2019; Vijayanathan et al., 2017). Zebrafish have been used to study the 

mechanisms underlying PD. In studies with zebrafish larvae, dopaminergic 

degeneration was induced by adding 6-OHDA in the medium. These studies found a 

decrease in the mobility of the larvae, reduced tyrosine hydrolase levels and a lower 

dopaminergic cell count (Cronin & Grealy, 2017; M. Li, Zhou, Xu, Song, & Lu, 2018). 
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However, PD only occurs in adults and elderly people and therefore the use of adult 

zebrafish is more appropriate for this research.  

The aim of this study was to investigate whether adult zebrafish injected with 6-

OHDA in the brain can be used to study the interaction of adenosinergic and 

dopaminergic signalling during neurodegeneration. To this purpose, we investigated 

behavioural parameters, dopamine levels and adenosine and dopamine receptor 

expression levels. 

 

Material and Methods 
 

Animals 

 

All animals were obtained from the local breeding facility of Pontifícia Universidade 

Católica do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil. Adult zebrafish 

(Danio rerio) (6–12 months; AB background; 3–5 cm) of both sexes were used. 

Animals were housed in groups of 20 (5 animals/L) in thermostatically controlled (28 ± 

2 °C) tanks. The water was from reverse osmosis quality reconstituted with marine salt 

(Cristalsea™, Marinemix) at 0.4 parts per thousand. The water was kept under 

constant chemical and mechanical filtration and aeration (7.20 mg O2.L-1) in a 

recirculating system. Fish were maintained under a 14–10 h day/night photoperiod 

cycle, fed three times a day with commercial flakes (TetraMin®, NC, USA), 

supplemented with live brine shrimp twice a day. Adult zebrafish were cryoeuthanized 

for gene expression and dopamine analyses. All protocols were performed according 

to Brazilian legislation and approved by the Institutional Animal Care Committee (7563 

CEUA-PUCRS). The use and maintenance of zebrafish were according to the ‘‘Guide 

for the Care and Use of Laboratory Animals’’ published by the United States National 

Institutes of Health.  

 

Intra-encephalic 6-OHDA injections 

 

The zebrafish was anesthesed using a tricaine solution of 0.1 g/L (MS-222) and placed 

on a humidified sponge (with the same solution) in a dorsal position. An insulin needle 

was used to make a small incision to open the skull. A capillary glass needle (0.58 mm 

inside diameter) was made in a puller (Pull-1000, WPI, São Paulo, Brazil) and a volume 
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of 8 nL was injected directly in the right telencephalon region of the animal. The injected 

solution contained 0.02% of acid ascorbic and 8 μg/μL of 6-OHDA in 0.9% saline. The 

control group was injected with saline. The procedures were executed in the dark and 

the capillary needle was wrapped in aluminium foil to avoid light-catalysed oxidation of 

6-OHDA. Figure 1 represents the experimental design of the study. Different doses of 

6-OHDA (2, 4, 8 and 16 μg/μL) were tested to determine the optimal concentration 

(data not shown). The dose 8 μg/μL was chosen, because it was the lowest dose that 

had an effect on the parameter ‘turn angle’, an indicator of locomotor coordination. 

 
 

Figure 1: Experimental design of the study. Following the injection of 6-OHDA (8 

μg/μL), behavioural tests and LC-MS experiments were performed on day 3, 7 and 28 

post injection (dpi). qPCR was performed on day 3 and 28. (Made in ©BioRender - 

biorender.com) 

 

Dopamine Quantification  

 

Encephala were collected and the encephala of 3 zebrafish were combined and stored 

in 2 mL microtubes with 300 μL of formic acid (0.1 M). The experiments were performed 

in quadruplicate. The samples were homogenised with Ultra-Turrax (T10 basic IKA®) 

and centrifuged at 15.000 RPM for 25 minutes (4ºC). The samples were maintained 
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on ice at all time. Samples were fractionated in two aliquots, one (5µL) to quantify the 

amount of protein according to Bradford’s method (Bradford, 1976), and another to 

quantify dopamine by liquid chromatography tandem mass spectrometry (LC-MS/MS). 

The LC-MS/MS apparatus consisted of an Agilent 1290 Infinity liquid chromatograph 

(Agilent, Paolo Alto, USA) coupled to an Agilent 6460 Triple Quad mass spectrometer 

(Agilent, Paolo Alto, USA). The chromatography was performed on an Agilent Zorbax 

Eclipse PLUS C18 RRHD column (5 x 2.1 mm, 1.8 micra, Agilent, Paolo Alto, USA) in 

gradient mode. The mobile phase for gradient elution consisted of (A) 0.1% formic acid 

and (B) acetonitrile with 0.1% formic acid. The gradient elution started with a mobile 

phase composition of 2% B, and was linearly changed to 95% B after 4.5 min. This 

composition was maintained for 1.3 min before returning to the starting conditions. The 

total time of the chromatographic run was 7.5 min, the mobile phase flow rate was 0.2 

mL/min, and the injected sample volume was 10 μL. Dopamine was ionized by an 

electrospray source operated in positive mode, using a capillary voltage of 4.5 kV, a 

nitrogen gas flow of 10 L/min at 300 °C, and a nebulizer pressure of 35 psi. The 

spectrometer was operated in Multiple reaction monitoring mode, monitoring the 

transitions (m/z) of 154>137.1, and 154>90.1 for dopamine quantification and 

qualification, respectively. A calibration curve was prepared for concentrations ranging 

from 1.0 to 20.0 ng/mL of dopamine dissolved in 0.1% formic acid. Quantification was 

performed by external calibration and the results were expressed as ng of 

dopamine/mg of protein. 

 

Gene expression analysis by real-time PCR 

 

Encephala from 3 animals were combined to investigate d2, a2a1 and a2a2 gene 

expression. Four independent experiments were performed for each group. Total RNA 

was isolated with TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), according to the 

manufacturer’s instructions. Total RNA was quantified by spectrophotometry, and the 

cDNA was synthesized from 1 µg of total RNA using the High-capacity cDNA reverse 

transcription kit (Applied Biosystems), according to the manufacturer’s instructions. 

Quantitative real-rime PCR was performed using Powerup™ SYBR™ Green Master 

Mix (Applied Biosystems) to detect double-stranded cDNA. Reactions were carried out 

in a final volume of 20 µL using 1 µL of diluted cDNA (1:2), 10 µL of power up reagent 

(Brand), 0.6 µL of reverse and forward primers (final concentration of 300 nM) (Table 



Evaluation of behavioural and biochemical parameters after an intra-encephalic injection of 6-OHDA in 
adult zebrafish | 

 
 65 

1) (Boehmier et al., 2004; Capiotti et al., 2016; Mccurley & Callard, 2008), completing 

the final volume with 8.4 µL of water. The PCR cycling conditions included an initial 

polymerase activation step for 5 min at 95 °C, 40 cycles of 15 s at 95 °C for 

denaturation, 35 s at 51°C (ef1a and b-actin), 60°C (a2a1 and a2a2) or 58°C (drd2a) 

for annealing and 15 s at 72 °C for extension. At the end of cycling protocol, a melting-

curve analysis was included, and the fluorescence was measured between 60 and 99 

°C. Relative expression levels were determined with 7500 Fast Real-Time System 

Sequence Detection Software v.2.0.5 (Applied Biosystems, California, USA). The 

efficiency per sample was calculated using LinRegPCR 11.0 software 

(http://LinRegPCR.nl) and the stability of the reference genes ef1α and b-actina (M-

value), and the optimal number of reference genes according to the pairwise variation 

(V) were analysed by using GeNorm 3.5 software (http://medgen.ugent.be/genorm/). 

Relative RNA expression levels were determined using the 2−ΔΔCT method (Nery et al., 

2014).  

 

Table 1: Primer sequences for RT-qPCR experiments included in this study. 

 Sequence Accession Reference 
β-actin - F CGAGCAGGAGATGGGAACC AF057040 (Mccurley & Callard, 2008) β-actin - R CAACGGAAACGCTCATTGC 

ef1α - F CTTCTCAGGCTGACTGTGC AY422992 (Mccurley & Callard, 2008) ef1α - R CCGCTAGCATTACCCTCC 
a2a1 - F GCGAACTGTACGCCGAGCAGAG AY945800 (Capiotti et al., 2016) a2a1 - R TTATTCCCAGTGAGCGGCGACTC 
a2a2 - F GGATTGGGTCATGTACCTGGCCATC AY945801 (Capiotti et al., 2016) a2a2 - R GCTGTTTCCAATGGCCAGCCTG 
drd2a - F GACGGAACTCACTTCAATGGAG AY183456 (Boehmier et al., 2004) drd2a - R GCCATTGCTTGAAGTTGTACAG 

 

 

Locomotion 

 

Animals were individually placed into the experimental tank (30 × 15 × 10 cm, length 

× height × width) and habituated to the tank for 60 s, as previously described (Gerlai, 

Lahav, Guo, & Rosenthal, 2000). There was no drug exposure during behavioral 

experiments. The locomotor activity was video recorded for 5 min after the habituation 

period and analysed using the Ethovision® XT8 software package (Noldus, 

Netherlands) (Menezes et al., 2015). The distance travelled and the absolute turn 

angle was measured. The absolute turn angle represents the sum of all vector angles 

of movements created from one position to the next.  
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Statistical Analyses 

 

Data were expressed as mean difference ± standard error of the difference and 95% 

confidence intervals (CI) per treatment and checked for normality using the Shapiro-

Wilk Test. All data were analysed by one-way ANOVA or two-way ANOVA depending 

on the group distribution. Differences between groups were considered statistically 

significant when the probability (p) was <0.05. The statistical analysis was performed 

using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA). 

 
Results 
 

Locomotion 

 

The locomotor parameters distance traveled, velocity (total distance divided by mobile 

time), turn angle and time spent in the superior zone were measured 3, 7 and 28 days 

after injection of 6-OHDA. The distance traveled showed no significant main effects of 

time and treatment, and no significant interactions between these factors. In the 

velocity measurements, we found a significant main effect of time (F (1.659, 58.06) = 

17.38, p <0.0001), but neither a main effect of treatment nor any significant interaction 

was observed. Turn angle demonstrated a significant main effect of time (F (1.177, 

77.13) = 10.14, p=0.0012). No main effect of treatment was found, but the interaction 

between time and treatment showed a significant decrease in turn angle in 6-OHDA 

treated animals at 28 days post injection, as compared to controls (mean diff = 5.5, 

95% CI of diff. = 1.8 - 9.3, p= 0.0017). Time in the superior zone demonstrated a main 

effect of time (F (1.462, 92.84) = 14.39, p<0.0001), but not of the treatment. The 

interaction between time and treatment revealed a significant difference between 

treatment groups on day 7 (mean diff= 35.4, 95% CI of diff. = 5.4 to 65.3, p=0.016). 
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Figure 3: Locomotion of zebrafish on day 3, 7, and 28 after the injection of 6-OHDA 

(n = 8-10): distance traveled (cm) (a), velocity (cm/s) (b), turn angle (degrees) (c) and 

time in the superior zone (d). Two-way ANOVA, followed by the Sidak’s multiple 

comparison test were used to analyze differences between groups and time points. 

Statistically significant differences between groups are indicated by: *p<0.05, **p<0.01 

 

Dopamine Quantification  

 

We analyzed the levels of dopamine in zebrafish brains with LC-MS 3, 7 and 28 after 

injection of an 8 μg/μL dose of 6-OHDA. We found a main effect of time (F (1.126, 

6.191) = 7.021, p = 0.035), but no significant main effect of treatment. The interaction 

between time and group also did not show any significant differences (p>0.05).   
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Figure 4: Dopamine levels (ng of dopamine/mg of protein) 3, 7, and 28 days after 6-

OHDA injection (n = 4). Two-way ANOVA was used to compare groups and time 

points, followed by the Sidak’s multiple comparison test. 

 

qPCR  

 

Adenosine A2A1 and A2A2 receptor and dopamine D2 receptor gene expression in the 

whole brain was assessed prior to the appearance of locomotor effects of 6-OHDA 

(day 3) and in a period with locomotor effects (day 28). The number of D2 receptor 

transcripts in 6-OHDA-treated animals on day 3 was increased when compared to the 

saline group (p<0.05). This effect of 6-OHDA on D2 receptor expression had 

disappeared on day 28 (Figure 5a). The injection of 6-OHDA also increased A2A1 

adenosine receptor gene expression on day 3, but this effect was not statistically 

significant yet. However, the number of A2A1 adenosine receptor transcripts 

significantly decreased between day 3 and 28, when was normalized to the level of 

controls (p<0.05) (Figure 5b). The expression of a2a2 RNA was not affected by the 6-

OHDA injection, neither on day 3 nor on day 28. 
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Figure 5: Relative RNA expression of the d2 (a), a2a1 (b) and a2a2(c) gene on day 3 

and 28 post 6-OHDA injection (n=4). b-actin and elf1a were used as constitutive 

controls. One-way ANOVA was used to compare groups, followed by Dunn's multiple 

comparisons test. *p<0.05. 

 

Discussion 
 

In this study, we evaluated behavioural, biochemical and gene expression parameters 

in adult zebrafish after intra-encephalic injection of 6-OHDA, as a new animal model 

for PD. The 6-OHDA injection promoted changes in the locomotor parameter ‘turn 

angle’ and the anxiety parameter ‘time spent in the superior zone’. No alterations in 

whole brain dopamine levels as a result of 6-OHDA injection were detected. A transient 

increase in the expression of D2 receptors accompanied by a trend towards an 

increase in A2A1 expression 3 days after intra-encephalic 6-OHDA injection was 

observed, but these effects on receptor expression were no longer present anymore 

28 days after 6-OHDA administration.  

Intra-encephalic injection of 6-OHDA in zebrafish had a significant effect on turn 

angle measures. This measure corresponds to the locomotor capacity of a highly 

coordinated movement (Blazina, Vianna, & Lara, 2013) and is affected by 

dopaminergic loss (Soares et al., 2017). The turn angle reflects the movement relative 

to a center point, measuring also the direction of the movement, resulting in a measure 

of motor coordination and swimming directions (Blazina et al., 2013). In our study, this 

parameter was decreased on day 28 and therefore reflects the long-term effect of the 

6-OHDA injection. The sensitivity of this parameter to dopaminergic loss was also 

confirmed in other studies, showing a dose-dependent response after paraquat 

exposure, in particular an increase between day 1 and 6 after 6-OHDA injections 

followed by a normalization after 9 days (Anichtchik, Kaslin, Peitsaro, Scheinin, & 
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Panula, 2003; Bortolotto et al., 2014b). The time spent in the superior zone is 

considered a measure of anxiety in zebrafish, with more time in the upper zone 

indicating less anxiety. In our study, the animals spent less time in the superior zone 

on day 7, as compared to the control group. Borttoloto and colleagues (2014) did not 

observe any change in the time spent in the superior zone of aquarium for animals 

treated with paraquat (Bortolotto et al., 2014b). The effects seen in our work are likely 

not related to basal locomotor impairment, since the total distanced traveled and the 

velocity were not affected. This lack of locomotor impairment was also found in a 

similar model with an intra-diencephalic injection of 6-OHDA in adult zebrafish 

(Vijayanathan et al., 2017).  

Compensatory mechanism could explain the increase in D2 receptor expression 

in 6-OHDA-treated animals on day 3. These results are in accordance with other 

studies that investigate the temporal effect of 6-OHDA injection in the brain. Genfen 

and colleagues (1990) showed that after the 6-OHDA injection in rat striatum, the D2 

expression increased as a compensation for the decrease in dopaminergic 

neurotransmission (Gerfen et al., 1990). This increase in D2 expression could be 

reversed with a D2 agonist. Other studies with zebrafish and models of PD have 

already confirmed such a temporary decrease in dopamine and full recovery 30 days 

after the induction of the model (Anichtchik et al., 2003; Vijayanathan et al., 2017).  

While some locomotor parameters and D2 receptor expression were altered in 

our study, the brain dopamine levels were not affected by the injection of 6-OHDA. 

Maybe the fact that we evaluated the dopamine contents of the whole brain could have 

masked local effects of 6-OHDA on dopamine levels in the right telencephalon region.  

As a result of gene duplication of the teleost group, zebrafish have two copies 

of the A2A receptor (Boehmler et al., 2009). Here, we showed that the A2A1 receptor 

showed a tendency towards increased expression on day 3, followed by a significant 

decrease to baseline levels on day 28. The similarity in the temporal profile of A2A1 and 

D2 expression suggests a possible interaction between these two receptors in 

zebrafish. The importance of the A2A receptor in PD has already been reported and it 

is known that patients with PD have an increased expression of A2A in putamen (Varani 

et al., 2010). However, clinical trials with A2A antagonists like preladenant have been 

suspended because of lack of response to the drug (Hauser et al., 2011, 2015). Yet, 

Istradefyline, an A2A antagonist, has recently been approved by United States and is 

under review in Europe. The drug has already been used in Japan as an adjuvant in 
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the treatment with cardiodopa/levodopa since 2013 (EMA, 2020; FDA, 2019). For this 

reason, better understanding of the role of the purinergic system in Parkinson’s disease 

is important. Studies in the zebrafish model described in this manuscript could facilitate 

this research. Animal models are important tools to help increase our understanding of 

the basic mechanism of PD and contribute to improve current treatment management. 

Further studies involving pharmacological and genetic manipulation of adult zebrafish 

could contribute to the investigation of relationship between purinergic and 

dopaminergic neurotransmission.   

 
Conclusion 
 
Zebrafish present refined locomotor impairment after intra-encephalic injection of 6-

OHDA without detectable changes in dopamine levels. The exposure of adult zebrafish 

to intraencephalic injection of 6-OHDA, even in a dose that produces only mild 

locomotor effects, affected dopaminergic and adenosinergic receptor expression. 

These results may help to clarify the early events before neurodegeneration take place 

in this model.  
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Abstract 

 

The number of studies using imaging tools in zebrafish is growing. Zebrafish are 

frequently used as a disease model, having a number of attributes, including 

several physiological characteristics of vertebrates in a small-sized body, which 

are attractive for basic research. In the present study, we tested the feasibility of 

in vivo PET imaging in healthy adult zebrafish without the necessity to terminate 

the animal. To optimize imaging conditions, a dose-response curve of the 

anesthetic tricaine was constructed and subsequently changes in 18F-FDG and 
18F-NaF distribution over time in control zebrafish were determined. A 

concentration of 0.1 g/L of tricaine and a distribution time of 30 min for 18F-FDG 

and 150 min for 18F-NaF proved to be the optimal conditions. After the 

standardization, whole-body PET imaging with 18F-FDG could detect significant 

differences in tracer uptake in the brain area between control and LPS-injected 

animals. In summary, this study demonstrated that non-invasive PET imaging in 

zebrafish as a model is feasible.  
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Introduction 

 

Zebrafish (Danio rerio) have been used successfully in several areas of 

science, due to the rapid external development, optical transparency of the 

fertilized embryo, tractable genetics, and physiological and behavioral complexity 

(Phillips & Westerfield, 2014; Schlegel & Gut, 2015). One of the most attractive 

features of zebrafish as an animal model in research is the low cost of 

maintenance, representing about ¼ of the costs for rodents (Weintraub, 2017). 

The zebrafish is already an established model for drug screening (Cully, 2019), 

but recently zebrafish were also introduced in other fields like in radiation science 

as an avatar for dose optimization of radiotherapy (Costa et al., 2020). 

Positron Emission Tomography (PET) is an imaging tool that allows 

studying functional processes in the body. With the development of dedicated 

PET scanners for small animals, which have a higher resolution (1 mm vs 4 mm) 

than the clinical PET scanners, it became possible to use PET in preclinical 

research. The main advantage of PET is that it is non-invasive and does not 

require termination of the animal, hence allowing investigation of e.g. disease 

progression and treatment efficacy in a single animal over time (Hutchins, Miller, 

Soon, & Receveur, 2008). Imaging techniques like computed tomography (CT) 

and magnetic resonance imaging (MRI) have been used in zebrafish. PET 

imaging has also been performed in zebrafish, but without the recovery of the 

animals.  Quantitative PET tracer uptake was only determined after termination 

of the zebrafish by means of ex vivo biodistribution (Dorsemans et al., 2017) or 

without the recovery of the animals (Henderson et al., 2019). 

The aim of this study was to determine the feasibility of PET imaging in 

living zebrafish using well-known tracers. In addition, we investigated whether a 

pathophysiological change can be detected with PET in this model. In this study, 

the radiotracers 18F-FDG and 18F-NaF were used to visualize glucose metabolism 

and bone structure, respectively. 18F-FDG is a radiolabeled glucose analogue 

and a marker of cellular glucose consumption and thus cell viability (Wu, Ma, et 

al., 2013). 18F-NaF is a well-known radiotracer that is taken up in newly formed 

bone by osteocytes and is used to investigate bone turnover in several benign 

and malignant disorders (Segall et al., 2010).  
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The possibility to study an animal model like zebrafish in vivo using PET 

technology can contribute for the evaluation of therapeutic and diagnostic agents 

and enables longitudinal studies in disease models. The costs of maintenance 

and purchase, faster acquisition of results because of the shorter scan time and 

possibility to scan multiple animals in once, and the availability of genetically 

modified animals, amongst others, make the zebrafish an interesting animal 

model to be used in this field. This manuscript is a collaboration between 

institutes from Brazil, the Netherlands and Belgium, aiming to show that 

implementation of this new technique at multiple sites is feasible. 

 

Materials and Methods 

 

Animals 

 

Wild-type zebrafish (Danio rerio) of 6-12 months were used. They were 

housed in groups of 20 animals in 15-L thermostated (28 ± 2 °C) tanks (30 cm 

length: 18 cm depth: 13.5 cm width), kept under constant chemical and 

mechanical water filtration and aeration (7.20 mg O2/L). Fish were maintained 

under a 14:10 h light/dark photoperiod cycle and fed three times a day with 

commercial flakes (TetraMin®, NC, USA) supplemented with live brine shrimps 

twice a day. The euthanasia of animals was performed with an overdose of 

tricaine (0.5 g/L) (Menezes et al., 2014). All protocols were approved by the 

Institutional Animal Care Committee from Pontifical Catholic University of Rio 

Grande do Sul (14/00417–CEUA PUCRS) and Ghent University (LA 1400553). 

The use and maintenance of zebrafish were according to the ‘‘Guide for the Care 

and Use of Laboratory Animals’’ (National Research Council, 2011).  

 

Immobilization of animals 

 

For the PET image acquisition, the animal needs to be immobile. To assure 

immobility three different concentrations of buffered (pH=7) tricaine (MS-222) 

(0.1, 0.12 and 0.15 g/L) were used (n=8 animals per dose). The immobilization 

latency time (seconds), duration of immobilization (seconds) and the time for 

recovery (seconds) were determined. The animals were transferred to a recipient 
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tank with anesthetic dissolved in water. The animals were considered 

immobilized when they were resting on the bottom of the aquarium. The duration 

of immobilization was considered the time between the beginning of 

immobilization and the stop of gill movements, considering 10 minutes as a cut-

off time. The animals were placed in another tank with water without anesthetic 

for the recovery. The time for recovery was defined as the period of time for the 

fish to go from still gills to moving gills and recovery of swimming movements.  

 

Immobilization device  

 

The immobilization device used for PET acquisition of the anesthetized animals 

consisted of a closed polypropylene transparent tube of 15 mL (FalconÔ, Fisher 

Scientific, Pittsburgh, PA, USA) filled with a tricaine solution (0.1 g/L). A water 

recirculation system was not used since all animals survived the time (5 min) 

required for the PET acquisition. A preliminary test showed that recirculation of 

water affected PET acquisition, as it induced motion of the animal (data not 

shown). The general protocol to acquire images is depicted in Figure 1. To 

maintain the animal in the same position some cotton was added in front of and 

behind the animals, inside the plastic tube. 

 

PET imaging in healthy animals 

 

Anesthetized (tricaine 0.1 g/L) zebrafish (n=3/group) were intraperitoneally 

injected with 10 µL of 18F-FDG or 18F-NaF (2-3 MBq). To determine the tracer’s 

distribution in the whole body, PET-CT imaging (β- and X-

CUBE, MOLECUBES) was performed 30 and 60 min after 18F-FDG injection and 

15, 30, 60 and 150 min after 18F-NaF injection. After tracer distribution in awake, 

freely moving fish, the zebrafish was put in a 15 mL tube filled with tricaine 

solution and placed in the PET scanner (5 min scan of 3 animals simultaneously). 

CT images were obtained for anatomical reference during 2 min (Figure 1).  After 

PET acquisition, the zebrafish were allowed to wake up in a tank with regular 

water for maintenance. All PET data were iteratively reconstructed using the 

OSEM algorithm (voxel size: 400 µm), using 30 (18F-FDG) or 50 iterations (18F-

NaF). PMOD software (version 3.808) was used to determine tracer uptake 
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(SUV) in different regions. Tissue density was assumed to be 1 g/mL. In addition, 

relative uptake was calculated by dividing the tracer uptake (kBq/cc) in a specific 

region of interest by the tracer uptake (kBq/cc) in a region of interest containing 

the whole fish.  The regions of interest were delineated as shown in Figure 2. 

Regions of interest were drawn for the head, upper torso, bottom torso, tail, heart 

(FDG only) and fin (NaF only). These regions were defined using an isocontour 

tool set at 70% of the maximum uptake within a manually drawn square region. 

 

 
Figure 1: Experimental design for PET image acquisition in zebrafish. 1: 

Anesthesia of the animal in a tricaine solution (0.1 g/L). 2. Injection of the 

radiopharmaceutical into the peritoneum. 3. Time to recover from anesthesia and 

distribution of the radiopharmaceutical. 4. Immobilization of the animal in an 

immobilization device containing a tricaine solution (0.1 g/L) for image acquisition 

(the animal needs to lose its posture before the start of the scan).  5. PET scan 

and CT. After the PET scans the animals were recovered from anesthesia. (Made 

in ©BioRender - biorender.com) 
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Figure 2: Fused PET-CT images, showing the delineation of the regions of 

interest for different parts of the animal that were applied for image analysis. 

 

Inflammation model 

 

To investigate if PET is sensitive enough to detect inflamed regions in zebrafish, 

inflammation was induced by injection of lipopolysaccharide (LPS) as described 

by Gonçalves et al. (2012). Before intraperitoneal injection of LPS, the animals 

were anesthetized in a 0.1 g/L tricaine solution until they lost their posture. The 

fish (n= 5) were intraperitoneally injected with 10 μL of a LPS solution in saline at 

the dose of 20 µg/g of body weight and placed in a tank with 5 animals per liter 

water. Control (CTRL, n=5) animals received 10 μL of saline. The animals were 

injected with 18F-FDG 90 min after LPS injection (20µg/g). After 30 minutes of 
18F-FDG distribution in conscious animals, the zebrafish were anesthetized and 

scanned in a PET camera (Triumph® II microPET LabPET-4®, TriFoil Imaging) 

(Figure 2). A 5-min static emission scan was performed. All data were 

reconstructed using a 3D ordered subsets expectation-maximization (MLEM-3D) 

algorithm with 20 iterations and no attenuation correction. PET data quantification 

was performed using PMOD version 3.808 (PMOD software/PFUS). Volumes of 

interest (VOIs) were drawn for the head, upper torso, lower torso and tail region, 

as described above. 18F-FDG uptake was corrected for injected dose and body 

weight and expressed as standardized uptake value (SUV) and as relative 

uptake, as described above.  

 

Statistical analysis 

 

All continuous data are expressed as the mean ± 95% confidence interval (95% 

CI). Statistical analysis was performed with GraphPad Prism 8. The effect of the 

anesthetic and differences in tracer uptake over time were analyzed by one or 

two-way ANOVA and corrected for multiple comparisons by a Tukey’s posthoc 

test. Tracer uptake in inflamed animals was analyzed with an independent 

samples T Test. Differences between groups were considered statistically 

significant when p<0.05.  

 



| Chapter 4 

 
82 

Results 

 

Anesthetic dose–response curve  

 

The use of anesthetic is important to maintain the animals immobile during the 

PET scans. To ensure that the animals could recover from anesthesia, different 

concentrations of anesthetic were tested. The tricaine dose of 0.1 g/L led to a 

somewhat longer latency time for immobilization and a shorter recovery time than 

the 0.12 g/L dose. Both doses did not affect gill movement. At the highest dose 

of 0.15 g/L, it took less time for the animals to immobilize (p=0.0056 compared to 

0.1 g/L), but their gill movement stopped quickly (time of immobilization), 

increasing the chance of death during the experiment (Figure 3). Therefore, the 

0.1 g/L dose was selected for the PET experiments.  

 

 
 

Figure 3:  Dose-dependency of tricaine on: a) latency to immobilization; b) time of 

immobilization; and c) recovery time of adult zebrafish after immobilization. The 

time is expressed in seconds (s). Data were analyzed by One-way ANOVA. 
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p<0.05 was considered as statistically significant (n=8). The asterisks represent 

a significant difference from the 0.1 g/L concentration (*p<0.05. **p<0.01).  
 

18F-FDG PET in healthy zebrafish  

 

In a first set of pilot experiments, the distribution of 18F-FDG after 3 different 

uptake times (1, 10, and 20 minutes) was evaluated in 1 animal for each time 

point. At 20 minutes after the injection, the tracer uptake was already visualized 

in the brain (data not shown). Distribution times of 30 and 60 minutes after the 

tracer injection were chosen to further analyze 18F-FDG uptake in various parts 

of the zebrafish (3 animals per time point).  

As can be seen in Figure 3, the highest uptake is observed in the head, 

heart and the end of the intestine (arrows in the figure) and lowest uptake is found 

in the tail. Quantification of various body parts is possible, but the variance in 

SUVmean and SUVmax is high. When using the relative uptake instead, this 

variance decreases, especially at the 60 min time point (Table 1). A main effect 

of time on SUVmax (p=0.02) was found, but not on SUVmean or relative uptake. 

Quantification of tracer uptake as the relative uptake showed a main effect for the 

different body parts (p=0.004), which was not observed for SUVmean or SUVmax. 

Significant differences between upper torso and tail at 30 min (p=0.03) and 60 

min (p=0.019) and between lower torso and tail at 30 min (p=0.0064) and 60 min 

(p=0.0023) were found, as well as between tail and heart (p<0.0001). 

 

Table 1: Quantitative 18F-FDG uptake expressed as SUVmean, SUVmax and 

relative uptake in various part of the zebrafish 30 and 60 min after tracer injection. 

Results are presented as mean±standard deviation and the coefficient of 

variance (COV). 
MEAN±SD 

(COV) SUVMEAN SUVMAX RELATIVE UPTAKE 

 30 min 60 min 30 min 60 min 30 min 60 min 

HEAD 0.56±0.24 
(0.44) 

0.57±0.32 
(0.56) 

1.04±0.43 
(0.41) 

1.12±0.71 
(0.63) 

0.8±0.24 
(0.3) 

0.63±0.043 
(0.07) 

UPPER 
TORSO 

0.62±0.17 
(0.26) 

0.67±0.11 
(0.16) 

1.18±0.47 
(0.40) 

1.51±0.23 
(0.15) 

0.93±0.27 
(0.29) 

0.86±0.32 
(0.37) 

LOWER 
TORSO 

0.78±0.37 
(0.48) 

0.93±0.52 
(0.56) 

1.49±0.68 
(0.45) 

1.85±0.86 
(0.46) 

1.07±0.01 
(0.005) 

1.03±0.06 
(0.06) 

TAIL 0.26±0.06 
(0.22) 

0.22±0.12 
(0.56) 

0.50±0.05 
(0.10) 

0.56±0.30 
(0.53) 

0.36±0.22 
(0.61) 

0.24±0.04 
(0.16) 

HEART 0.72±0.48 
(0.67) 

0.69±0.35 
(0.50) 

1.16±0.84 
(0.72) 

1.14±0.67 
(0.59) 

0.90±0.44 
(0.49) 

0.78±0.04 
(0.05) 
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Figure 3: Distribution of 18F-FDG in adult zebrafish at 30 min as measured with a 

PET/CT system. 18F-FDG was injected 30 minutes before the start of a 5-min 

PET and 2-min CT acquisition. CT (top), PET (middle) and fused PET-CT images 

(bottom) acquired 30 min after tracer injection (red arrow indicates the brain; blue 

arrow the heart and black arrow the end of the intestine).  
 

18F-NaF PET in healthy zebrafish 

 

The distribution of the tracer 18F-NaF was investigated at four time points: 15, 30, 

60 and 150 min after tracer injection. PET images of the distribution of the tracer 

over time are presented in Figure 4. After 15 min the tracer is still mainly localized 

at the injection site (intraperitoneal), but from 30 min onward tracer uptake can 

be seen in the bones and is increasing over time. Tracer uptake in the head, 

upper torso, lower torso, tail and fin was quantified as SUVmean, SUVmax or relative 

uptake. The results show a high variability between animals when the SUVmean 

and SUVmax are used as the quantification methods, whereas using the relative 

uptake as outcome parameter slightly reduced the variation (Table 2). When 18F-

NaF uptake was expressed as SUVmean, a main effect of region (p<0.0001) and 

time (p=0.002) was found. The interaction analysis showed a significant 

difference in tracer uptake in the lower torso between 15 min and 30 min 

(p=0.0008), 60 min (p=0.0017) and 150 min p<0.0001). At the 15 min time point 
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a significant difference in tracer uptake between and lower torso and head 

(p<0.0001), upper torso (p<0.0001), tail (p<0.0001) and fin (p<0.0001) was 

observed, as the tracer was mainly still located at the injection site. 

When expressed as SUVmax, a main effect of time (p=0.0016) and region 

(p<0.0001) on tracer uptake was also found.  Again, a significant difference in 

tracer uptake in the lower torso between the 15 min time point and the 30 min 

(p=0.001), 60 min (p=0.0038) and 150 min (p=0.0002) time points was observed. 

Likewise, at the 15 min time point, 18F-NaF uptake in the lower torso was 

significantly higher than in the head (p<0.0001), upper torso (p<0.0001), tail 

(p<0.0001) and fin (p<0.0001). At 60 min a difference was found between lower 

torso and fin (p=0.04). 

When 18F-NaF uptake was expressed as relative uptake, a main effect of time 

(p=0.005) and region (p<0.0001) was also found. At 15 min, tracer uptake in the 

lower torso was significantly higher than in the head (p=0.0022), upper torso 

(p=0.0028), tail (p=0.0005) and fin (p=0.0003). At 30 min, the differences 

between lower torso and the head (p=0.02), upper torso (p=0.009), tail (p=0.002) 

and fin (p=0.0001) were still statistically significant. At 60 min, 18F-NaF uptake in 

the lower torso only significantly deferred from uptake in the fin (p=0.007), and at 

150 min tracer uptake in the lower torso was still significantly higher than uptake 

in the tail (p=0.01) and fin (p=0.0012). These data suggest slow migration of 

intraperitoneally administered 18F-NaF from the injection site. 
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Table 2: Quantitative 18F-NaF uptake expressed as SUVmean, SUVmax and relative 

uptake in various part of the zebrafish 15, 30, 60 and 150 min after tracer 

injection. Results are presented as mean±standard deviation and the coefficient 

of variance (COV). 
MEAN±SD 

(COV) SUVMEAN SUVMAX 
 15 min 30 min 60 min 150 min 15 min 30 min 60 min 150 min 

HEAD 0.35±0.16 
(0.46) 

0.34±0.24 
(0.70) 

0.48±0.44 
(0.91) 

0.38±0.26 
(0.68) 

0.71±0.34 
(0.48) 

0.67±0.48 
(0.71) 

1.01±0.98 
(0.97) 

0.76±0.46 
(0.60) 

UPPER 
TORSO 

0.37±0.11 
(0.29) 

0.29±0.20 
(0.69) 

0.52±0.43 
(0.82) 

0.36±0.25 
(0.69) 

0.79±0.23 
(0.29) 

0.64±0.46 
(0.72) 

1.19±0.98 
(0.82) 

0.76±0.48 
(0.63) 

LOWER 
TORSO 

1.68±0.62 
(0.37) 

0.70±0.22 
(0.31) 

0.75±0.32 
(0.43) 

0.56±0.19 
(0.34) 

3.39±0.90 
(0.26) 

1.47±0.40 
(0.27) 

1.68±0.60 
(0.36) 

1.16±0.36 
(0.31) 

TAIL 0.16±0.04 
(0.25) 

0.23±0.11 
(0.48) 

0.28±0.20 
(0.71) 

0.23±0.14 
(0.61) 

0.33±0.07 
(0.21) 

0.49±0.34 
(0.69) 

0.66±0.49 
(0.74) 

0.58±0.41 
(0.71) 

FIN 0.09±0.08 
(0.88) 

0.12±0.10 
(0.83) 

0.19±0.15 
(0.79) 

0.15±0.09 
(0.60) 

0.18±0.16 
(0.88) 

0.23±0.19 
(0.82) 

0.37±0.29 
(0.78) 

0.28±0.15 
(0.53) 

 
MEAN±SD 

(COV) RELATIVE UPTAKE 
 15 min 30 min 60 min 150 min 

HEAD 0.21±0.08 
(0.38) 

0.53±0.37 
(0.69) 

0.63±0.42 
(0.66) 

0.71±0.32 
(0.45) 

UPPER 
TORSO 

0.23±0.03 
(0.13) 

0.46±0.32 
(0.69) 

0.74±0.49 
(0.66) 

0.66±0.29 
(0.44) 

LOWER 
TORSO 

0.99±0.01 
(0.01) 

1.15±0.21 
(0.18) 

0.96±0.10 
(0.10) 

1.11±0.17 
(0.15) 

TAIL 0.11±0.07 
(0.63) 

0.37±0.14 
(0.38) 

0.42±0.27 
(0.64) 

0.44±0.17 
(0.38) 

FIN 0.08±0.09 
(1.12) 

0.19±0.14 
(0.73) 

0.26±0.17 
(0.65) 

0.28±0.09 
(0.32) 

 

 

Figure 4: Distribution of 18F-NaF in adult zebrafish over time as measured with 

PET/CT. 18F-NaF was injected 15, 30, 60 and 150 minutes before the start of a 

5-min PET and 2-min CT image acquisition. CT (top), PET (middle) and PET/CT 

images (bottom) at 15, 30, 60 and 150 min after tracer injection.  
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18F-FDG PET in LPS-stimulated zebrafish  

 

To investigate if the effect of an intervention could be detected with 18F-FDG PET 

in zebrafish, zebrafish were injected with LPS to provoke an inflammatory 

response. When 18F-FDG uptake 30 min after tracer injection was expressed as 

SUVmean, no significant differences between groups were observed (Figure 5a), 

likely due to the high within-group variability (Table 3). When tracer uptake was 

expressed as SUVmax, interaction analysis showed a significant increase in 

radiotracer uptake in the head of LPS-treated animals, as compared to controls 

(mean difference= -0.42; 95%Cl = -0.81 to -0.008; p= 0.04; Figure 5b), but not in 

any other region. Also, for SUVmax the within-group variance was high (Table 3). 

When tracer uptake was expressed as relative uptake, interaction analysis 

also showed a significant increase in radiotracer uptake in the head of LPS-

treated animals, as compared to controls (mean difference= -0.31; 95%Cl -0.58 

to -0.056; p=0.01) (Figure 5c). No significant between-group differences were 

observed in any other bodypart, despite the within-group variability for the relative 

uptake being substantially lower than for SUVmean and SUVmax (Table 3).  

 

Table 3: Quantitative 18F-FDG uptake expressed as SUVmean, SUVmax and 

relative uptake 30 uptake after tracer injection in control (CTRL) and inflamed 

animals (LPS). Results are presented as mean±standard deviation and the 

coefficient of variance (COV). 

 
MEAN±SD 

(COV) SUVMEAN SUVMAX RELATIVE UPTAKE 
 CTRL LPS CTRL LPS CTRL LPS 

HEAD 0.37±0.18 
(0.48) 

0.57±0.26 
(0.45) 

0.69±0.32 
(0.46) 

1.10±0.51 
(0.46) 

0.76±0.22 
(0.29) 

1.08±0.08 
(0.07) 

UPPER 
TORSO 

0.39±0.17 
(0.43) 

0.37±0.19 
(0.51) 

0.81±0.42 
(0.51) 

0.79±0.43 
(0.54) 

0.71±0.07 
(0.09) 

0.69±0.03 
(0.04) 

LOWER 
TORSO 

0.58±0.21 
(0.36) 

0.52±0.32 
(0.61) 

1.10±0.53 
(0.48) 

1.01±0.59 
(0.58) 

1.09±0.04 
(0.03) 

0.94±0.12 
(0.12) 

TAIL 0.17±0.06 
(0.35) 

0.15±0.07 
(0.46) 

0.34±0.18 
(0.53) 

0.34±0.16 
(0.47) 

0.32±0.08 
(0.25) 

0.28±0.06 
(0.21) 

HEART 0.48±0.15 
(0.31) 

0.61±0.36 
(0.59) 

0.78±0.34 
(0.43) 

1.01±0.59 
(0.58) 

0.98±0.30 
(0.30) 

1.11±0.14 
(0.12) 
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Figure 5: 18F-FDG uptake in different regions (head, upper torso, lower torso and 

tail), expressed as SUVmean (a), SUVmax (b) or relative uptake (c), derived from 

PET images of control or LPS-treated zebrafish. The bars and error bars 

represent the mean and 95% confidence intervals, respectively. p<0.05 was 

considered as statistically significant (n=5) and presented with an asterisk in the 

graphs (*p<0.05). 

 

Discussion 

 

In the present study, we demonstrated the feasibility to perform PET imaging in 

living adult zebrafish with recovery of the animal after the scan. We demonstrated 

that 18F-FDG PET can detect the inflammatory effect of LPS in this animal model. 

 For imaging of living zebrafish, it is important that the zebrafish remain 

immobile during the PET image acquisition. To achieve this a proper 

immobilization device and anesthesia procedure are required. We selected a 

Falcon tube (15mL) as immobilization device, because it has adequate 

dimensions, it is cheap and has a chemical composition (polypropylene) that does 

not interfere with image acquisition. Kabli et al. (2006) already used a similar 
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device to keep zebrafish immobile during MRI experiments (Kabli, Alia, Spaink, 

Verbeek, & De Groot, 2006). However, in that study the authors kept the animals 

under water recirculation. In this study, the water recirculation made the animals 

move during the experiment, resulting in a blurring of the image (data not shown). 

We observed, however, that water circulation is not required if anesthesia is 

maintained for only a short period of time. The anesthetic used was tricaine at a 

dose of 0.1 g/L, which is easier to use in zebrafish in comparison to other types 

of anesthesia, like hypothermia (Collymore, Tolwani, Lieggi, & Rasmussen, 

2014). The combination of a closed immobilization device and the optimal 

anesthetic concentration guaranteed the best conditions to acquire images 

without affecting the welfare of animals. Is important to keep the image acquisition 

below 10 min if recovery of the animals is necessary; after this time the gills can 

stop to move as observed in the tests made with tricaine and the mortality can 

increase. 

Browning et al. (2013) showed that the relative 18F-FDG distribution is not 

different between fish (zebrafish not included) and human, when considering 

heart, brain, liver, muscle and kidney (Browning, Wilkes, MacKenzie, Patterson, 

& Lenox, 2013). Our study demonstrates that the 18F-FDG distribution in 

zebrafish in a non-pathological state can be visualized by PET. In particular, PET 

could easily show that the tracer accumulates in the brain, proving that it can 

cross the blood brain barrier, as observed in humans (Hasselbalch et al., 1996). 

This demonstrates that it should be possible to test the brain penetration of other 

PET tracers in zebrafish as well. Another organ in zebrafish that was readily 

visualized by 18F-FDG PET is the heart, suggesting that cardiac research is 

feasible as well. 

Zebrafish is a teleost and thus has a bone structure. Therefore, the tracer 
18F-NaF was chosen to explore the feasibility of bone imaging with PET in 

zebrafish. In contrast to humans, 18F-NaF was still mostly localized in the 

abdominal region (site of injection) 15 min after injection. After 30 min, the 18F-

NaF uptake in the bones in the head region, vertebral column and fin started to 

increase until clear bone uptake was observed after 150 min. Apparently, bone 

uptake of 18F-NaF takes longer in zebrafish than in humans. The differences in 
18F-NaF distribution time between zebrafish and humans could be due the fact 

that humans use bones for support, which requires a different bone composition 
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and more frequent bone renewal than fish (Wootton & Dore, 1986). Another 

explanation could be that the tracer is injected intravenously in humans and 

intraperitoneally in zebrafish. With the latter administration route, the tracer enters 

the circulation much slower. 

Our results show that PET imaging in living heathy adult zebrafish is 

feasible; it is possible to image multiple animals at the same time and imaging 

can be done with the recovery of the animals (with a scan duration below 10 min). 

Zebrafish PET imaging limitations are related to the size of the fish and the 

resolution of the camera (partial volume effects), as well as the tracer injection, 

which cannot be done intravenously. Another intrinsic limitation of PET is the lack 

of anatomical information. To better define the uptake in different organs the use 

of techniques like MRI in combination with PET could provide a better delineation 

of different organs. 

In this manuscript, three quantification methods, SUVmean, SUVmax and the 

relative uptake, were used. For the calculation of the SUVmean and SUVmax, the 

bodyweight and injected dose are used to correct tracer uptake values. Since 

bodyweight and injected dose measurements may not be very accurate in small 

animals, this can increase the variability of the results. When using the relative 

uptake to quantify uptake, the variance was reduced, because the uptake in the 

whole fish can be acquired from the same PET image as the uptake in the target 

region. Remarkably, the reduction in variability by using relative uptake is 

particularly seen in the 18F-FDG PET data, but is not as apparent in results of 18F-

NaF PET. To determine if this effect is truly tracer-specific, other tracers should 

be tested and the experiment should be repeated using a larger sample size.  

Several imaging techniques have been used for detection  of inflammation 

in small animals (Pirko et al., 2003). Here, we showed that PET could detect 

enhanced 18F-FDG uptake in the head of LPS-treated zebrafish (20 µg/g) as 

compared to the control group. This result shows that LPS administration has 

consequences for cellular metabolism in the encephalic area, suggesting that 

intraperitoneal injection of LPS causes an inflammatory response in the brain of 

zebrafish. Such an inflammatory response using this dose of LPS has also been 

observed by ex-vivo methods (Gonçalves et al., 2012). 18F-FDG is extensively 

used in the preclinical and clinical studies of inflammatory diseases (Irmler et al., 

2010; Mäki-Petäjä et al., 2012). The increased 18F-FDG uptake in the brain could 
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result from the activation of immune cells in the brain, or an increase of neural 

activity in response to the inflammatory trigger (Jeong, Yoon, & Kang, 2017). 

Nonetheless, in non-pathological conditions, accumulation of 18F-FDG in the 

brain is already high, making it difficult to identify the inflammatory response (Wu, 

Li, Niu, & Chen, 2013). For this reason, other tracers like 11C-PBR28 and 11C-

PK11195 could be used to more specifically detect neuroinflammation (Werry et 

al., 2019). Furthermore, the detection of inflammation in the brain, and beyond, 

could be improved by adjustment of the dose and time of LPS exposure, which 

could lead to a stronger inflammatory response, simplifying the differentiation 

from basal conditions. Also, the use of specific radiotracers that target immune 

cells could be more effective. Since the use of PET in zebrafish is new, however, 

more studies need to be done to determine the feasibility of PET with other 

radiotracers in this species.  

Since zebrafish offer a number of well-characterized disease models, this 

protocol can also be used to studied other types of pathologies like cancer, 

Parkinson’s disease, or Alzheimer’s disease, just by changing the radiotracer and 

the model of disease (Idilli, Precazzini, Mione, & Anelli, 2017; Meshalkina, Kysil, 

Warnick, Demin, & Kalueff, 2017). This approach could also be very useful in the 

development of new radiopharmaceuticals, for example to assess blood-brain 

barrier crossing, for the screening of potential drug treatments and the validation 

of targets. 

 

Conclusion 

  

This study demonstrates for the first time that in vivo PET imaging in living 

zebrafish is feasible and that PET could detect the effect of an intervention in this 

species. However, more studies are needed to determine the scope and 

limitations of this technique. 
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Abstract 
 
Dopamine D2 receptors are involved in the reward system. Consumption of a diet 

high in fat and sugar could lead to a decrease in D2 receptor expression and 

reduced dopamine turnover. The compulsive eating behavior that is often seen 

in obese patients might therefore be related to a decreased activation of the 

reward system or a low number of D2 receptors. The main objective of this study 

was to investigate if consumption of a palatable, so-called cafeteria diet would 

lead to a decreased availability of D2 receptors in rats. Methods: Male Wistar rats 

were divided in two groups: control diet (chow pellet, 14% fat) or cafeteria diet 

(high-fat pellet, 45% fat; chocolate, cheese, sugar water). Food consumption and 

bodyweight were measured daily. Each animal underwent three dynamic [11C]-

raclopride PET scans to assess the dopamine D2 receptor availability: at baseline, 

after 4 weeks of diet and after consuming palatable condensed sweetened milk 

expected to lead to dopamine release (challenge). Binding of [11C]-raclopride was 

assessed using a reference tissue model (SRTM) and expressed as non-

displaceable binding potential (BPnd). Results: The body weight gain and caloric 

intake were significantly higher (p<0.05) in the cafeteria diet group than in the 

control diet group. At baseline no significant difference in [11C]-raclopride uptake 

(BPnd) in the striatum was found between the cafeteria diet and the control group 

(p=0.54). After 4-weeks of the experimental diet, the cafeteria diet group exhibited 

significantly lower [11C]-raclopride binding in the striatum, when compared with 

the control group (p=0.018, -14.3%). The challenge with highly palatable 

condensed sweetened milk did not affect striatal tracer uptake. Conclusion: Our 

study demonstrates that the dopamine D2 receptor availability is affected by 

consumption of a high caloric diet, suggesting a role of the receptor in obesity. 

The challenge with highly palatable condensed milk did not affect the dopamine 

D2 receptor availability in rats on either diet, so that we cannot conclude if 

dopamine release by palatable foot is blunted after a high caloric diet.  
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Introduction 
 
The prevalence of obesity worldwide tripled since 1975, with 40% of the world 

population being overweight and 13% of this number being obese (WHO, 2016). 

Being overweight or obese induces a higher risk of developing other health 

problems, such as cardiovascular disease, musculoskeletal disorders and some 

cancers (WHO, 2016). Obesity is generally caused by excess energy intake and 

physical inactivity. However, it has also been suggested that addictive behavior 

plays a role, as there is an overlap between the neurobiological systems that are 

involved in both drug addiction and the development of obesity (Barry, Clarke, & 

Petry, 2009), in particular the reward system. (Kenny, 2011), Activation of the 

reward system can be considered a neurobiological response to events that 

stimulate consuming behavior by inducing positive emotions and hedonic feelings 

(White, 1989).  

Dopamine is the main neurotransmitter involved in the reward system. 

Food consumption stimulates the release of dopamine and generates a pleasant 

feeling associated with reward (Arias-Carrián, Stamelou, Murillo-Rodríguez, 

Menéndez-Gonzlez, & Pöppel, 2010). The regulation of the reward system is 

important for maintaining control over food ingestion (Volkow, Wang, & Baler, 

2011). Two opposing theories that involve the reward system try to explain the 

development of obesity: hypersensitivity and hyposensitivity (C. Davis & Fox, 

2008). The theory of hypersensitivity assumes that overeating is caused by an 

increased sensitivity to be rewarded by food as it is experienced as extremely 

pleasant. The availability of palatable food cannot be resisted (C. Davis, 

Strachan, & Berkson, 2004; Dawe & Loxton, 2004). The second theory of 

hyposensitivity involves the idea that activation of the reward system by food 

consumption is insufficient so that the individual will overeat to compensate the 

lack of reward (Comings & Blum, 2000; Wang et al., 2001).  

Consumption of a diet high in fat and sugar was suggested to cause a 

decrease in dopamine D2 receptor expression and a reduced dopamine turnover 

in animals models (Carlin, Hill-Smith, Lucki, & Reyes, 2013; J. F. Davis et al., 

2008). A decrease in dopamine D2 receptor density was also observed in Positron 

Emission Tomography (PET) studies with obese patients; subjects with the 

lowest D2 receptor availability had the largest body mass index (Wang et al., 
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2001). The decrease in D2 receptor expression suggests that the compulsive 

behavior in obese patients or the vulnerability for addictive behavior is related to 

the decreased activation of the reward system or to a low number of dopamine 

D2 receptors (Wang et al., 2001).  

Knowledge gaps about the relation between compulsory food consumption 

and the involvement of dopamine still exist. Therefore, the main objective of this 

study was to investigate if consumption of a palatable, so-called cafeteria, diet 

would lead to a decreased sensitivity of the reward system in rats. To this 

purpose, the dopamine D2 receptor availability was measured noninvasively by 

PET using the D2 receptor antagonist [11C]-raclopride in rats being chronically fed 

with a cafeteria diet and after receiving an additional challenge with highly 

palatable food. 
 

Materials and Methods 
 

Animals and Housing 
 

Male Wistar rats (n=16), weighing 280-410 g at the beginning of the study, were 

obtained from Envigo (Horst, The Netherlands). Before the start of the 

experiment, the rats were habituated for one week. All rats were individually 

housed in standard cages.  The room was controlled for temperature and 

humidity (20 ± 2 °C, 60%) and was kept under 12:12 light-dark cycle. The 

experiments were performed during the light phase. All experiments were 

approved by the local animal ethical committee (DEC number 5865C).  

 

Study design 
 

The rats were randomly divided in two groups: the control diet group (n=8) and 

the cafeteria diet group (n=8). Each rat underwent three [11C]-raclopride PET 

scans for the assessment of in vivo dopamine D2-receptor availability: 1) at 

baseline, i.e. one day before the start of diet, 2) after 4 weeks of diet, and 3) after 

a challenge with highly palatable sweetened condensed milk, 1-5 days after the 

second PET scan. 
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Diet 
 

The cafeteria diet consisted of medium fat pellets (Hope Farms RMH-B knaagdier 

korrel, Arie Block Diervoeding, Woerden, NL; 4.8 kcal/g, 45% fat), supplemented 

with 15% sucrose solution and highly palatable food (chocolate; 5,4 kcal/g and 

cheese; 3,62 kcal/g), all ad libitum. Chocolate and cheese were changed daily. 

The rats of the experimental group were habituated to the new diet in three steps: 

on the first day the medium fat diet pellets were given in addition to the regular 

chow, on the second day only medium fat pellets were provided and on the third 

day the rat received the complete cafeteria diet, consisting of medium fat pellets, 

chocolate, cheese and sucrose solution. The control group was fed standard 

laboratory chow (Hope Farms, RMH-B knaagdier korrel, Arie Block Diervoeding, 

Woerden, NL; 3.7 kcal/g, 14% fat), ad libitum. Rats were maintained on the diet 

for 4 weeks. Food intake (weight of the consumed food) and body weight were 

monitored daily. Weight gain was calculated by subtracting the body weight at the 

start of the diet from the consecutive measurements. The caloric intake was 

determined by weighing the food daily and calculating the sum of all calories 

consumed using the known calories per gram of each food component.   

 

Challenge 
 

Prior to the last PET scan, the rats were offered highly palatable food, consisting 

of condensed sweetened milk (Friesche Vlag, Friesland Campina, the 

Netherlands, 3.21 kcal/g). To get familiarized with the taste, the rats received the 

sweetened condensed milk twice during the first 3 weeks of diet with a one-week 

interval. To prevent obstruction of the bottles, the sweetened condensed milk was 

diluted with water in a ratio of 1:3 (water: sweetened condensed milk). Three 

hours before the last PET scan, the food was removed. Prior the scan, the rats 

received sweetened condensed milk for 30 minutes. 

 

 PET imaging 
 

Rats were anaesthetized with a mixture of isoflurane and medical air (5% 

induction and 1-2% maintenance) and positioned in the small animal PET camera 
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(Focus 220, Siemens Medical Solutions USA, Inc.) in a transaxial position with 

their heads in the field of view. After positioning the rats, [11C]-Raclopride (21 ± 

11 MBq) was injected intravenously.  Injected volumes were approximately 0.5-

0.9 ml. Simultaneously with the injection of [11C]-Raclopride, an emission scan of 

60 minutes was started. The emission scan was preceded by a transmission scan 

of 10 minutes with a Co-57 point source for corrections of attenuation and scatter 

by tissue. The PET data were iteratively reconstructed (OSEM2D, 4 subsets, 16 

iterations) and separated into 21 frames (6 x 10s, 4 x 30s, 2 x 60s, 1 x 120s, 1 x 

180s, 4 x 300s and 3 x 600s) using an attenuation-weighted two-dimensional 

ordered-subset expectation maximization algorithm. Data was corrected for 

random coincidences, scatter, radioactive decay and attenuation. Final images 

had a 256 x 256 x 95 matrix with a pixel width of 0.949 mm and slice thickness of 

0.796 mm. 

 

PET analyses 
 

The reconstructed PET images were automatically co-registered to an in-house 

developed 11C-raclopride brain template using PMOD 3.8 software (PMOD 

Technologies LLC, Switzerland), which allowed the use of a predefined volume-

of-interest (VOI) map and the reporting of results in Paxinos stereotactic 

coordinates of the rat brain (Garcia et al., 2015). After co-registration, time activity 

curves (TACs) were generated for the left and right striatum and the cerebellum. 

The simplified reference tissue model (SRTM), using the cerebellum as the 

reference region, was used to estimate the non-displaceable binding potential 

(BPND) (Wu & Carson, 2002). 

 

Statistical Analyses 
 

Statistical analyses were performed using the program IBM SPSS Statistics® 23. 

Data were analyzed using the Generalized Estimation Equations model with 

“group” and “time” as predictive variables. The Independent working correlation 

matrix was selected according to the quasi-likelihood under the independence 

model information criterion value. The Wald test was used to report the p-values. 

Differences were considered statistically significant when p<0.05.  
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Results 
 

Body weight and food intake 
 

Pairwise comparison revealed that the body weight gain of the cafeteria diet 

group was significantly higher (p<0.05) than that of the control diet group (Figure 

2). At the end of the experiment, the body weight gain of the cafeteria diet group 

was 19.5% higher than that of the control diet groups. The small dip in body 

weight gain at the end of the experiment was caused by the PET scans that were 

performed during these days. The pairwise comparison for the cumulative caloric 

intake showed that the cafeteria diet group had a significantly higher caloric intake 

(p<0.05) after the introduction of the complete cafeteria diet (i.e. at day 4 of the 

study) than the control diet group. The caloric intake at the end of the experiment 

was 9.9% higher in the cafeteria diet group when compared to the control diet 

group.  

For the cafeteria diet group, the total caloric intake represented the calories 

from the medium fat pellets, chocolate, cheese and sugar water. Most calories 

were consumed via the medium fat diet (40.1±4.8%), followed by the cheese 

(23.8±2.2%), chocolate (23.4±2.7%) and sugar water (12.2±2.7%) (Figure 3).  
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Figure 2: Weight gain (a) and cumulative caloric intake (b) of rats in the cafeteria 

diet group (n=8) and the control diet group (n=8) during a 4-week period. 

Statistically significant differences between groups are indicated by: * p< 0.05. 

The graphics represent the mean +/- 95%CI. 
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Figure 3: Chocolate, cheese, sugar water and medium fat pellet intake by the 

cafeteria diet group (in kcal) during a 4-week period. The graphics represent the 

mean +/- 95%CI. 
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The analysis of the [11C]-raclopride PET data was performed in two steps. We 

first determined if there was an effect of the diet on [11C]-raclopride binding by 
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challenge. Data from one animal after the diet (high fat diet group) was excluded 

from the analysis, as it was considered to be an outlier by the ROUT (1%) and 
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In the first analysis (baseline vs. after the diet), the pairwise comparisons 
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0.156; 95% CI = -0.285 – -0.0262; p=0.018, 14.7%). In addition, a statistically 

significant decrease in [11C]-raclopride BPnd was found between baseline and 

after the diet for the cafeteria diet group (mean difference = 0.149; 95% CI = -

0.030 – 0.268; p=0.014, -13.8%), while no differences were found in the control 

diet group.  

The second analysis (after diet vs. after challenge) showed a statistically 

significantly lower striatal BPnd after the challenge in the cafeteria diet group, 

when compared to the control diet group (mean difference = 0.114; 95% CI = 

0.0019 – 0.2256; p=0.046, 10.3%). No statistically significant differences were 

found in the [11C]-raclopride BPnd between the after diet and after challenge scan, 

for either the cafeteria diet or the control diet group.  

 

 
Figure 4: [11C]-Raclopride PET imaging of dopamine D2 receptor availability in 

striatum (expressed as BPnd) of Wistar rats at baseline, after 4 weeks on control 

diet or cafeteria diet and after a subsequent challenge with condensed milk. Box 

plot and whiskers represents median and min-max values, respectively. Asterisks 

and hashtag represent the within-group effect *p<0.05, #p<0.05, ##<0.001, 
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Discussion 
 

This longitudinal study demonstrated an effect of the consumption of 

cafeteria diet on D2 receptor availability using [11C]-raclopride PET. We found a 

decrease in the [11C]-raclopride BPnd in the cafeteria diet group after one month 

of diet, indicative of decreased D2 receptor availability. The [11C]-raclopride BPnd 

was not affected by the challenge with highly palatable food. 

The animals fed with the cafeteria diet showed a higher weight gain due to 

the higher caloric intake of the food. These results are in agreement with a 

previous study, in which rats were fed a similar diet (Lewis, Singh, & Youssef, 

2019).  The use of a cafeteria diet that contains a mix of sweet and savory food 

has been considered the best comparison with the diet in humans, as the animals 

have the free option to consume the aliments that are available for them (Sampey 

et al., 2011; Shafat, Murray, & Rumsey, 2009). The cafeteria diet does not offer 

the rats the control over the intake of macronutrients and micronutrients, as is 

possible for only high fat or high sugar diets, and is therefore causing a more 

severe metabolic phenotype (Leigh, Kendig, & Morris, 2019). 

In addition to the body weight gain, the consumption of the cafeteria diet 

led to a decrease in the [11C]-raclopride BPnd in the striatum by 14%, revealing a 

decreased dopamine D2 receptor availability. This decreased availability could be 

due to a reduction in the D2 receptor density in the striatum or an increase in 

dopamine release by the presynaptic dopaminergic neurons. These results are 

in line with other studies using different techniques, like immunohistochemistry, 

and showed that a high fat diet and a high sugar diet can cause a decrease in 

the D2 receptor expression or an increased dopamine release (Carlin et al., 2013; 

J. F. Davis et al., 2008; Johnson & Kenny, 2010). This effect is also found in [11C]-

raclopride PET studies in humans, when comparing obese with non-obese 

patients (Wang et al., 2001). 

It has been previously shown that a diet high in fat and/or sugar can affect 

the [11C]-raclopride BPnd, but the effect of an additional challenge with high 

palatable food was only recently studied in humans (Eisenstein et al., 2020). In 

that study, no differences were found between the fasted and high-calorie food 

stimulated obese patients.  In our study, the decreased [11C]-raclopride BPnd that 

was observed after the diet was not affected by the challenge with the highly 
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palatable food in either the control diet or the cafeteria diet group. As the [11C]-

raclopride BPnd was not affected in the control diet group, the acute challenge 

with highly palatable food did apparently not result in a measurable release of 

dopamine, as this should have led to a reduction in the striatal [11C]-raclopride 

binding. This could be related to the variability of the data due to the different 

responses from the animals to the challenge or the diet. In a previous study it was 

observed that a group of rats fed with a high-fat diet for 10 weeks could be divided 

in to a group of obesity prone and obesity resistance rats (Levin & Dunn-Meynell, 

2000). In our study, however, no correlation (data not show) was found between 

the bodyweight, weight gain or caloric intake and the [11C]-raclopride BPnd of the 

2 last scans (after the diet and after the challenge). The group size used in our 

study is however too small to make such a division. In future studies, it would be 

of interest to measure the dopamine release in addition to the [11C]-raclopride 

BPnd to better understand the processes that occur during the challenge or to 

change the challenge for something more effective, also the consume of the 

condensed milk could be measured. 

 
Conclusion 
 
Our study demonstrates that the dopamine D2 receptor availability is affected by 

consumption of a high caloric diet, suggesting a role for the D2 receptor in obesity. 

The challenge with highly palatable condensed milk did not affect the dopamine 

D2 receptor availability in rats on a normal diet, so that we cannot conclude if 

dopamine release by palatable foot is blunted after a high caloric diet.  
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Abstract  

 

Lifestyle can influence the incidence and progression of Parkinson’s disease (PD). 

However, the underlying molecular mechanisms are still unknown. The objective of 

this study was to evaluate the effect of a high-fat diet (HFD) on the D2 receptor 

availability in the brain and gut in a rat model of PD. Nine-weeks old male Wistar rats 

were fed with either a HFD (60% fat) or a standard diet (SD; 10% fat) for three months. 

The body weight and food intake were measured twice a week and a glucose tolerance 

test (GTT) was performed every month. After two months of diet the animals were 

submitted to stereotactic surgery, injecting a low dose of 6-hydroxydopamine (2x3µg) 

in the right striatum. Dynamic 11C-raclopride PET scans were performed two days 

before and one month after the surgery, and the non-displaceble binding potential 

(BPND) ratio in the striatum (ipsilateral/contralateral) was measured. Behavior was 

evaluated with the cylinder, open field, object recognition and Y-maze test. After three 

months, animals on HFD had a greater weight gain and caloric intake than those on 

SD. The surgery caused a temporary decrease in bodyweight in both groups. No 

difference in the GTT between the SD and HFD groups were found. 11C-raclopride 

PET imaging showed a significantly lower ipsilateral/contralateral BPND ratio in the 

striatum of the HFD group postsurgery than in both the SD and the HFD group 

presurgery (p<0.05). No significant difference was found between SD group presurgery 

and postsurgery. The results of the cylinder test showed a similar pattern as the PET 

scans (HFD presurgery vs. postsurgery: p<0.05), and no statistically significant 

differences were found in the outcome measures of the other behavioral tests. 

Postmortem analysis of the gut showed a statistically significant (p<0.05) reduction in 

the 11C-raclopride uptake in the duodenum of animals in the HFD group. Concluding, 

this study indicates that the HFD exacerbated the effect of the neurotoxin 6-

hydroxydopamine with respect to dopamine D2 receptor availability and asymmetric 

paw use. Both observations could suggest a detrimental role of a HFD on the onset or 

progression of PD. 
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Introduction 

 

Lifestyle choices, such as exercise, consumption of caffeine, smoking and alcoholism, 

have been suggested to modulate the progression of Parkinson’s disease (PD) (Paul 

et al., 2019). Diet is another important factor that can influence PD development and 

progression (Mischley et al., 2017). For example, a Western diet (high intake of fat, 

sugar and red meat) increases the risk to develop PD, whereas a Mediterranean diet 

(high intake of fibers) decreases the risk (Mischley et al., 2017; Maraki et al., 2019). In 

addition, diseases associated with an unhealthy diet, like diabetes type 2, have been 

shown to increase the risk of developing Parkinson by 40% (Hu et al., 2007; Driver et 

al., 2008; Xu et al., 2011), although other studies have found the opposite (Palacios et 

al., 2011; Savica et al., 2012). Furthermore, some studies have shown that a pre-

diabetic state could be sufficient to cause a more severe PD phenotype with 

accelerated disease progression and an increased risk of PD dementia (Bosco et al., 

2012; Cereda et al., 2012).  

A hallmark of PD is the loss of dopaminergic neurons in the substantia nigra 

pars compacta (SNc), leading to a deficit in dopamine signalling in the projection areas, 

like the striatum (Poewe et al., 2017). Animal studies (post mortem) in a PD model in 

combination with a high fat diet showed an increase of dopamine depletion in the 

striatum and related regions (Choi et al., 2005; Morris et al., 2010; Bousquet et al., 

2012). The consumption of high caloric food or obesity can also lead to a decrease in 

the availability of D2 receptors (D2R) in the striatum, as was observed in a 11C-

raclopride Positron Emission Tomography (PET) study in healthy and obese 

volunteers (Wang et al., 2001). The physiological changes that are associated with 

both diet and PD can also have behavioral effects, such as depression-like behavior 

and impaired learning (Greenwood and Winocur, 1990; Campos et al., 2013; Hassan 

et al., 2019).  

One of the most common and earliest symptoms of PD is constipation (Postuma 

et al., 2013; Fasano et al., 2015), and it has been suggested that dopaminergic 

neurons located in the gut may also be affected. In a normal state, enteric D2R support 

the motility of food throughout the digestive tract (Zhi et al., 2006). It was reported that 

a decrease in peristaltic movements in a rat model of PD was associated with a 

reduced D2R expression in the proximal and distal colon (Colucci et al., 2012).  
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A few studies have tried to combine a model of PD with a model of diabetes 

type 2 or an prediabetic state in animals (Morris et al., 2010), but to the best of our 

knowledge, no attempts have been made to assess the long-term effects of this 

combination in vivo. PET is a non invasive technique used in clinical and pre-clinical 

research to measure physiological parameters longitudinally. In preclinical research, 

PET can help to reduce the number of animals required and improve the robustness 

of the study, because it allows comparison of the same animal before and after an 

intervention (Myers, 2001; Yao et al., 2012). In this study, 11C-raclopride PET was used 

to evaluate the D2R availability. We hypothesized that a high-fat diet will aggravate the 

features of PD. Therefore, this study aimed to determine if a high-fat diet augments the 

changes in D2R availability and enhances disease symptoms in the 6-

hydroxydopamine (6-OHDA) model of PD in a longitudinal approach. 

 

Material and methods 

 

Animals  

 

Nine-weeks old male Wistar rats, weighing 290-370 g at the beginning of the study, 

were obtained from Envigo (The Netherlands). After habituation to the animal facility 

for one week, the animals were housed individually to enable measurement of 

individual food intake and caloric intake. The housing room was controlled for 

temperature and humidity (T= 20±2 °C, humidity 60%) and kept under a 12:12 h light-

dark cycle (lights on at 8 A.M.; lights off at 8 P.M.). The experiments were performed 

during the light phase. All experiments were approved by the National Committee on 

Animal Experiments (CCD license: AVD1050020173069) and the Animal Welfare 

Body of the University of Groningen (IvD study number 173069-01-002). 

 

Study Design 

 

An overview of the study is displayed in Figure 1. Animals were randomly divided into 

two groups: one group was fed with a high-fat diet (HFD; 60% fat, 20% protein, 20% 

carbohydrates, energy density of 5.21 kcal/g, Research Diets, U.S.) and the other 

group with a standard diet (SD; 10% fat, 20% protein, 70% carbohydrate, energy 

density of 3.82 kcal/g, Research Diets, U.S.) for three months. The body weight and 
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food intake were measured twice a week and a glucose tolerance test (GTT) to check 

for early signs of diabetes was performed every month. After two months of diet, 

animals were submitted to stereotactic injection of 6-OHDA in the right striatum. 

Dynamic 11C-raclopride PET scans were performed two days before 6-OHDA injection 

(after two months of diet), and one month after the 6-OHDA injection. The cylinder test 

was performed 7 days after 6-OHDA injection and 3 days before the last PET scan. 

Open field, y-maze, and novel object recognition tests were performed 2 or 3 days 

before each PET scan. After the last PET scan, animals were terminated and enteric 

tissue samples were collected. 

 

 
 
Figure 1: Study design. GTT – glucose tolerance test; SD – standard diet; HFD – high-
fat diet; CyT – cylinder test; PET – positron emission tomography; Behavior – open 
field, object recognition and Y-maze test. 
 

Glucose tolerance test (GTT) 

 

Animals were deprived of food for 6 h prior to the glucose tolerance test. A glucose 

solution of 2g/kg body weight (total volume between 1.0-2.0 mL) was administered via 

oral gavage. Blood samples (droplets) were taken from the tail vein at five time points: 

immediately before and 30, 60, 90, and 120 min after glucose intake. Blood glucose 

levels (mmol/L) were measured with a Glucometer (TD-GLUCO; Ht One, The 

Netherlands). 

 

Stereotactic surgery  

 

After 2 months of diet, all animals were submitted to a stereotactic injection of 6-OHDA. 

First, animals were anaesthetized with isoflurane (5% induction, 1.5%-2.0% 

maintenance), placed in a stereotactic frame, and fixed with earbars to stabilize the 
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head. Heating pads were used to maintain the body temperature, and eye salve was 

used to prevent eye dehydration. Analgesia (Carpofren 1mg/kg) was injected 

subcutaneously before surgery. An incision was made along the medial line of the skull, 

and the skin and fascia were pushed aside to expose the skull. A solution of 3µg of 6-

OHDA and 0.3% ascorbic acid in 0.5 µL saline was injected in two areas within the 

right striatum (coordinate 1: AP: +1.12, L: -2.6, V: -5 mm; coordinate 2: AP: +0.2, L: -

3.0, V: -4.5 mm from Bregma) (Real et al., 2019) at a rate of 0.2 µL/min. After injection, 

the needle was left in place for 3 min to allow diffusion of the solution into the brain, 

and then the needle was slowly removed from the injection site. The incision was 

sutured and the animals were placed back in their cage. Another injection of analgesia 

was applied 24 h after surgery. 

 

Open field test 

 

The open field test was performed 8 days before and 21 days after intrastriatal 6-OHDA 

injection. A round, dark-floored area (60 cm diameter) was used as the open field arena 

in a dark room, with two light sources close to the arena. The animals were habituated 

to the experimental room for 1 h, after which they were individually allowed to explore 

the arena for 10 min. After the open field test, the animals were placed back in their 

home cage. The arena was thoroughly cleaned with 70% ethanol and wiped dry after 

each trial. The open field test was recorded on video, which was analyzed using 

Ethovision XT14 (Noldus, The Netherlands). The following parameters were assessed: 

velocity, distance traveled, time spent in the center, and time spent in the border zone 

of the arena.  

 

Novel object recognition (NOR) 

 

The novel object recognition test was used to assess the short-term memory of the 

animals 7 days before and 22 days after intrastriatal 6-OHDA injection. The same 

arena and light conditions were used as for the open field test. This test was performed 

1 day after the open field test, so the animals were already habituated to the arena and 

thus could focus on the objects. For this test, similar objects were placed close to each 

other in the middle of the arena (at approximately the same distance from the wall as 

between each other) and fixed in place with tape. Each animal was left to explore the 
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arena and the objects for 10 min and was then placed back to its home cage. After 90 

min, the animal was placed back in the arena, in which one object was replaced by 

another object. After each test, the arena was cleaned with 70% ethanol and wiped 

dry. The time the animal spent exploring each object was recorded and analysed using 

Ethovision XT14 (Noldus, The Netherlands). Exploration was defined as the nose of 

the animals being close to the object. The preference index (PI) was used as a 

measure of novel object recognition, and was defined as the time spent exploring the 

new object divided by the total time spent exploring both objects. 

 

Y-maze 

 

The animal was placed in the center of a Y-shaped arena, with three arms (50 cm 

each) at an angle of 120 degrees from each other. The animals were allowed to explore 

the arms freely for 8 min. After the test the animal was placed back in its home cage 

and the arena cleaned with 70% ethanol and wiped dry. The test was recorded on 

video and the number of spontaneous alternations between arms was counted 

automatically using Ethovision XT14 (Noldus, The Netherlands).  

 

Cylinder test 

 

The cylinder test was used to evaluate asymmetric paw use as a consequence of the 

damage caused by the unilateral injection of 6-OHDA. The test was performed 1 and 

3 weeks after injection of 6-OHDA. The animals were placed individually in a 

transparent cylinder (diameter: 20 cm; height: 40 cm) with two mirrors behind it to 

create 360° vision, during normal light conditions. Animal behavior was recorded for 5 

min, and the number of forepaw contacts with the cylinder were counted manually 

using Ethovision XT14 (Noldus, The Netherlands). Forepaw contact was defined as 

the placement of the whole palm on the glass, indicating its use for body support. To 

calculate the percentage of contralateral paw use, the number of times the animal used 

the left paw was divided by the total number of times the animal supported itself with 

one of its paws. 
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PET imaging 

 
11C-raclopride was used as tracer for PET imaging of dopamine D2R availability. 11C-

raclopride was synthesized by alkylation of S-(+)-O-desmethylraclopride (ABX, 

Radeberg, Germany) with 11C-methyl triflate. The product had a molar activity higher 

than 25,000 GBq/mmol. PET scans were performed using a small animal PET scanner 

(Focus 220, Siemens Medical Solutions, USA). Prior to PET imaging, the animals were 

anesthetized using a mixture of isoflurane and oxygen (5% for induction, 2% for 

maintenance) and a cannula was inserted in the tail vein for tracer injection. Heating 

pads were used to maintain body temperature throughout the experiment and an eye 

salve was used to prevent dehydration of the eyes. After insertion of the tail vein 

cannula, the animals were placed in the PET camera in a prone position with their 

heads in the field of view. A transmission scan was performed using a 57Co point 

source for attenuation and scatter correction. 11C-raclopride (25.5±4.4 MBq) was 

injected  over 1 min using an automatic injection pump at a speed of 1 mL/min. At the 

start of tracer injection, the acquisition of a 60-min dynamic PET scan was started. 

During the scan, temperature, heart rate and blood oxygen saturation were monitored.  

 

Image processing and PET analysis 

 

The 60-min emission scan was iteratively reconstructed into 21 frames (6 x 10s, 4 x 

30s, 2 x 60s, 1 x 120s, 1 x 180s, 4 x 300s and 3 x 600s) using an attenuation-weighted 

two-dimensional ordered-subset expectation maximization algorithm (4 iterations and 

16 subsets). Data was corrected for random coincidences, scatter, radioactive decay 

and attenuation. Final images had a 256 x 256 x 95 matrix with a pixel width of 0.632 

mm and slice thickness of 0.796 mm. The reconstructed PET images were 

automatically co-registered to an in-house developed 11C-raclopride brain template 

using PMOD 3.8 software (PMOD Technologies LLC, Switzerland), which allowed use 

of a predefined volume-of-interest (VOI) map and the reporting of results in Paxinos 

stereotactic coordinates of the rat brain (Garcia et al., 2015). Time activity curves 

(TACs) were generated for the left and right striatum and the cerebellum. The simplified 

reference tissue model 2 (SRTM2) with a fixed k2’ obtained from the contralateral 

striatum and the cerebellum as the reference region, was used to estimate the non-

displaceable binding potential (BPND) (Wu and Carson, 2002). 
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Ex vivo biodistribution 

 

After the final 11C-raclopride  PET scan, the animals were terminated under deep 

isoflurane anesthesia (cardiac perfusion) and duodenum, proximal and distal jejunum, 

proximal ileum and proximal and distal colon were dissected. The excised tissues were 

weighed and radioactivity was measured in a gamma-counter (Wizard 2480; Perkin-

Elmer, U.S.A.). The amount of radioactivity in the tissues was then corrected for the 

injected dose and the weight of the tissue, and expressed as the percentage of injected 

dose per gram of tissue (%ID/g). 

 

Statistical analysis 

  

Statistical analyses of the outcome parameters of the glucose tolerance test, open field 

test, novel object recognition, Y-maze, and cylinder test and 11C-raclopride PET were 

performed using the generalized estimating equation (GEE) model, using diet as the 

between-subject factor and time as the within-subject factor. Additionally, the 

interaction of diet and time was analyzed. Diet, time and the interaction between diet 

and time, were analyzed by pairwise comparisons after applying a Bonferroni 

correction for multiple comparisons. Biodistribution data was analyzed using an 

unpaired sample t-test to assess between-group effects. All data was analyzed using 

IBM SPSS 24 (IBM Corporation, U.S.). For all statistical analyses, a p-value below 0.05 

was considered as statistically significant. 

 

Results 

 

Body weight and caloric intake 

 

Statistical analysis revealed a main effect of time (p<0.001), but no main effect of diet 

on body weight gain. The analysis of the interactions between time and diet showed 

that weight gain was significantly higher in the HFD group than in the SD group at the 

first 6 and the last time point (p<0.05, Figure 2). There were statistically significant 

main effects of diet (p=0.004) and time (p<0.001), and a significant interaction between 

diet and time (p<0.001) on caloric intake. Pairwise between-group comparisons of the 
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interactions between time and diet showed that caloric intake was significantly higher 

in the HFD group than the SD group at all time points, except for day 74 and 78 (Figure 

2). Overall the animals in the HFD group had 6% higher body weight, 19.5% more 

weight gain and 9.6% higher calorie intake than controls in the SD group. The small 

drop in weight gain presented in the graph is likely due to the anesthesia used for the 

PET scan and the surgical intervention. 

 

 

Scan 
Surgery 

a) 

b) 
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Figure 2: (a) Weight gain and (b) Calorie Intake for animals the SD and HFD group 

throughout the experiment. Asterisks represents a between group effect at a specific 

time point: *p<0.05, **p<0.01. 

 

Glucose tolerance test (GTT) 

 

Without a glucose challenge, basal blood glucose levels did not differ between groups 

at any time point (Figure 3a). Blood glucose levels after a glucose challenge are 

represented in Figure 3b-d and are expressed as percentage of the baseline value. 

Blood glucose levels showed a gradual decrease between 30 and 120 minutes after 

the glucose challenge. Consequently, statistical analysis showed a main effect of time 

(p<0.05) in the glucose tolerance test, but no main effect for diet. When analyzing the 

interactions between time and diet, there were no significant differences between 

groups at any time point (all p>0.05), indicating that the animals had not become 

prediabetic yet. 

 

 
Figure 3: Glucose tolerance test at baseline (a) and after one (b), two (c) and three 

months (d) on a high fat diet (HFD) or standard diet (SD). The data is represented as 
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the glucose concentration (nmol/L) in the graph (a) and as percentage change from 

baseline in the graphs (b), (c) and (d).  

 

Cylinder test 

 

The cylinder test did not show any main effect of diet on the percentage of contralateral 

paw use (Figure 4). A statistically significant main effect of time was found, however, 

showing less use of the contralateral paw for support at 3 weeks after surgery when 

compared with 1 week after surgery (mean difference = 9.6; 95% CI = 3.2 – 15.9%; 

p=0.003). Interactions of diet x time showed that the contralateral paw use in the HFD 

animals 3 weeks after surgery was 34% lower than in both the HFD group (mean 

difference = 14.9%; 95% CI = 6.0 – 23.8%; p=0.001) and SD group (mean difference 

= 15.1%; 95% CI = 3.83 – 26.40%; p=0.001) 1 week after surgery. No other statistically 

significant differences between groups and time points were observed, although a 

tendency towards significance was found between the HFD and SD group at the last 

time point (p=0.062, 27%). 

 

 

 

Figure 4: Percentage contralateral paw use in the cylinder test (CyT), 1 week and 3 

weeks after injection of 6-OHDA in animals on a standard diet (SD) or a high fat diet 

(HFD). Box plots and whiskers represent the median, interquartile range and min-max 
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values, respectively. Asterisks represent the significant interactions between diet and 

time point: **p=0.001. The dashed line represents the equal use of the left and right 

paw (50%). 

 

Behavioral measurements  

 

No statistically significant main effects of diet or time, or any significant interaction 

between diet and time on the open field measures (i.e. velocity, distance traveled, time 

in center, and time in the border area) was found (p>0.05; Figure 5a-c). Additionally,  

there was no statistically significant effect of diet or time, or any significant interaction 

between diet and time on the short-term memory or spatial memory in the novel object 

recognition test (p>0.05; Figure 5d) and Y-maze tests (p>0.05; Figure 5e). 
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Figure 5: Results of behavioral tests. a) Velocity, b) distance, and c) time in border 

zone in the open field test; d) discrimination index in the novel object recognition (NOR) 

test, and e) percentage of alternations in the Y-maze test. Box plot and whiskers 

represents median, interquartile ranges and min-max values, respectively. The line in 

panel “d” represent a discrimination index of 0, when half of the time is spent exploring 

the old object and half of the time spent exploring the new object. 

 

Striatal dopamine D2 receptor availability 
 

The 11C-raclopride BPND was calculated using cerebellum as reference region. We first 

analyzed the striatum of each hemisphere separately and subsequently analyzed the 

ratio of tracer binding between the ipsilateral and contralateral striatum. No main effect 

of diet or time was found in the ipsilateral striatum. The variability of the data in the 

HFD group before the surgery could be the responsible for not finding a main effect of 

time (p=0.09). The interaction analysis showed that post-surgery tracer binding in the 

ipsilateral striatum was significantly decreased in both SD animals (mean difference = 

0.14; 95% CI = 0.03 – 0.24, p=0.007) and HFD (mean difference = 0.133; 95% CI = 

0.01 – 0.25, p=0.033), as compared to baseline 11C-raclopride  binding (Figure 6a).  

In the contralateral striatum no main effect of time and diet was found. However, 

the interaction analysis showed that there was a significant effect of time in the SD 

group, with higher BPND before than after surgery (mean difference = 0.11; 95% CI = 

0.011 – 0.22, p=0.03). In the HFD group, the difference in striatal [11C]raclopride 

binding in the contralateral striatum between pre- and post-surgery scans approached 

significance (mean difference = -0.76; 95% CI = -0.15 – 0.0003, p=0.05) (Figure 6b). 

To exclude any confounding factors that could have affected 11C-raclopride binding in 
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the contralateral striatum, the ratio of striatal tracer binding between hemispheres was 

assessed as well. 

Statistical analysis of the striatal tracer binding ratio revealed a significant main 

effect of time, with a higher binding ratio before than after surgery (mean difference = 

0.054; 95% CI = 0.015 -0.93; p=0.006), but no main effect of diet (p=0.35). 

Interestingly, when analyzing the interaction between time and diet, a statistically 

significantly lower tracer binding ratio in HFD animals after surgery was observed when 

compared with both the HFD (7.6%) and the SD group (8.5%) at before surgery  (HFD 

post-surgery vs. SD pre-surgery: mean difference = -0.089; 95% CI = -0.156 – -0.022; 

p=0.009; HFD post-surgery vs. HFD pre-surgery: mean difference = -0.085; 95% CI = 

-0.009 – -0.020; p=0.009). 

 
 

Figure 6: a) 11C-raclopride   BPND in the ipsilateral striatum and b) in the contralateral 

striatum. c) The 11C-raclopride  binding ratio between ipsilateral and contralateral 

striatum (I/C). 11C-raclopride   PET scans were acquired after the 2 months of standard 

or high-fat diet (SD or HFD – pre surgery) and after 3 month of diet and 1 month after 
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stereotactic injection of 6-hydroxydopamine in the right striatum (SD or HFD – post 

surgery). Box plot and whiskers represent the median, interquartile ranges and min-

max values, respectively. Statistically significant interactions are indicated with 

asterisks: p<0.05,**p<0.001.  

 
11C-raclopride biodistribution in the gut 

 

A statistically significant difference in 11C-raclopride uptake in the duodenum between 

the SD and HFD group was found at 1 month after surgery, with a lower uptake in the 

HFD group (Mean difference: 0.91 %ID/g; 95% CI: 0.34 - 1.69%; p=0.027). For the 

other parts of the gut no statistically significant differences between diet groups were 

found (Figure 7).  

 

 

 
Figure 7: 11C-raclopride uptake (%ID/g) in various parts of the gut of animals fed with 

a standard diet (SD) or a high-fat diet (HFD) for 3 months. Animals received in 

stereotactic injection of 6-hydroxydopamine in striatum after 2 months on the diet. Box 
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plot and whiskers represent the median, interquartile ranges and min-max values, 

respectively. Statistically significant differences between diet groups are indicate with 

an asterisk: * p<0.05, n=5. 

 

Discussion 

 

This study aimed to determine if a HFD would affect D2R availability and 

exacerbate symptoms in the 6-OHDA model of PD. The main finding of this study was 

the significantly lower ipsilateral-to-contralateral striatal tracer binding ratio in animals 

on a HFD one month after the administration of 6-OHDA than before surgery. 

Additionally, these animals showed significantly more locomotor asymmetry in the 

cylinder test after surgery than before, but no effect on other behavioral parameters or 

the glucose levels was found. In the SD group, such within group differences were not 

observed. 

The HFD led to higher caloric intake and, consequently, resulted in an increased 

weight gain. The observed weight gain was consistent with other studies that also 

found increased weight gain and caloric intake even when a lower percentage of fat 

was administrated to the animals (Morris et al., 2010; Marques et al., 2016). Some 

studies also added sucrose or fructose which increased the diabetic profile of the 

animals (Lozano et al., 2016; Marques et al., 2016). In our study, the  weight gain did 

not differ between groups halfway through the experiment, which might be due to the 

PET scan and GTT tests. For the PET scan the animals had to be anesthetized and in 

the case of GTT the animal had to fast for a few hours. In contrast, caloric intake was 

significantly higher in the HFD group than in the SD group at all time points assessed. 

Our HFD model showed the expected changes in weight, although additional 

parameters could have been measured to better access the changes in the animals’ 

physiology, like the percentage of fat and abdominal circumference of the animals 

(Moreno-Fernández et al., 2018). 

The glucose tolerance test is a well established method to assess insulin 

resistance in rodents similar to the assessment in humans (Marques et al., 2016; Eyth 

et al., 2020). Contrary to our study, Marques et al. found differences in the insulin 

resistance in rats after 17 weeks of treatment with a 45% fat diet (Marques et al., 2016), 

which is probably due to the longer duration of the HFD. Assessment of insulin levels 

could have given a better impression of the glucose metabolism in the animals. It is 
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important, however, to note that we couldn’t measure insulin levels due to the design 

of our study, as larger amounts of blood are necessary for this propose.  

The cylinder test showed an effect of the HFD on asymmetric paw use 3 weeks 

after intrastriatal injection of 6-OHDA, indicating an effect of the diet on motor 

impairment. In a previous rodent study, 6-OHDA injection (total of 16 µg) in the striatum 

caused a 30% decrease  in the contralateral paw use at approximately three weeks 

after neurotoxin injection (Boix et al., 2018), which is similar to our findings in the HFD 

group (-34%).  The animals in the SD group did not show a decrease in contralateral 

paw use. This finding could be explained by the possibility that these animals were 

able to recover from the motor damage, as observed in other studies with a low dose 

of 6-OHDA (Maia et al., 2012). Apparently, the HFD had a similar aggravating effect 

on motor symptoms as the 2.7-fold higher 6-OHDA dose used in the study by Boix et 

al. Taking together, these results suggest that the HFD leads to a higher degree of 

motor impairment in the animals. 

Other behavior parameters were not altered by the diet or 6-OHDA injection. In 

contrast with our study, a high-caloric diet was able to alter recognition memory in rats 

in another study, but in this study sucrose was used to induce obesity in the animals 

(Jurdak and Kanarek, 2009). Different diet manipulation can induce different 

phenotypes of behavior, but the mechanisms behind this phenomenon still need to be 

explored. 

We found a relative decrease in D2R availability in the affected striatum as a 

consequence of the 6-OHDA injection in the HFD group only. This result underlines 

the detrimental role of high fat diet on the dopaminergic system during the recovery 

phase from the 6-OHDA injection. The 6 µg-dose used in this study can be considered 

a low dose, when compared to other studies that used doses like 10 µg (Maia et al., 

2012), 16 µg (Boix et al., 2018), or even 24 µg. The latter dose was injected directly in 

substancia nigra (Zhou et al., 2017). This can explain the lack of any significant effects 

in the SD group over time in our study. Previous studies reported an effect of diabetes 

or HFD on the D2R availability, as was demonstrated by a decrease in 11C-raclopride 

binding in both humans and animal models (Wang et al., 2001; Thanos et al., 2008). 

Our results are in line with the work from Morris et al. that observed similar effects in a 

PD model (6-OHDA injected in the right medial forebrain bundle) fed with a HFD. In 

this work, post-mortem HPLC analysis demonstrated a depletion of dopamine in the 

striatum and substancia nigra in the HFD group, but not in the control group (Morris et 



The influence of a high-fat diet on D2 receptor availability and behavior in a rat model of Parkinson’s 
disease | 

 127 

al., 2010). The effects of a HFD on D2R availability in animal models of PD demonstrate 

how the simple lifestyle changes can influence processes in the brain in diseases like 

PD.  

A HFD is known to have widespread effects on the gastrointestinal tract, 

including local tissue modifications to better absorb fat-rich food, microbiome dysbiosis 

and the induction of inflammation (Serino et al., 2012; Hamilton et al., 2015; 

Deshpande et al., 2019). While the expression of dopamine D2R in the gastrointestinal 

tract is relatively low compared to other dopamine receptors, they appear to have an 

important effect on general gastrointestinal tract motility by affecting the efferent 

signalling of cholinergic neurons (Zhi et al., 2006). In this study, animals on a HFD had 

a significantly lower D2R availability in the duodenum than animals on the SD, while 

other gut regions did not show any significant differences. It has been shown that a 

diet rich in fat decreases motility in the duodenum and severely modifies duodenum 

architecture (Soares et al., 2015). In addition, gastrointestinal tract motility was found 

to be affected by partial depletion of dopaminergic neurons in the substantia nigra after 

6-OHDA injection, especially in distal regions of the gastrointestinal tract (Colucci et 

al., 2012). The changes found in this study are in line with these results and could be 

related to the dysregulation of the metabolic hormones secreted by the duodenum that 

regulate dopamine release and their effects on gastric emptying (De Araujo et al., 

2012). However, as 11C-raclopride uptake was only measured at one time point, it is 

not known if the changes in the duodenum are a consequence of the HFD or the 6-

OHDA-induced lesion or both. Additionally, it is worth noting that the results showed a 

high variance in other gut regions, which could be related to the size of the sample. In 

the future perhaps the whole organs should be measured.  

 

Conclusions 

 

This is the first study using PET imaging to assess the effect of a HFD in a model of 

PD longitudinally. HFD was able to exacerbate the effect of the neurotoxin 6-

hydroxydopamine with respect to asymmetric paw use and dopamine D2R  availability 

in the brain and gut. These results seem to implicate that the diet can induce changes 

in the gut that can aggravate injury in the brain, resulting in more severe motor 

symptoms. Such mechanisms could also be involved in the onset and progression of 
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PD. Because of its translational character, PET would be an attractive tool to 

investigate this hypothesis in PD patients as well. 
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Abstract 
Lifestyle factors, such as diet, are reported to contribute to the development and progression 

of Parkinson’s disease and thus could be an attractive target for disease prevention. 

Therefore, we aimed to evaluate the impact of a high-fat diet on the composition of the gut 

microbiota, development of neuroinflammation and disease symptoms in a rat model of 

Parkinson’s disease.  

Methods: Wistar rats were fed with either a high-fat diet (HFD) or a standard diet (SD) for 

three months. Body weight and food intake were measured twice a week. After two months of 

diet, the rats were submitted to a unilateral stereotactic injection of a low dose of 6-OHDA 

(6µg) in the right striatum to induce degeneration of dopaminergic neurons. [11C]-PBR28 PET 

scans were performed to assess neuroinflammation after two months of diet and one month 

after the 6-OHDA injection. Feces were collected at baseline, after two months of the diet and 

one month after the 6-OHDA injection for microbiome analysis. Systemic cytokine levels were 

assessed in plasma at the last time point. 

Results: Between-group comparison showed an increased body weight (p=0.01) in animals 

on a HFD when compared to SD controls, but did not reveal any significant effects of the diet 

in the cylinder test or PET imaging. Within-group comparison in the HFD group, however, 

demonstrated a decrease in left paw use, as assessed by the cylinder test (p=0.001), and an 

increase in [11C]-PBR28 uptake in the right striatum 1 month after 6-OHDA injections as 

compared to the assessments before surgery. Within group analysis in the SD group, on the 

other hand, showed that [11C]-PBR28 uptake had significantly increased bilaterally in globus 

pallidus and thalamus 1 month after 6-OHDA injection, but not in striatum. The HFD was also 

associated with changes in the microbiota over time, including altered abundance of 

Allobaculum, Muribaculaceae and Erysipelotrichaceae, all of which correlated with left paw 

use or [11C]-PBR28 uptake. No significant changes in plasma cytokine levels were observed.  

Conclusion: This study suggests the documented impact of a HFD on neuroinflammation 

may be mediated by the gut microbiome in the 6-OHDA rat model of Parkinson’s disease and 

suggests it is independent of peripheral inflammation. 
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Introduction 
 
Parkinson’s disease (PD), one of the most common neurodegenerative disorders, is 

characterized by motor symptoms like tremor, rigidity, bradykinesia, and postural instability 

(clinical phenotype) (Moustafa et al., 2016) and non-motor symptoms, such as mood and 

behavioral disorders, constipation, hyposmia and pain (Poewe, 2008). A hallmark of 

Parkinson’s disease is the progressive aggregation of α-synuclein, which induces 

neuroinflammation and eventually leads to degeneration of dopaminergic neurons (Braak et 

al., 2003; Dickson et al., 2009; Poewe, 2008). Ample evidence suggests that inflammatory 

processes are directly or indirectly involved in the onset and progression of the disease 

(Troncoso-Escudero, Parra, Nassif, & Vidal, 2018). Identification of pro-inflammatory 

pathways has promoted investigation of how neuroinflammation can be controlled to slow 

disease progression and control disease burden.  

One of the main regulators of immune function and increased systemic cytokine 

production is the gut microbiota (ller, Pappalardo, & Hafler, 2016). For this reason, the 

interaction between the brain and the gut has been the topic of intense research on the 

prevention of neurodegenerative diseases. Interestingly, the gut microbiota of patients with 

PD is often characterized by a deficiency in the Firmicutes family, including Lactobacillaceae 

and Enterococcaceae, and an enrichment of Enterobacteriaceae and Bifidobacterium. These 

changes in gut microbiota disrupt the production of short chain fatty acids (SCFAs) and 

lipopolysaccharide (LPS) (Adams et al., 2019; Unger et al., 2016), each of which have a 

significant effect on mucosal immune function. SCFAs play critical roles in immune regulation 

and can have pro- and anti-inflammatory properties (Li et al., 2018). In contrast, LPS is a well-

described endotoxin associated with the induction of a pro-inflammatory immune response (X. 

Liu et al., 2018). Several reports link endotoxins with neurodegenerative diseases and, while 

the mechanism remains speculative, evidence indicates that the decrease of endotoxin 

responses can lead to reduction in neuroinflammation (Batista, Gomes, Candelario-Jalil, 

Fiebich, & de Oliveira, 2019; Brown, 2019). Similarly, it has been suggested that SCFAs can 

exert neuroprotective effects, although the exact effect on PD development is unclear (Mulak, 

2018). 

One of the main factors that determines microbiota composition is diet. A recent meta-

analysis (Qu, Chen, Xu, & Sun, 2019) concluded that dietary fat intake, in particular high 

cholesterol and arachidonic acid consumption, is an important predictive risk factor of PD. 

Interestingly, both a low-fat and ketogenic diet adhered to for 8 weeks was shown to improve 

motor and non-motor symptoms in PD (Phillips, Murtagh, Gilbertson, Asztely, & Lynch, 2018). 

These findings are supported by studies in animal models, demonstrating exaggerated 
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degeneration of dopaminergic neurons in the nigrostriatal pathway in rats fed with a high-fat 

diet prior to induction of PD (Morris, Bomhoff, Stanford, & Geiger, 2010).  

Despite mounting evidence that a high-fat diet is clinically associated with PD and 

exacerbates disease progression in animal models, few studies have moved beyond these 

observations to provide mechanistic insight. Given the profound impact of diet on the 

microbiota, and its ability to control neuroinflammatory mechanisms, we hypothesize that a 

high-fat diet contributes to the development of PD via modulation of microbiota. As such, we 

aimed to evaluate the impact of a high-fat diet on the composition of microbiota, development 

of neuroinflammation and severity of motor symptoms, in the frequently used 6-

hydroxydopamine (6-OHDA) rat model of PD. Neuroinflammation was assessed using PET 

imaging with [11C]-PBR28, and gut microbiota and cytokine levels in blood were analyzed. 

 
Material and methods 

 

Animals  
 
Nine-week old male Wistar rats, weighing 290-370 g, were obtained from Envigo (The 

Netherlands) and habituated to the animal facility for one week. In order to measure food 

intake accurately, animals were individually housed during the study. The room was controlled 

for temperature and humidity (T=20 ± 2 °C, humidity 60%) and was kept under a 12:12 hour 

light-dark cycle (lights on 7 A.M.; lights off 8 P.M.). All experiments were performed during the 

light phase. All experiments were approved by the National Committee on Animal Experiments 

(CCD license: AVD1050020173069) and the Institutional Animal Care and Use Committee of 

the University of Groningen (IvD study number 173069-01-002). 

 

Study Design 
 
An overview of the study design can be seen in Figure 1. Rats were fed with either a high-fat 

diet (HFD) or a standard diet (SD) for three months. Body weight and food intake were 

measured twice a week throughout the entire experiment. Food intake was converted into 

caloric intake. After two months of diet, the rats were submitted to stereotactic injection of a 

low dose of 6-OHDA. Static [11C]-PBR28 PET scans were performed 3 days before and 1 

month after the 6-OHDA injection. Feces was collected before the start of diet (baseline), after 

2 months of diet (before 6-OHDA injection) and after 3 months of diet (i.e. 1 month after 6-

OHDA injection). The cylinder test was performed at 1 and 3 weeks after surgery, and blood 

was collected immediately prior to the last PET scan. 
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Figure 1: Study design. Abbreviations: SD standard diet, HFD high-fat diet, CyT: Cylinder test. 

(Made in ©BioRender - biorender.com) 

 

Diet 
 
The animals were randomly divided in two groups: one group was fed with a HFD (60% fat, 

20% protein, 20% carbohydrates, energy density of 5.21 kcal/g, Research Diets, U.S.), the 

other group with a SD (10% fat, 20% protein, 70% carbohydrate, energy density of 3.82 kcal/g, 

Research Diets, U.S.), for 12 weeks. 

 

Stereotactic surgery  
 
After 2 months of diet, all animals were submitted to stereotactic injection of 6-OHDA. Rats 

were anaesthetized with isoflurane (5% induction, 1.5%-2.0% maintenance) mixed with 

oxygen, placed in a stereotactic frame and fixed with ear bars. Analgesia (Carpofren, 1 mg/kg) 

was applied subcutaneously, an incision was made along the medial line of the skull, the skin 

and fascia were pushed aside, and two holes were drilled in the skull for the unilateral 

injections. 6-OHDA dissolved in saline (6µg/µL) was injected in two areas in the right striatum 

with the following the coordinates from Bregma: coordinate 1: AP: +1.12, L: -2.6, V: -5 mm; 

coordinate 2: AP: +0.2, L: -3.0, V: -4.5 mm (Real et al., 2019). A total volume of 0.5 µL (3 µg) 

was injected at each coordinate at a rate of 0.1 µL/min. After administration, the needle was 

left in place for 3 min to prevent efflux of the solution, and then slowly removed from the 

injection site. The incision site was sutured and the animals were placed back in their cage. A 

second injection of analgesic was given 24 h after surgery to prevent discomfort due to 

surgery. 
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Cylinder test 
 
The cylinder test was used to evaluate asymmetric paw use as a consequence of the unilateral 

injection of 6-OHDA. The test was performed one and three weeks after surgery. In the light 

phase, rats were placed in a transparent cylinder (diameter: 20 cm; height: 40 cm) with two 

mirrors behind it to create 360° vision. Animal behavior was recorded for 5 min, and the 

number of forepaw contacts with the cylinder was counted manually. Forepaw contact was 

defined as the placement of the whole paw on the glass, indicating its use for body support. 

To calculate the percentage of left paw use, the number of times the animal used the left paw 

was divided by the total number of forepaw contacts (Real et al., 2019). 

 

[11C]-PBR28 PET imaging 
 
[11C]-PBR28 scans were performed with a dedicated small animal PET scanner (Focus 220, 

Siemens Medical Solutions, USA). Before tracer injection, anesthesia was induced with 5% 

isoflurane and maintained with 2% isoflurane in oxygen.  After anesthesia induction, a tail 

cannula was inserted in the lateral tail vein and a solution of [11C]-PBR28 in saline (mean ± 

SD: 40.2 ± 11.2 MBq; 1 – 1.5mL; specific activity always higher than 25,000 GBq/mmol) was 

then injected as a bolus. The animal was placed back in its caged and allowed to wake up. 

After 30 min, the animal was anesthetized again, placed in the PET scanner and a 

transmission scan was performed with a 57Co source for correction of attenuation and scatter. 

A 30-min emission scan was started 45 min after tracer injection.  

Images were reconstructed (OSEM2D, 4 iterations and 16 subsets) after correction for 

attenuation, scatter, random coincidences and radioactive decay, and co-registered 

automatically to a [11C]-PBR28 rat brain template using PMOD 4.004 (PMOD technologies 

LLC, Switzerland). A predefined set of regions of interest (ROI’s) were placed on each PET 

image and the radioactivity concentrations in the following regions were extracted: striatum 

(right and left separately), globus pallidus (right and left separately), substantia nigra and 

thalamus. The average tracer uptake in the ROI’s (in kBq/cc) was corrected for the injected 

tracer dose and the bodyweight and expressed as standardized uptake value (SUV). 

 

Microbiota analysis  
 
Feces samples were collected directly from the rectum to prevent contamination and were 

immediately stored at -80 oC. Samples were collected before the start of the experimental diet, 

and after two and three months of the diet.  
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DNA extraction and PCR amplification  

DNA was extracted from feces samples using the double bead-bester procedure adapted from 

Yu and Morrison (2004) and QIAamp DNA Stool Minikit guidelines (Qiagen, Hilden, Germany). 

DNA yield and quality were assessed using a NanoDrop UV Spectrophotometer 

(ThermoFisher Scientific, Waltham, Massachusetts, USA) and diluted to a working 

concentration of 100 ng/µL. DNA samples were amplified by PCR using 1 µL of 10 µM 341f 

forward primer, 25 µL ThermoFisher Phire HS II Master Mix, 22 µl DNase free water, 1 µL of 

10 µM 806r barcoded reverse primer and 1 µL DNA template (100 ng/µL). The samples were 

denatured at 98 oC for 30 s, and amplified in 31 cycles at 98 oC for 5 s, 50 oC for 5 s and 72 
oC for 10 s. Samples were kept at 72 oC for 1 min and subsequently at 4 oC until collection. 

Amplification was confirmed using agarose gel electrophoresis.  

PCR products were purified using AMPure XP magnetic beads (Beckman Coulter, 

Brea California, USA) added at a ratio of 1:2. The resulting supernatant was discarded and 

the pelleted beads were washed with 80% ethanol and allowed to air-dry before DNA was 

removed from the bead with 52.5 µL 10 mM Tris HCl (pH 8.5). Purified DNA was quantified 

using the Qubit quantification kit (ThermoFisher Scientific) with a Qubit® 2.0 Fluorometer (Life 

Technologies, Carlsbad, California, USA) and diluted to a working concentration of 2 mM with 

Tris-EDTA buffer.  

 

Sequencing and bioinformatics  

Sequencing was performed using a MiSeq Benchtop Next Generation Sequencer (Illumina) 

according to the manufacturer’s guidelines. The paired-end sequencing data received from 

Illumina software were processed with PANDAseq (version 2.5) (Masella, Bartram, 

Truszkowski, Brown, & Neufeld, 2012) and QIIME (version 1.7.0) software (Caporaso et al., 

2010). Readouts with a quality score below 0.9 were discarded by the PANDAseq software to 

increase the quality of the sequence readouts. De novo OTU-picking was performed without 

chimera filtering with Greengenes (version 13.5) as reference database.  Data were visualized 

and graphs produced using Genomics Workbench 12 kindly provided by Qiagen and 

GraphPad prism v8.4.2. 
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Cytokine analyses 
 
During anesthesia before the PET scan, blood samples were collected into microtubes. 

Plasma was separated by centrifugation and stored at –80 °C prior to analysis. Plasma 

concentrations (in pg/mL) of IFN-γ, IL-10, IL-13, IL-1β, IL-4, IL-5, IL-6, KC/GRO and TNF-α 

were determined using V-PLEX Proinflammatory Panel 2 Rat Kit (Meso Scale Diagnostics, 

Rockville, MD, U.S.A.). 1:5 was used as the dilution for the samples. 

 

Statistical analysis  
 
All data, except microbiota and cytokine data, was statistically analyzed using the generalized 

estimating equation (GEE), with diet (SD vs. HFD) and time (before vs. 1 month after 6-OHDA 

injection) as between- and within-subject factors, respectively. Dietary treatment, time point of 

assessment, and interaction between diet and time were analyzed by pairwise comparisons, 

applying post-hoc Bonferroni correction for multiple comparisons. All data was analyzed using 

IBM SPSS 23 software (IBM Corporation, U.S.). Microbiota-related data was analyzed using 

a mixed-effect model with Tukey’s post-hoc correction for multiple comparisons. Associations 

between microbe of interest and neuroinflammation or behavior were assessed using 

Spearman’s correlation in GraphPad Prism v8.0. For cytokine analysis, an unpaired t-test was 

performed using GraphPad Prism v8.0. For samples without detectable cytokine levels, the 

results were reported as the half of the lowest limit of detection, as this imputation method was 

shown to be robust and well established (Gupta et al., 2017). For all statistics p<0.05 was 

considered statistically significant.  

 

Results 

 
HFD increases bodyweight and causes physiological changes 
 
A statistically significant increase in bodyweight of the HFD group relative to the SD group 

was found for the last time point (MD = 49.5 g; 95% CI 12.0 - 86.9 g; p=0.010; Figure 2). Post-

mortem inspection of the rat liver revealed pronounced hepatosteatosis in all HFD exposed 

animals (insert in Figure 2). 
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Figure 2: Physiological changes. Body weight change of rats fed with a standard diet (SD) or 

a high-fat diet (HFD) during the experiment. The small drop in bodyweight around day 60 is 

due to the PET scan and the surgical intervention (striatal injection of 6-OHDA). The insert 

shows representative pictures of the livers of animals fed with SD and HFD.  A statistically 

significant difference is represented as *p<0.05. 

 

HFD aggravates locomotor asymmetry  
 
Statistical analysis of the cylinder test showed no main effect of the diet on the animal’s 

forepaw preference. However, there was a significant main effect of time (p=0.003). When 

analyzing the interaction between time and dietary treatment, a significant decrease in the use 

of the left paw between 1 week and 3 weeks after 6-OHDA injection was observed in the HFD 

group (MD = 14.9; 95% CI = 6.0 – 23.8%; p=0.001). In the SD group, no statistically 

significantly difference between time points was found. No statistically significant difference 

between SD and HFD was found at any time point (Data not shown). 

 
[11C]-PBR28 PET reveals neuroinflammation in several areas of the brain 
 

[11C]-PBR28 PET was performed to study the effect of the HFD on neuroinflammation 

caused by the 6-OHDA injection. The right striatum showed a main effect of time (p < 0.001), 

6-OHDA model 
Scan 
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but not of the diet. Post-hoc analysis showed a significantly higher tracer uptake in the right 

striatum in the HFD group 1 month after 6-OHDA injection than in the HFD group (MD = -0.12; 

95% CI = -0.21 – -0.02; p=0.005) and the SD group (MD = -0.10, 95%CI = -0.019 - -0.14, p = 

0.013) before 6-OHDA injection.  No significant differences were found in the left striatum 

(Figure 3a). Averaged PET images of striatal [11C]-PBR28 uptake are presented in Figure 3d. 

To reduce the effect of intra-individual differences in tracer delivery to the brain, the 

ratio of the [11C]-PBR28 uptake between right and left striatum was also determined. Statistical 

analysis with the GEE revealed a significant main effect of time (p=0.002), but no main effect 

of the diet. When analyzing the interaction between time and diet, a significantly higher 

right/left striatal [11C]-PBR28 uptake ratio was observed in HFD animals after the 6-OHDA 

injections when compared to the SD animals (MD = -0.24; 95% CI = -0.45 - -0.03; p=0.012) 

and HFD animals (MD = -0.24 95% CI = -0.45 - -0.02; p=0.022) before the 6-OHDA injections  

(Figure 3b). 

To determine if regions that share projections with the striatum present signs of 

neuroinflammation, we also analyzed the left globus pallidus, right globus pallidus, substantia 

nigra and thalamus (Figure 3c). When analyzing the globus pallidus in each hemisphere 

separately, there was a significant time effect for the left globus pallidus (p<0.001), but not a 

main effect of the diet. When analyzing the interaction between time and dietary treatment, a 

significantly higher [11C]-PBR28 uptake was found in the SD group before 6-OHDA injection 

when compared to the SD group (MD = -0.09; 95% CI = -0.15 – -0.037; p<0.001) and the HFD 

group after 6-OHDA injection (MD = -0.08; 95% CI = -0.16 – -0.007; p=0.047). In the right 

globus pallidus these effects were even more pronounced, with a strong main effect of time 

(p<0.001) and interaction between time and dietary treatment (SD before vs. SD after 6-OHDA 

injection: MD = -0.12; 95% CI = -0.23 – -0.01; p=0.017; SD before vs. HFD after 6-OHDA 

injection: MD = -0.15, 95% CI = -0.27 – -0.02; p=0.011). For the substantia nigra, no main 

effect of time was found, but only a main effect of the diet, with a lower [11C]-PBR28 uptake in 

animals on the HFD (p=0.043). No interactions between time and diet were found. In the 

thalamus, a main effect of time (p=0.001), but not of the diet, was observed. When analyzing 

the interaction between time and dietary treatment, a significantly higher [11C]-PBR28 uptake 

is found in the SD group after than before 6-OHDA injection (MD = -0.09; 95% CI = -0.14 – -

0.05; p<0.001). No significant differences were observed in the HFD group.  
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Figure 3: [11C]-PBR28 PET results. Longitudinal changes in [11C]-PBR28 uptake (SUV) in the 

brains of animals fed a standard diet (SD) or a high-fat diet (HFD) are shown.  All animals 

were injected with 6-OHDA in the right striatum at 2 months after the start of the diet. a) [11C]-

PBR28 uptake in left and right striatum, expressed as SUV. b) Ratio of [11C]-PBR28 uptake 

between right and left striatum. c) [11C]-PBR28 uptake (SUV) in the regions connected to the 

striatum, in particular globus pallidus (right and left), substantia nigra and thalamus. d) Coronal 

and horizontal [11C]-PBR28 PET images (averaged group images) of rats fed for 3 months 

with SD or HFD that were injected with 6-OHDA at 2 months after the start of the diet. ROIs 

representation: red= striatum, blue = globus pallidus, white = substantia nigra. Data is 

represented as median, interquartile ranges and min-max values.  

 

HFD changes the gut microbiota profile 
 

To investigate the effect of the HFD and 6-OHDA injection on the gut microbiota, we collected 

feces from the SD and HFD groups at three different time points: before diet (baseline), after 

2 and 3 months of diet. The 3 month time point is 1 month after 6-OHDA injection. Changes 

in microbiota were (a) specific to each diet, and (b) reflective of time and therefore independent 

of dietary intervention. Taxonomically, the microbiota of both groups was dominated by the 

Firmicutes phylum and a high baseline abundance of families of Lactobacillaecae and 

Muribaculaceae (Figure 4A). Both experimental groups started with comparable baseline 
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diversity and richness (Figure 4B). The SD induced a significant increase in alpha diversity 

with time (p<0.01 baseline vs 1 month after 6-OHDA injection). There was no significant 

change in alpha diversity in the HFD group. In contrast, the Operational Taxonomic Units 

(OTUs) of both groups increase from baseline to month 3 (SD: p=0.013, HFD: p=0.025), likely 

reflecting maturation of the resident microbiota with increasing age of the rats. 

Despite no differences in alpha diversity and OTUs between groups, the composition 

of the microbiota differed between the SD and HFD groups, with clear clustering of the groups 

(control and high fat diet) observed both after 2 and 3 months of the diet (Figure 4C).  

 

 

Baseline After Diet During PD
2

3

4

5

Sh
an

no
n’

s 
In

de
x

SD
HFD 

Alpha Diversity

0.003

Baseline After Diet During PD
0

200

400

O
TU

s

SD
HFD 

OTUs

0.013

0.025

A) Taxonomic composition (taxonomic level: family)

B) Diversity and richness 

C) Principle component analysis (Bray-Curtis)

-0.6 -0.4 -0.2 0.0 0.2 0.4
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

PCo1 (20%)

P
C

o3
 (6

%
)

SD (baseline)
SD (after diet)
SD (during PD)

-0.6 -0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

PCo1 (20%)

PC
o3

 (6
%

)

HFD (baseline)
HFD (after diet)
HFD (during PD)

-0.6 -0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

PCo1 (20%)

P
C

o3
 (6

%
)



A high-fat diet induces exacerbated neuroinflammation and altered gut microbiota in a preclinical 
model of Parkinson’s disease | 

 145 

 
Figure 4: Feces analysis of microbiota diversity. Analysis of microbiota diversity was assessed 

for the HFD and SD at different time points. A) Taxonomic composition (Family), B) Diversity 

and richness. C) Principle component analysis (Bray-Curtis). Graphs represent mean ± SEM. 

 

The overall changes in the 50 most abundant microbial genera are visualized in 

Supplementary data 1A. First, changes that occurred longitudinally in response to both diets 

were determined to identify changes that were considered a reflection of time/maturity. 

Decreases in the relative abundance of Lactobacillus were observed following both dietary 

interventions, whilst increases in Clostridiales;f_;g_, Ruminococcaeae;g_, Ruminocococus, 

Lachnospiraceae;other, Lactococcus, Coprococcus and Christensellaceae;g_ were also 

observed (Supplementary data 2A).  

To identify longitudinal changes in microbial genera that were restricted to each diet, 

we performed a mixed effect model with time x treatment as factors (Figure 5A, 5B). In case 

two p-values are given, both follow-up time points were significantly different from baseline. 

Otherwise, only 1 follow-up time point showed a significant difference. Increases in 

Ruminococcaceae;other (p=0.037), Rothia (p=0.005), Actinomycetales;other;other (p=0.040), 

Micrococcaceae;other (p=0.017), Lachnospiraceae;other (p=0.017, p=0.002), Protobacteria 

(p=0.017), Clostridium (p=0.009, p=0.032), and Streptococcaceae;other (p=0.023, p=0.004) 

relative to baseline were all identified following the SD. These increases were coupled with 

decreases in Roseburia (p=0.047) and Eggerthella (p=0.044, p=0.046). In contrast, the HFD 

group showed profound losses in the Bacteroidales order (p=0.045, p=0.036), Prevotella 

(p=0.025), Muribaculaceae (p=0.015, p=0.020) and Lactobacillaceae;other (p=0.011). These 

losses were coupled with an increase in Facklamia (p=0.033), Dehalobacterium (p=0.018), 

Blautia (p=0.031), Streptococcus (p=0.032, p=0.049) and Mogibacteraceae;g_ (p=0.015, 

p=0.020).  

We identified five microbial genera that were differentially expressed following dietary 

intervention (before 6-OHDA), with the HFD group showing a higher abundance of 

Allobaculum (p=0.005), Erysipelotrichaceae;g_ (p<0.0001), Mucipirilum (p=0.004) and 
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Bacteroidales;f_;g_ (p=0.002) and a lower abundance of Muribaculaceae compared to the SD 

group (p<0.0001) (Figure 6A). 
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Figure 5: Changes in Microbiota genera due to diet. A) Genera changes in the SD group. B) 

Genera changes in the HFD group. Data is represented as mean ± SEM. Gray represents the 

SD group and black the HFD group. 
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Figure 6: Changes in Microbiota genera due to diet. Microbial genera changes over time due 

to diet are shown. Microbial genera with differential abundance after diet (before 6-OHDA). 

Data is represented as mean ± SEM. Gray represents the SD group and black the HFD group. 

 
HFD-induced microbiota changes correlate with neuroinflammation  
 
To understand the functional impact of these microbial changes on the effects of the diet and 

6-OHDA injection, correlation analyses between the microbial genera that were differentially 

expressed between the SD and HFD group, and read outs from [11C]-PBR28 PET and the 

cylinder test were performed (Figure 7). Data from both the HFD and the SD group acquired 

after 2 months (just before 6-OHDA injection), or 3 months on diet (1 month after 6-OHDA 

injection), or the combined data from both time points were used in the analysis. Spearman 

correlations and p-values of significant correlations are summarized in Table 1. Positive 
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correlations were observed between Muribaculaceae abundance and [11C]-PBR28 uptake in 

substantia nigra and thalamus, or asymmetric forepaw use when combining the data from 

both time points and also between Muribaculaceae abundance and asymmetric forepaw use 

when using only the 3-month data. A positive correlation was also observed between 

Allobaculum abundance and [11C]-PBR28 uptake in right striatum when analyzing only the 3-

month time point data. Negative correlations were found between Streptococcus abundance 

and [11C]-PBR28 uptake in left and right striatum, left globus pallidus and substantia nigra 

when analyzing data from both time points. When only 2-month time was analyzed the left 

striatum and globus pallidus showed a significant correlation with Streptococcus abundance. 

Also, atthe 3-month time point, only the left globus pallidus showed a significant correlation 

with Streptococcus abundance. Negative correlations were also observed between 

Dehalobacterium abundance and [11C]-PBR28 uptake in right and left globus pallidus when 

the combined data of both time points were used. This correlation persisted for the right globus 

palllidus, when only the data of the last time point were used. But a positive correlation 

between striatum right and the read out was found when analyzing only after diet.  Also, a 

significant correlation was observed between Mogibacteraceae and [11C]-PBR28 uptake in left 

globus pallidus when analyzing the combined data from both time points. 
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Figure 7: Correlation analyses. Correlations of the cylinder test or [11C]-PBR28 PET readouts 

with the relative abundance of several microbiota. SR= striatum right, SL= striatum left, GPR= 

globus pallidus right, GPL= globus pallidus left, SN= substantia nigra, T= thalamus, CyT= 

cylinder test.  

 

Table 1. Correlations between microbiota abundance and behavioral and neuroinflammatory 

parameters (data acquired after 2 months (before 6-OHDA); or 3 months (after 6-OHDA) on 

diet; or the combined data from both time points). Microbiome specific genera correlations 

with cylinder test and [11C]-PBR28 PET outcomes are shown in this table. Correlations are 

presented as Spearman’s correlation coefficient (r) and their probability (p-value).  
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 Muribaculaceae Allobaculum Streptococcus Dehalobacterium Mogibacteraeceae;g 

Striatum Left   
All data: 

r=-0.58 p=0.004 
2 months only: 
r=-0.73 p=0.03 

  

Striatum Right  3 months only: 
r=0.60 p=0.03 

All data: 
r=-0.46 p=0.03 

2 months only: 
r=-0.94 p<0.001  

Globus 
Pallidus Left   

All data: 
r=-0.73 p<0.001 
2 months only: 

r=-0.83 p=0.008 
3 months only: 

r=-0.83 p=0.007 

All data: 
r=-0.49 p=0.02 

All data: 
r=-0.46 p=0.03 

Globus 
Pallidus Right   

 
 

All data: 
r=-0.49 p=0.02 
3 months only: 

r=-0.86 p=0.003 
 

Substantia 
Nigra 

All data: 
r=0.60 p=0.003  All data: 

r=-0.42 p=0.049 
 
  

Thalamus All data: 
r=0.46 p=0.03     

CyT week 3 

All data: 
r=0.61 p=0.02 
3 months only: 
r=0.61 p=0.02 

    

 

No evidence of peripheral inflammation  
 
Analyses of cytokines in plasma at the 3-month time point showed no statically significant 

differences between the SD and HFD group for IFN-γ, IL-10, IL-4, KC/GRO and TNF-α 

(p>0.05; Figure 8). The levels of IL-13, IL1 β, IL-5, IL-6 in plasma were below the detection 

limit of the analysis method for both groups and therefore could not be assessed. 

 
 

Figure 8: Profiling of pro- and anti-inflammatory cytokines (IFT-y, IL-10, IL-4, KC/GRO, TNF-

alpha) in the plasma of rats fed with HFD or SD for 3 months, 1 month after injection of 6-
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OHDA in the right striatum. Data is represented as median, interquartile ranges and min-max 

values.  

 
Discussion 
 
This study demonstrated the consequences of a HFD on disease development in the 6-OHDA 

animal model of PD. In particular, we showed that the HFD caused an increase in body weight 

and a fatty liver, and aggravated 6-OHDA induced locomotor asymmetry and 

neuroinflammation in the right striatum, while plasma cytokine levels remained unchanged. 

Interestingly, the HFD affected the composition of gut microbiota. Our findings support the 

hypothesis that a diet high in fat has detrimental effects on the brain and motor symptoms in 

in PD and suggest that this phenomenon is mediated by diet-induced changes in the 

microbiota.  

Previous studies showed that a HFD can induce a significant body weight gain, starting 

from two to eight weeks after the start of the diet (Da Silva Rocha et al., 2019; Papazoglou, 

Jean, Gertler, Taouis, & Vacher, 2015). However, comparison between studies is difficult due 

to differences in the animal’s age at the start of the diet (Nistiar et al., 2012), duration of the 

dietary protocol and the dietary composition of the chow. In our study, we only observed 

significant differences in bodyweight between the SD and HFD group after 3 months. This 

delayed effect could be due to the PET scan and stereotactic surgery after eight weeks of diet, 

which induced transient mild-to-moderate loss of body weight. However, postmortem analysis 

revealed pronounced hepatosteatosis in animals treated with the HFD, confirming that the 

HFD affected the health of the animals. This indicates that future studies on HFD should not 

only take body weight into account, but also include other metabolic and morphometric 

parameters, such as percentage of body fat, in order to have a specific measure of HFD-

dependent body fat deposition.  

In this study, we aimed to investigate the effects of the HFD on what we consider the 

beginning of dopaminergic depletion. Therefore, only a low dose of 6-OHDA was used to 

induce dopaminergic neurotoxicity without complete loss of motor function. According to 

literature, this dose is not enough to generate permanent dopaminergic damage, since 

animals recover from the neuronal damage and regain their normal functions at two months 

after 6-OHDA injection (Maia et al., 2012). The cylinder test was performed in our study as a 

method to identify locomotor asymmetry of the forepaws and thus to confirm the induction of 

dopaminergic nerve damage in this unilateral rat model for PD (Real et al., 2019). Our findings 

showed that the HFD exacerbated the asymmetry in forepaw use, suggesting that the HFD 

provoked a more severe PD phenotype.  
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This more severe PD phenotype was also observed by PET imaging with the 

neuroinflammation marker [11C]-PBR28. Animals exposed to the HFD showed a significant 

increase in neuroinflammation in various brain areas. In our study, neuroinflammation was 

particularly exacerbated by the HFD in striatum. This region is primarily responsible for motor 

control, but also for motor learning, executive functions and behavior, and emotions (Lanciego, 

Luquin, & Obeso, 2012). Several publications report the involvement of the immune system 

and neuroinflammation in PD (Benkler et al., 2012; Kannarkat, Boss, & Tansey, 2013), but its 

relation with diet is not clear yet. Targeting neuroinflammation may be relevant to slow down 

the progression of PD (Hirsch & Hunot, 2009). Therefore, knowing which factors, besides 

alpha-synuclein depositions, are affecting neuroinflammatory processes in PD is important to 

enable the development of new therapies. As a potential mechanism for exacerbated 

neuroinflammation we investigated the gut microbiota composition. 

We identified increases in the relative abundance of Allobaculum, Dehalobacterium, 

Streptoccocos, Mogibacteraceae;_g and a decrease in Muribaculaceae abundance after 3 

months of HFD, as well as a correlation of their relative abundance with neuroinflammation or 

motor symptoms in our PD model. Interestingly, these findings support clinical observations, 

showing that the relative abundance of these bacteria is altered in subjects following a HFD 

and in obese people (Lee, Han, & Yim, 2015). Of the bacteria affected by a HFD, the changes 

in Allobaculum are of particular interest due to the influence on mucosal barrier function, a 

critical factor in gut-brain communication (Lee et al., 2015). Increased Allobaculum has been 

reported in people following a HFD, but also in a preclinical model of streptozocine-induced 

diabetes mellitus type 2 (S. Liu, Qin, & Wang, 2019)(Chan et al. 2016) and an animal model 

of PD (Perez-Pardo et al., 2018). In the model of PD with increased Allobaculum abundance, 

Toll-like receptor 4 (TLR4) proved critical for developing the PD phenotype (Perez-Pardo et 

al., 2018). There is also contradictory evidence, suggesting that the abundance of this 

bacterium decreases following a HFD (Qiao, Sun, Xie, Shi, & Le, 2014).  

In addition to Allobaculum, we also showed a significant increase in the abundance of 

Mogibacteraceae, a microbe reported to be in higher abundance in obese people (Duvallet, 

Gibbons, Gurry, Irizarry, & Alm, 2017), as well as in mice fed with a HFD that were prone to 

develop dementia (Muhomah, Nishino, Katsumata, Haoming, & Tsuruta, 2019; Sanguinetti et 

al., 2018). While evidence suggests a contribution of Mogibacteraceae to the development of 

Alzheimer’s disease (inverse relationship), its potential contribution to PD has yet to be 

identified (Gerhardt & Mohajeri, 2018). Similarly, while some preclinical evidence suggests PD 

is associated with decreased Muribaculaceae abundance, as observed following a HFD, its 

mechanistic role in PD remains unclear (Muhomah et al., 2019; Sanguinetti et al., 2018). 

Dehalobacterium is reported to be less abundant in obese patients (Peters et al., 2018),  

negatively associated with higher body mass index (Fu et al., 2015) and reduced in animals 
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fed with HFD (Chan et al., 2016). In contrast to the literature, the HFD in our study induced an 

increase in Dehalobacterium, which was correlated with neuroinflammation in globus pallidus. 

This discrepancy may reflect the integration of the two models (PD and HFD) used in our 

study.  

In addition to chronic dysbiosis, acute infectious events involving the microbiota have 

been speculated to underpin PD pathogenesis. For example, a case of severe acute 

Parkinsonism associated with Streptococcal infection was reported in 2005 (McKee & 

Sussman, 2005). This observation was suggested to involve the Toll-like receptor 4, TLR4, 

which is reported to govern intestinal barrier function and local immune response (de Kivit, 

Tobin, Forsyth, Keshavarzian, & Landay, 2014). In line with this finding, our study showed that 

a HFD induced a significant increase in fecal Streptococcus. This could be due to a higher bile 

salt production and a lower amount of bile resistant bacteria, therefore higher number of 

streptococceae, but had a negative correlation with the read outs. However, this and other 

microbial changes were not strong enough to induce any profound effect on peripheral 

cytokine levels in our study.  

 As described, we focused on microbiota composition as a mediator for the impact of 

HFD on PD. One proposed mechanism is HFD-induced LPS production, resulting in the 

hyperactivation of TLR4 (Kim, Gu, Lee, Joh, & Kim, 2012), consequently increasing innate 

immune activation, barrier dysfunction, LPS translocation and peripheral inflammation 

(Manco, Putignani, & Bottazzo, 2010). Studies demonstrated that the absence of TLR4 (model 

of TL4 deficiency mice) prevents loss of striatal dopaminergic neurons and reduces the 

progress of neuroflammation associated with PD (Campolo et al., 2019). Thus, TLR4-

mediated inflammation can be linked to intestinal and/or brain inflammation (Perez-Pardo et 

al., 2017). 

The microbes that were most significantly associated with neuroinflammation and 

motor symptoms were gram positive and thus their influence on LPS production is limited. 

Although we did not measure LPS production, we evaluated the cytokines in the blood as 

peripheral inflammatory biomarkers. Our results suggest that the changes in the microbiota 

were not able to promote proinflammatory pathways that were detectable in peripheral blood. 

It is plausible that that the microbial changes we observed caused only local intestinal 

inflammation. However, it is important to note that the mechanisms by which the microbiota 

aggravates PD development are unclear. As an alternative mechanism to the circulating 

cytokines, altered SCFA production could be responsible. It has been shown that circulating 

SCFA are decreased in PD patients (Unger et al., 2016) 

Direct communication between the gut and the brain via  vagal nerve signaling might 

also be a possible mechanism driving gut-dependent PD mechanisms (Forsythe, Bienenstock, 

& Kunze, 2014), with mounting evidence supporting a crucial role of this pathway in various 
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aspects of neurophysiology and behavior (Fülling, Dinan, & Cryan, 2019). These processes 

can influence the progression of neurodegenerative diseases (Guzman-Martinez et al., 2019), 

and may be a risk factor for PD development and progression (Chen et al., 2014).  

 

Conclusion 
 
This study suggests a detrimental effect of HFD on inflammatory processes in the brain and 

the gut microbiome in the 6-OHDA rat model of Parkinson’s disease. Just HFD alone can 

cause unique changes in the microbiota and these changes align with microbial signatures 

associated with PD patients. The findings are not correlated with the cytokine levels in the 

blood, suggesting gut-brain communication via other mediators like SCFA, or a direct 

interaction between the brain and gut via the vagal nerve. Our findings are (in some ways) 

consistent with microbial changes reported in high fat diet studies and obesity. Diet being a 

possible risk factor for PD is supported by the association of PD with microbiota instability. 

Thus, microbiota may provide a targetable and modifiable biomarker for early detection and 

prevention of PD. 
 
 
Conflict of interest statement 
 
The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 

 
Acknowledgments/ Financial Support 
 
Rosane Souza da Silva is a Research Career Awardees of the CNPq/Brazil (Proc: 

301599/2016-5). Luiza Reali Nazario is a recipient of Coordenação de Aperfeiçoamento de 

Pessoal de Nível Superior (CAPES)/PROEX fellowship. 

  



| Chapter 7 

 156 

Supplementary data 

 

 
Figure Supplementary data 1A: Changes in Microbiota genera due to time and not diet. 

Longitudinal changes of microbiota genera were analyzed for HDF and SD at different time 

points.  A) Changes in the 50 most abundant microbial genera. Data is represented as mean 

± SEM.  
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Supplementary data 2: Changes in Microbiota genera due to time and not diet. Longitudinal 

changes of microbiota genera were analyzed for HDF and SD at different time points. A) 

Microbial genera changes with time (irrespective of diet). Data is represented as mean ± SEM. 
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This thesis aimed to investigate several characteristic features of Parkinson’s disease 

(PD) and the impact of diet thereon, using different animal models. The investigated 

features included neuroinflammation, changes in the dopaminergic and purinergic 

system and alterations in microbiota and behavior. This thesis was divided in three 

parts. In the first part, the purinergic system was reviewed (Chapter 2) and investigated 

in a zebrafish model for PD (Chapter 3). The second part addressed the feasibility of 

Positron Emission Tomography (PET) imaging in adult zebrafish (Chapter 4). In the 

third part, the effect of a high-fat diet was studied in healthy rats (Chapter 5) and a rat 

model for PD (Chapter 6 and 7). This chapter briefly discusses the relation between 

the results described in this thesis and the future perspectives in basic science and 

clinical research. 

 

Treatment for Parkinson’s disease 

 

PD is a common neurodegenerative disorder that lacks proper treatment without side 

effects. Our limited understanding of the basic mechanisms of the disease before the 

onset of disease symptoms and the late diagnosis complicate the development of a 

curative treatment. The investigation of drug targets, or even completely new 

pathways, that differentiate from the classical dopaminergic approach should 

contribute to the identification of new biomarkers for early diagnosis and therapeutic 

interventions. 

One of these approaches could be the investigation of the purinergic system, 

which is already being explored as a potential target for pharmacological and non-

pharmacological treatment of PD. At present, one drug targeting the purinergic system 

has already been approved as add-on treatment for PD: the selective adenosine A2A 

receptor antagonist istradefylline. This drug was approved based on results of different 

clinical trials with more than 4000 patients in total. In general, these trials showed a 

decrease in daily off symptoms, which occur when levodopa is not working well, in 

istradefylline treated PD patients, as compared to placebo treated patients (Chen & 

Cunha, 2020). Other drugs targeting the adenosine A2A receptor, like preladenant, 

vipadenant and caffeine, have been tested as treatment for PD, however overall results 

were disappointing (Nazario, da Silva, & Bonan, 2017; Zhou et al., 2017). The influence 

of adenosine on the dopaminergic system and the success of istradefylline still support 

the search for purinergic receptor-targeting drugs (receptor antagonists), since 
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adenosine is capable of negatively modulating dopamine receptors through direct and 

indirect pathways (Tóth, Antal, Bereczki, & Sperlágh, 2019). Another strategy would 

be to target both the adenosine and the dopamine systems by a drug that is able to 

simultaneously bind to A2A and D2 receptors. Such a bispecific drug would have 

increased specificity, since the drug will only act on specific heterodimers. As a result, 

this could lead to a reduction in the dose needed and, consequently, the side effects 

(Soriano et al., 2009). This approach has been investigated for a long time, but only 

recently a dual targeted drug from the class of indolylpiperazinylpyrimidines was shown 

to have promising in vitro and in vivo results (Shao et al., 2018; Soriano et al., 2009). 

Problems related to the size of the molecule and the fast dissociation from the receptor 

heterodimer are still a challenge in this field (Carli et al., 2017).  

Non-pharmacological approaches in the treatment of PD are usually related to 

the improvement of quality of life of patients through interventions like physical activity, 

diet, music therapy, and acupuncture (Ahn, Chen, Bredow, Cheung, & Yu, 2017). In 

animal studies, physical exercise was shown to induce a reduction in adenosine 

receptor expression, reinforcing the idea that the neuroprotective effect of physical 

activity is probably through a reduction of the antagonistic effect of adenosine on 

dopamine signalling (Clark et al., 2014). Diet is already known to have an impact on 

neuroprotection and neurodegeneration (Bianchi, Herrera, & Laura, 2019). Different 

types of diet can reduce or accelerate the progression of PD (Seidl, Santiago, Bilyk, & 

Potashkin, 2014). The beneficial effects of nutrients, like vitamins and antioxidants, on 

neuroinflammation was also found (Kurtys et al., 2019, 2018).   

Additional efforts to find new drugs or new ways to slowdown the progression 

of PD are necessary to improve the quality of life for PD patients. Taking in 

consideration that a purinergic drug and lifestyle intervention can modulate disease 

progression and/or symptoms, it is important to explore the specific underlying 

mechanisms. This could help shedding some light on the pathways that are 

responsible for the onset of the disease and the course of disease progression before 

the diagnosis of patients.  

 

Zebrafish as a model in basic PD research 

 

There are different methodologies to investigate a disease. The most frequently used 

are observational research with or without the collection of biological samples in 
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humans, intervention studies and mimicking (part of the) disease symptoms in animal 

models. One of these animal models is the zebrafish. Zebrafish can be easily 

maintained in the laboratory and the production of large amounts of eggs can be 

induced in all periods of the year. This animal also has all major organs that are present 

in vertebrates, like the heart, eyes, kidneys, intestines, brain and pancreas. Moreover, 

zebrafish also have most of the neurotransmission systems that are present in rodents 

and primates (Rahman Khan & Sulaiman Alhewairini, 2019). About 80% of the genes 

related with human disease have an equivalent in zebrafish, which offers the 

opportunity to target specific disease-related genes, turn them on or off, or introduce 

foreign genes (Howe et al., 2013).  

Because of these and other characteristics, zebrafish have already become an 

important animal model in basic research, in which they are mainly used to unravel 

disease mechanisms and to discover new potential targets for treatment. In Chapter 
3, we translated the well-known 6-hydroxydopamine (6-OHDA) brain injection model 

of PD from rodents to the zebrafish. This procedure is challenging because of the size 

of the animal and the fact that it needs to be fast (the injection is done with the animal 

under stereomicroscope being just rinsed on the gills), but it can be reproduced. This 

model showed behavioural changes at various time points and there is a dose-

dependent relation between 6-OHDA exposure and the features of PD. Our results 

showed that 6-OHDA injection in zebrafish caused an increase in dopamine D2 

receptor expression, while the adenosine A2A receptor density initially was not affected 

by 6-OHDA, but decreased over time in 6-OHDA-treated animals. It has previously 

been described that adenosine and dopamine receptors are connected because they 

can form heterodimers (A2A/D2) in other species (Beggiato et al., 2014; Ferré & Ciruela, 

2019). However, in zebrafish this is not known yet. For a more comprehensive 

understanding of chapter 3 findings, quantification of D2 and A2A receptor protein 

levels, availability and functionality of these receptors and elucidation of their status of 

heterodimerization should be investigated in order to identify if both receptors are 

similarly affected by 6-OHDA in zebrafish as in rodents (Antonelli et al., 2006; 

Fernández-Dueñas et al., 2015; Zhou et al., 2017). Enzymatic activity involved in the 

control of adenosine levels on extracellular medium can be easily investigated in 

zebrafish, as these enzymes are already used to investigate purinergic signalling in 

several pathological conditions (Altenhofen et al., 2018; Capiotti et al., 2016). In 

addition, pharmacological modulation of the zebrafish model of PD with purinergic 
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antagonists and agonists could provide more insight in the complex interaction 

between the purinergic system and other neurotransmitter systems, like the 

cholinergic, glutamatergic, GABAergic, cannabinergic and serotoninergic systems 

(Burnstock, 2008; Moreno et al., 2018; Ribeiro, Cunha, Correia-de-Sa, & Sebastiao, 

1996; Tóth et al., 2019). These would give a better overview of all the factors that are 

involved in the degeneration of the dopaminergic system and may provide some hints 

for new therapeutic targets.  

 

PET imaging of Zebrafish  

 

PET is a versatile technique for studying biochemical and physiological processes in 

living organisms. So far, PET has mainly been applied in relatively large species like 

humans, non-human primates and rodents, as the application can be challenging in 

smaller animal models. Some studies report the use of nuclear imaging techniques in 

zebrafish, but only in dead animals or without recovery from anaesthesia (Bufkin, 2015; 

Dorsemans et al., 2017; Henderson et al., 2019). Efforts to establish truly in vivo PET 

imaging in zebrafish has not been published yet. In this thesis, we  investigated the 

feasibility to perform PET experiments with living adult zebrafish (Chapter 4). The first 

challenge faced during the establishment of a procedure to obtain PET images was 

related to the concern of the use of a liquid in PET scanners, which was solved by 

ceiling the falcon tube contain the zebrafish with parafilm. The second challenge was 

to have sufficient time to capture images and keep the animals alive under 

anaesthesia. For this purpose, different concentrations of anaesthetic were tested. The 

third challenge was the impossibility to use a recirculating water system as this would 

cause movement of the fish and thus blurring of the images. The fourth challenge was 

to keep the water on an acceptable temperature for animals. To overcome the 

challenges, the technical training of researchers was essential in order to complete the 

procedure quick and efficiently. In this thesis we demonstrated that PET imaging in 

living zebrafish is possible. This zebrafish model could be complimentary to the models 

in rodents and in vitro analyses. Zebrafish can be used as an avatar, CRISPR and 

mutants, and considered as a tool to optimize, for example, a therapy dose for patients 

and predict tumour response (Costa et al., 2020). 

In this thesis, the experiments were performed by the same researcher, but with 

training and more standardization this technique could be disseminated to other PET 
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centres as well. To implement this technique at different sites, my goal for the next 

years is to invest in the development of this field by establishing worldwide 

collaborations.  

The development of new drugs and diagnostics can benefit from the 

combination of high-resolution PET/CT and PET/MRI with the zebrafish model. The 

main benefits are a fast throughput, since multiple zebrafish can be imaged at the same 

time with only a small amount of radiotracer, and a relatively low cost for breeding and 

maintaining of the animals. Unfortunately, we can only use the zebrafish in the adult 

stage when the size reaches around 3-4 cm, because of the resolution of the current 

PET cameras (0.7 - 1.5 mm). The small amount of blood in adult zebrafish and the 

limited time of anaesthesia will preclude kinetic modelling studies and the collection of 

multiple blood samples to perform metabolites analysis. On the other hand, the small 

size is an advantage, since the whole body of the animal can be scanned and therefore 

the overall distribution of the tracer is clear.  

Another possibility that can be implemented in the field of molecular imaging is 

the use of zebrafish larvae (until five days post fertilization). Larvae can be incubated 

with the tracer and accumulated radioactivity can be detected with equipment such as 

a gamma counter or autoradiography. Thus, zebrafish larvae could fill the gap between 

cell studies and in vivo imaging studies. This approach can be used for binding studies, 

to measure specific binding of the tracer using various antagonists or agonists that 

compete with it. The advantage of using larvae until five days after fertilization is that 

they are not considered to be experimental animals yet, according to Central Authority 

for Scientific Procedures on Animal application in the Netherlands (not all the countries 

have the same legislation) and thus lengthy administrative procedures to obtain 

approval for the studies is not required. Moreover, the independent feeding of the 

larvae (yolk supplies) reduces the time and the costs of research even more. In this 

stage of life, the larvae have already developed all the organs and neurotransmitter 

systems, thus could be an add value from the studies with cells. One example is the 

use of zebrafish larvae as an avatar for studies with radiotherapy. In an article by Costa 

and colleagues, zebrafish were used as a tool to optimize the therapeutic dose for 

patients and predict tumour response. The zebrafish larvae were injected with 

colorectal cancer cells from biopsies of patients and different radiation doses were 

applied (Costa et al., 2020).   
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Because of the challenges associated with PET imaging in zebrafish, 

concerning the need to obtain a new license from the Central Authority for Scientific 

Procedures on Animals to perform these experiments and the limited amount of time 

to complete this PhD thesis, the final experiments in this thesis were performed in rats. 

 

The effect of diet on the dopaminergic system and its impact on Parkinson’s disease 

 

Diet influences different processes in the body: satiety, pleasure, reward and 

necessity, among others. The role of food has expanded with human evolution, as 

nowadays food also plays a critical role in societal status (Luca, Perry, & Di Rienzo, 

2010). The type of diet also changed with evolution, as the availability of an “easy meal” 

has increased the consumption of fast food over the world (De Vogli, Kouvonen, & 

Gimeno, 2014). The reward system does not only have an important role in the 

modulation of what we eat and how much we eat, but is also associated with addiction, 

motivation and mood disorders (Arias-Carrián, Stamelou, Murillo-Rodríguez, 

Menéndez-Gonzlez, & Pöppel, 2010). The excessive consumption of highly palatable 

food and the disbalance of the reward system can cause obesity (Kenny, 2011). The 

consumption habits of the Western society, culminating in a so-called the Western diet, 

have resulted in an increase in the number of diabetic patients. For research purposes, 

the Western diet can be translated to animals and is referred to as the cafeteria diet, 

consisting of highly palatable food (with high concentrations of sugar) and high fat chow 

(Lutz & Woods, 2012). With this diet, dopamine release is increased chronically and 

causes addictive behaviour, similar to what is observed in drugs abuse (Macedo, 

Freitas, & Torres, 2016). Because of the potentially detrimental impact of bad eating 

habits on society, it is important to know the processes that are affected by the Western 

diet, so that we can understand how diet can influence the development of diseases 

like diabetes. Such knowledge could also help in the development of new 

pharmacological strategies. In our longitudinal study described in Chapter 5, the effect 

of a cafetaria diet on the dopaminergic system was investigated. The observed 

decrease of dopamine D2 receptor availability after cafeteria diet could be the result of 

a diet-induced increase in dopamine release or a decrease in expression of the D2 

receptor. The challenge with highly palatable food, which was expected to result in a 

blunted dopamine response in those animals that were exposed to the cafeteria diet, 
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did not show any effect. Possibly the timing of the PET scan or the intensity of the 

challenge was not adequate to observe any effect of the challenge.   

After investigation of the effects of a cafeteria diet on dopamine D2 receptor 

availability in healthy animals, research was continued by exposing an animal model 

of PD to a high-fat diet, to mimic the effects of a bad lifestyle on a number of PD disease 

characteristics (Chapter 6 and 7). Diet is hypothesized to influence the onset and 

progression of PD (Seidl et al., 2014). 11C-raclopride and 11C-PBR28 PET scans were 

performed to investigate the effect of diet on the dopaminergic system and on 

neuroinflammation, respectively, in the 6-OHDA model of PD. Imaging results were 

correlated with behavioural parameters and changes in microbiota. Overall, the results 

demonstrated a detrimental role of the high-fat diet on the severity of dopaminergic 

abnormalities and neuroinflammation. These effects could have been triggered by the 

observed changes in gut microbiota. Fortunately, diet is an easily modifiable risk factor. 

If prospective patients modify their eating habits and stop overeating, not only obesity 

could be prevented, but also the onset and progression of PD could be delayed or even 

prevented. However, this will not be easy, as many PD patients are suffering from 

depression, anxiety and other stressful situations that can lead to an overeating 

pattern. Understanding the basic mechanisms of the effects of diet in these patients 

can help in disease management. An interesting observation in our study was the 

correlation between changes in microbiota and glial activation in the brain. In the future, 

it may become possible to identify different types of disease just from the microbiota 

composition or from certain bacteria. If so, screening programs for the early 

identification of high-risk subjects could be started. This would enable preventive 

intervention. Nowadays, it is still difficult identify such early biomarkers due to the lack 

of standardization across the studies. For better results, large cohort studies with a 

diverse ethnic profile and standard protocols are necessary (Lavelle & Hill, 2019). 

Perhaps the LifeLines cohort in Groningen could provide the required data for the 

identification of predictive microbiota signatures. 

The link between neurodegenerative disorders and diabetes type 2, or a pre-

diabetic state, supports the hypothesis that treatments for diabetes, like metformin and 

glucagon-like peptide 1 (GLP-1), may also be applied in patients with 

neurodegenerative disease (Elbassuoni & Ahmed, 2019; Paudel, Angelopoulou, 

Piperi, Shaikh, & Othman, 2020). The mechanisms of action of metformin are related 

to the balance between survival and death in cells, signalling pathways that are also 
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connected to neurodegenerative diseases (Rotermund, Machetanz, & Fitzgerald, 

2018). Animal studies report that metformin and GLP-1 are capable of reducing 

disease severity in animal models of PD (Bayliss et al., 2016; Lu et al., 2016; Patil, 

Jain, Ghumatkar, Tambe, & Sathaye, 2014; Zhang, Zhang, Li, & Hölscher, 2018). 

There is not enough data from clinical studies to conclude if metformin can be used as 

an treatment against PD (Paudel et al., 2020). However, the daily subcutaneous 

injection of GLP-1 was shown to have positive effects on motor and non-motor 

symptoms in PD patients, that did not persist after treatment was stopped (Athauda & 

Foltynie, 2016; Athauda et al., 2018).  

To elucidate the effect of diet on the purinergic system of PD patients, PET 

studies with tracers like 11C-preladenant, targeting the adenosine A2A receptor, would 

be extremely interesting. The purinergic system is involved in different pathways 

related to inflammation, insulin resistance, hypothalamic control of feeding and control 

of white and brown adipocytes that directly affect obesity (Burnstock & Gentile, 2018). 

Such studies could help the development of an intervention with an A2A antagonist that 

could benefit PD patients. Future PET studies with tracers such as 11C-raclopride, 11C-

PBR28 and 11C-preladenant in PD patients with different lifestyles can help clarifying 

the involvement and interrelationship of these system in PD. These PET studies can 

be combined with, amongst others, studying microbiota, cytokine and a-synuclein 

production, to complete the picture.  

 

Concluding remarks 

 

The world’s obese population is increasing and so are the associated comorbidities. A 

link between obesity and neurodegenerative diseases has already been found. The 

search for knowledge about the basic pathways involved and potential interventions 

based on changes in lifestyle can help to prevent or delay neurodegenerative diseases. 

Increased understanding of the early disease stages could also facilitate the 

development of new treatments and diagnostic tools. My contribution to this field 

included investigating the relation between obesity and PD in an animal model in 

longitudinal studies, using PET. This PET approach enabled the combination of 

studying behaviour, microbiota, dopaminergic and purinergic response, and 

(neuro)inflammation. In addition, my work opened the possibility to investigate 
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diseases such as PD in a zebrafish model, including the use of PET as an assessment 

tool. 
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Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease 

and, with the increasing life expectancy of the population, the number of patients with 

this pathology is growing. Attempts are being made to find a cure or at least a better 

treatment, but so far, no intervention that can slow down the progression of the disease 

has been discovered. A better understanding of the basic mechanisms that underlie 

this disease is of great importance for the development of new drugs. One of the 

factors that can affect disease progression or onset is lifestyle. Lifestyle can influence 

different factors that are involved in PD, such as the purinergic system, the 

dopaminergic system, neuroinflammation and microbiota. In this thesis, these factors 

will be explored in different ways.  

 

Chapter 2 provides an overview of the interaction of the purinergic and 

dopaminergic system in the context of PD. It also addresses the effect of adenosine 

receptor antagonists in combination with dopaminergic drugs like L-DOPA, the drug 

most frequently used to suppress the symptoms of this disease. Also, non-

dopaminergic therapies to decrease the main adverse effects of long-term use of L-

DOPA, the motor side effects, are discussed. Treatment with multiple targeted drugs, 

such as adenosine receptor antagonists and drugs targeting other neurotransmitter 

systems than the dopaminergic system, has received significant attention lately, since 

PD is associated with complex biological interactions. While pharmacological 

approaches to cure or ameliorate the symptoms of PD are still the leading strategy in 

this area, positive effects of emerging non-pharmacological approaches have been 

observed as well and inhibition of the function of adenosine appears to be involved in 

both strategies. 

 

In Chapter 3, we investigated the interaction of purinergic and dopaminergic 

receptors in an animal model of PD. For this purpose, we investigated behavioural 

parameters, dopamine levels and expression levels of adenosine and dopamine 

receptors in the brain of adult zebrafish injected with 6-OHDA in the right 

telencephalon (8 µg/µL). The animals were evaluated 3, 7 and 28 days after injection 

of 6-OHDA. The locomotor parameter ‘turn angle’ and the anxiety parameter ‘time 

spent in the superior zone’ were decreased on day 28 and 7, respectively. Dopamine 

levels in the whole brain were not altered, but D2 receptor expression was higher on 
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day 3, while expression levels of A2A1 receptors were increased on day 7, but had 

normalized again on day 28. Thus, after intra-encephalic injection of 6-OHDA, 

zebrafish presented behavioral changes, in particular in the turn angle and the time 

spent in the superior zone, despite the slight effect on the dopaminergic system. 

Further studies involving pharmacological and genetic manipulation are necessary to 

investigate the interaction of purinergic and dopaminergic neurotransmission in this 

PD model. 

 

Considering the importance of zebrafish for studying different disease process, 

in Chapter 4 we performed a translational project to investigate the feasibility of in vivo 

PET imaging in living healthy adult zebrafish and in a zebrafish model of inflammation. 

To optimize imaging conditions, the optimal dose of the anesthetic tricaine was 

determined and the distribution of the PET tracers 18F-FDG and 18F-NaF in control 

zebrafish was measured at various time points. We have shown that PET imaging in 

living zebrafish is feasible and that a concentration 0.1 g/L of tricaine for anesthesia 

and a distribution time of 30 min for 18F-FDG and 150 min for 18F-NaF provided optimal 

conditions. After the standardization, whole-body PET imaging with 18F-FDG was able 

to reveal LPS-induced inflammation, as a significant difference in tracer uptake in the 

head region between control and LPS-injected animals was observed. In summary, 

this study demonstrated that in vivo PET imaging with 18F-FDG and 18F-NaF in living 

zebrafish is feasible and differences in uptake can be seen in an inflammation model.  

 

The incidence of PD has been associated with lifestyle factors like diet. In the 

last part of this thesis, we therefore investigated the effect of diet in a rodent model for 

PD. In Chapter 5, however, we first analyzed the impact of a cafeteria diet (high caloric 

diet) on the reward system. Dopamine and its D2 receptors are involved in the reward 

system. Consumption of a diet high in fat and sugar might lead to a change in D2 

receptors expression and dopamine turnover. The compulsive eating behavior that is 

seen in obese patients might be related to a decreased activation of the reward system 

or a low number of D2 receptors. The main objective of the study described in chapter 

5 was to investigate the effect of highly palatable food on the availability of dopamine 

D2 receptors in rats. Male Wistar rats were divided in two groups: control diet (chow 

pellet, 14% fat) or cafeteria diet (high-fat pellet, 45% of fat; chocolate, cheese, and 

sugar water). Each animal underwent three 11C-raclopride PET scans for assessment 
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of dopamine D2 receptor availability: baseline (before the start of diet); after four weeks 

on the diet (day 28), and immediately after consuming highly palatable sweetened 

condensed milk (day 30). From day four onward, the body weight gain and caloric 

intake was significantly higher in the cafeteria diet group than in the control diet group. 

The animals in the standard diet group did not show any significant difference in 11C-

raclopride uptake in striatum between the baseline PET scan and the either of the 

follow-up scans. The cafeteria diet decreased the tracer binding on both follow-up time 

points, which is indicative of a reduction in the availability of the D2 receptors. Our 

study suggests that D2 receptors play a role in obesity and consumption of a high 

caloric diet. It also showed that the challenge with condensed milk was not able to 

change the dopaminergic response as observed by PET. More studies should be done 

to confirm if there are any changes in the levels of dopamine and related molecules. 

 

To elucidate the influence of a high fat diet on PD progression, we investigated 

the effect of a high-fat diet (HFD) on the availability of D2 receptors and behavioral 

parameters in rats (Chapter 6). Wistar rats were fed with either an HFD (60% fat) or 

a standard diet (STD; 10% fat) for three months. After two months of diet the animals 

were submitted to stereotactic administration of a low dose of 6-OHDA (2x 3µg) in the 

right striatum. 11C-Raclopride PET scans were performed two days before and one 

month after the surgery. After three months, animals on the HFD had a higher 

bodyweight gain and caloric intake than those on the STD. The surgery caused a 

temporary decrease in bodyweight in both groups. No difference in the glucose 

tolerance test between the STD and HFD groups were found. 11C-Raclopride PET 

showed a significantly decreased ipsilateral/contralateral tracer uptake ratio in the 

striatum in the HFD group one month after 6-OHDA injection, when compared to the 

STD and HFD groups before stereotactic surgery, however no significant difference 

was found between groups one month after 6-OHDA administration. This pattern was 

also found in the cylinder test, but no differences between groups and time points were 

found in other behavior analyses. Postmortem analysis of 11C-raclopride uptake in the 

gut showed significantly lower tracer uptake in duodenum of animals in the HFD group 

than in the SD group. Concluding, the HFD aggravated the damage in the PD model 

in this study, as was demonstrated by a lower D2 receptor availability and a reduced 

use of the contralateral paw. Both observations suggest a detrimental role of the HFD 

on the onset or progression of Parkinson’s disease. 
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In Chapter 7, the impact of a high fat diet on inflammatory parameters in the 

PD model was investigated. In particular, the composition of the microbiota, 

development of neuroinflammation and clinical symptoms were evaluated in a 

validated rodent model (6-OHDA unilateral injection). The rats were fed with either a 

high-fat diet (HFD) or a standard diet (SD) for three months. After two months of diet, 

the rats were submitted to stereotactic surgery injecting a low dose of 6-OHDA. 11C-

PBR28 PET scans were performed before and one month after the 6-OHDA injection. 

Stool was collected before the start of the diet (baseline), after two months of the diet 

and one month after the 6-OHDA injection. Microbiome analysis was performed on 

stool samples. An increase in body weight, a decrease in the use of the ipsilateral paw, 

as assessed by the cylinder test, and increased uptake of the neuroinflammatory 

marker 11C-PBR28 was shown in animals on a high fat diet one month after injection 

of 6-OHDA, as compared to the assessment before stereotactic surgery. No 

differences between time points were found in the SD group. The increased 

accumulation of 11C-PBR28 in the HFD group after 6-OHDA administration was 

accompanied with alterations in the microbiota profile and no effect in the cytokine 

levels in plasma. This study suggests the documented impact of an HFD on 

neuroinflammation may be mediated by the gut microbiome in the 6-OHDA rat model 

of Parkinson’s disease and suggest it is independent of peripheral inflammation. 

 

Knowledge of the basic mechanisms underlying PD and their relation with 

changes in lifestyle can help scientists to better understand the factors that trigger the 

onset of the disease and aid the development of new treatments and diagnostic tools. 

My small contribution to this field is the possibility to investigate the interaction of two 

diseases (obesity and PD) in the same animal using the PET for longitudinal 

monitoring. These studies can help reveal the complicity of the interaction between 

behavior, microbiota, dopaminergic and purinergic response, and inflammation in the 

gut and the brain.  

 

 

 

 

 

 



| Chapter 9 

 182 

 



 
 
 
 

 

 

Nederlandse Samenvatting 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 10 



| Chapter 10 

 184 

De ziekte van Parkinson (PD) is de op één na meest voorkomende 

neurodegeneratieve ziekte en met de stijgende levensverwachting van de bevolking 

groeit het aantal patiënten met deze pathologie. Er worden pogingen ondernomen om 

een remedie, of op zijn minst een betere behandeling te ontdekken, maar tot nu toe is 

er geen interventie gevonden die de progressie van de ziekte echt kan vertragen. Een 

beter begrip van de basale mechanismen die aan deze ziekte ten grondslag liggen is 

van groot belang voor de ontwikkeling van nieuwe geneesmiddelen. Een van de 

factoren, die het ontstaan en de progressie van deze ziekte kunnen beïnvloeden, is 

levensstijl. Verschillende factoren die bij PD betrokken zijn kunnen worden beïnvloed 

door levensstijl, waaronder het purinerge systeem, het dopaminerge systeem, neuro-

inflammatie en de darmflora. In dit proefschrift worden deze factoren op verschillende 

manieren onderzocht. 

 

Hoofdstuk 2 geeft een overzicht van de interactie tussen het purinerge en 

dopaminerge systeem in de context van PD. Het benoemt ook het effect van 

antagonisten van adenosinereceptoren in combinatie met dopaminerge 

geneesmiddelen zoals L-DOPA, het medicijn dat het meest wordt gebruikt om de 

symptomen van deze ziekte te onderdrukken. Ook worden niet-dopaminerge 

therapieën besproken om de belangrijkste nadelige effecten van langdurig gebruik van 

L-DOPA, namelijk de motorische bijwerkingen, te verminderen. Behandeling met 

meerdere gerichte geneesmiddelen, zoals antagonisten van adenosinereceptoren en 

geneesmiddelen die gericht zijn op andere neurotransmittersystemen dan het 

dopaminerge systeem, heeft de laatste tijd veel aandacht gekregen, omdat PD wordt 

geassocieerd met complexe biologische interacties. Hoewel farmacologische 

benaderingen om PD te genezen of symptomen te verminderen de belangrijkste 

strategieën op dit gebied zijn, zijn er ook opkomende positieve effecten van niet-

farmacologische benaderingen aangetoond en lijkt remming van de adenosinefunctie 

bij beide strategieën een rol te kunnen spelen. 

 

In Hoofdstuk 3 hebben we de interactie tussen purinerge en dopaminerge 

receptoren onderzocht in een diermodel van PD. Voor dit doel hebben we 

gedragsparameters, dopamineniveaus en expressieniveaus van adenosine- en 

dopaminereceptoren in de hersenen van volwassen zebravissen, die geïnjecteerd 

waren met 6-OHDA in het rechter telencephalon (8 µg / µL), onderzocht. De dieren 
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werden 3, 7 en 28 dagen na injectie van 6-OHDA onderzocht. De bewegingsparameter 

‘draaihoek’ en de angstparameter ‘tijd doorgebracht in de bovenste zone’ waren 

respectievelijk op dag 28 en 7 verlaagd. De dopamineniveaus in de totale hersenen 

waren niet veranderd, maar de D2-receptorexpressie was hoger op dag 3, terwijl de 

expressieniveaus van A2A1-receptoren was toegenomen op dag 7 en weer was 

genormaliseerd op dag 28. Zebravissen kunnen dus gedragsveranderingen vertonen 

na intra-encefale injectie van 6-OHDA, in het bijzonder in de draaihoek en de 

verblijfstijd in de bovenste zone, ondanks het geringe effect op het dopaminerge 

systeem. Aanvullende studies met farmacologische en genetische manipulatie zijn 

nodig om de interactie van purinerge en dopaminerge neurotransmissie te 

onderzoeken in dit PD-model in volwassen zebravissen. 

 

Gezien het belang van zebravissen voor het bestuderen van verschillende 

ziekteprocessen, hebben we in hoofdstuk 4 een project uitgevoerd om de 

haalbaarheid van in vivo beeldvorming met positron emissie tomografie (PET) bij 

levende, gezonde volwassen zebravissen en in een zebravis-ontstekingsmodel te 

onderzoeken. Om de beeldvormingscondities te optimaliseren, werd de optimale dosis 

van het anestheticum tricaïne bepaald en werd de distributie van de PET-tracers 18F-

FDG en 18F-NaF in de controle-zebravis op verschillende tijdstippen gemeten. We 

hebben aangetoond dat PET bij levende zebravissen haalbaar is en dat een 

concentratie van 0,1 g/L tricaïne voor anesthesie en een distributietijd van 30 minuten 

voor 18F-FDG en 150 minuten voor 18F-NaF voor optimale omstandigheden zorgden. 

Na deze optimalisatie kon met 18F-FDG PET een door LPS geïnduceerde 

immuunreactie in het brein worden gedetecteerd, aangezien significante verschillen in 

de opname van tracer tussen controle en met LPS geïnjecteerde dieren in de kop 

werden gemeten. Samenvattend toonde deze studie aan dat in vivo PET-beeldvorming 

met 18F-FDG en 18F-NaF in levende zebravissen haalbaar is en dat verschillen in 

opname te zien zijn in een ontstekingsmodel. 

 

De incidentie van PD is in verband gebracht met leefstijlfactoren, zoals voeding. 

In het laatste deel van dit proefschrift hebben we daarom het effect van voeding in een 

knaagdiermodel voor PD onderzocht. In Hoofdstuk 5 analyseerden we echter eerst 

de invloed van een cafetariadieet (calorierijk dieet) op het beloningssysteem. 

Dopamine en zijn D2-receptoren zijn betrokken bij het beloningssysteem. Consumptie 
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van een dieet met veel vet en suiker kan leiden tot een afname van de expressie van 

D2-receptoren en een verminderde dopamine-afgifte. Het dwangmatige eetgedrag, dat 

bij patiënten met obesitas wordt gezien, kan verband houden met een verminderde 

activering van het beloningssysteem of een laag aantal D2-receptoren. Het hoofddoel 

van de studie beschreven in hoofdstuk 5 was om het effect van de inname van zeer 

smakelijk voedsel op de beschikbaarheid van dopamine D2-receptoren bij ratten te 

onderzoeken. Mannelijke Wistar ratten werden in 2 groepen verdeeld: controle dieet 

(normale brokken met 14% vet) of cafetariadieet (hoog-vet brokken met 45% vet, 

chocolade, kaas en suikerwater). Elk dier onderging drie 11C-raclopride PET-scans om 

de beschikbaarheid van dopamine D2-receptoren te meten: basislijn (voor aanvang 

van het dieet); na 4 weken op het dieet (dag 28) en onmiddellijk na het consumeren 

van zeer smakelijke gezoete gecondenseerde melk (dag 30). Vanaf dag 4 was de 

gewichtstoename en calorie-inname in de cafetariadieet groep significant hoger dan in 

de controle dieetgroep. De dieren in de controle dieetgroep vertoonden geen 

significante verschillen in opname van 11C-raclopride in het striatum tussen de basislijn 

PET-scan en de daaropvolgende scans. Het cafetariadieet verminderde de tracer-

binding op beide evaluatietijdstippen, wat indicatief is voor een afname van de 

beschikbaarheid van de D2-receptoren. Onze studie suggereert dat D2-receptoren een 

rol spelen bij obesitas en consumptie van een calorierijk voedsel. Het toonde ook aan 

dat de impuls met gecondenseerde melk de dopaminerge respons, zoals 

waargenomen met PET, niet kon veranderen. Er moeten dus meer onderzoek worden 

gedaan om te laten zien wat de veranderingen zijn in de niveaus van dopamine en 

verwante moleculen. 

 

Om de invloed van een vetrijk dieet bij PD op te helderen, onderzochten we het 

effect van een vetrijk dieet (HFD) op de beschikbaarheid van D2-receptoren en 

gedragsparameters bij ratten (Hoofdstuk 6). Wistar ratten werden gedurende drie 

maanden gevoed met ofwel een HFD (60% vet) of een standaarddieet (STD; 10% vet). 

Na twee maanden op het dieet werden de dieren onderworpen aan een 

stereotactische toediening van een lage dosis 6-OHDA (2x 3 µg) in het rechter 

striatum. Twee dagen voor en één maand na de operatie, werden er 11C-Raclopride 

PET-scans uitgevoerd. Na drie maanden hadden dieren op het HFD een grotere 

lichaamsgewichtstoename en calorie-inname dan die op het STD. De operatie voor 

het injecteren van 6-OHDA veroorzaakte een tijdelijke afname van het 
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lichaamsgewicht in beide groepen. Er werd geen verschil gevonden in de 

glucosetolerantietest tussen de STD- en HFD-groepen. 11C-Raclopride PET vertoonde 

een significant verminderde ipsilaterale/contralaterale traceropname-ratio in het 

striatum in de HFD-groep 1 maand na 6-OHDA-injectie in vergelijking met de STD- en 

HFD-groep vóór stereotactische chirurgie, maar er werd geen significant verschil 

gevonden tussen de groepen 1 maand na 6-OHDA administratie. Dit patroon werd ook 

gevonden in de cilindertest, maar er werden geen verschillen tussen groepen en 

tijdstippen gevonden in andere gedragsanalyses. Postmortale analyse van de opname 

van 11C-raclopride in de darmen toonde een significant lagere opname van de tracer 

in de twaalfvingerige darm van dieren in de HFD-groep dan in de SD-groep. Er kan 

dus geconcludeerd worden dat het HFD  de schade in het PD-model in deze studie 

verergerde, zoals blijkt uit een lagere beschikbaarheid van D2-receptor en een 

verminderd gebruik van de contralaterale poot. Beide waarnemingen suggereren een 

nadelige rol van het HFD bij het ontstaan en de progressie van de ziekte van 

Parkinson. 

 

In Hoofdstuk 7 werd de impact van een vetrijk dieet op inflammatoire 

parameters in het PD-model onderzocht. In het bijzonder werden de samenstelling van 

de darmflora, de ontwikkeling van neuro-inflammatie en de manifestaties van 

symptomen geëvalueerd in een knaagdiermodel voor PD (unilaterale 6-OHDA 

injectie). De ratten kregen gedurende drie maanden ofwel een vetrijk dieet (HFD), 

ofwel een standaarddieet (SD). Na twee maanden dieet werden de ratten onderworpen 

aan stereotactische operatie waarbij een lage dosis 6-OHDA werd geïnjecteerd. 

Voorafgaand en 1 maand na de 6-OHDA-injectie werden 11C-PBR28 PET-scans 

uitgevoerd. De ontlasting werd verzameld vóór de start van het dieet (basislijn), na 

twee maanden op het dieet en 1 maand na de 6-OHDA-injectie. Darmflora-analyses 

werden uitgevoerd op de ontlastingsmonsters. Een toename van het lichaamsgewicht, 

een afname van het gebruik van de ipsilaterale poot, zoals gemeten in de cilindertest, 

en een verhoogde opname van de neuro-inflammatoire marker 11C-PBR28 werden 

aangetoond bij dieren met een vetrijk dieet 1 maand na injectie van 6-OHDA, ten 

opzichte van direct vóór de stereotactische operatie. In de SD-groep werden geen 

verschillen tussen tijdspunten gevonden. De verhoogde opname van 11C-PBR28 in de 

HFD-groep na toediening van 6-OHDA ging gepaard met veranderingen in het 

darmflora-profiel en niet in cytokinespiegels in plasma. Deze studie suggereert dat de 
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gedocumenteerde impact van een HFD op neuro-inflammatie kan worden gemedieerd 

door darmflora in het 6-OHDA-ratmodel van de ziekte van Parkinson en suggereert 

dat het onafhankelijk is van perifere ontsteking. 

 

Het zoeken naar de beginselen die ten grondslag liggen aan PD en de relatie 

met veranderingen in levensstijl kan wetenschappers helpen om de factoren die het 

begin van de ziekte veroorzaken beter te begrijpen en de ontwikkeling van nieuwe 

behandelingen en diagnostische hulpmiddelen te ondersteunen. Mijn kleine bijdrage 

op dit gebied is de mogelijkheid creëren om de interactie van twee ziekten (obesitas 

en PD) in hetzelfde dier op longitudinale wijze te onderzoeken met behulp van de PET. 

Dit kan helpen de complexe interactie tussen gedrag, darmflora, dopaminerge respons 

en ontsteking in de darmen en de hersenen op te helderen. 
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A doença de Parkinson (DP) é a segunda doença neurodegenerativa mais prevalente 

e, com o aumento da expectativa de vida da população, o número de pacientes com 

essa patologia está crescendo. Tentativas para descobrir uma cura ou pelo menos um 

tratamento melhor estão sendo feitas, mas até o momento nenhuma intervenção que 

possa realmente retardar a progressão da doença foi descoberta. Uma melhor 

compreensão dos mecanismos básicos subjacentes a esta doença é de extrema 

importância para o desenvolvimento de novos medicamentos. Um dos fatores que 

podem afetar a progressão ou o aparecimento desta doença é o estilo de vida. O estilo 

de vida pode influenciar diferentes mecanismos envolvidos na DP, como: o sistema 

purinérgico, o sistema dopaminérgico, a neuroinflamação e a microbiota. Nesta tese, 

esses mecanismos serão explorados de diferentes maneiras. 

 

O capítulo 2 fornece uma visão geral da interação do sistema purinérgico e 

dopaminérgico no contexto da DP. Também aborda o efeito de antagonistas do 

receptor de adenosina em combinação com drogas dopaminérgicas como o L-DOPA, 

a droga mais frequentemente usada para suprimir os sintomas desta doença. 

Também são discutidas terapias não dopaminérgicas para diminuir os principais 

efeitos adversos do uso prolongado de L-DOPA, os efeitos colaterais motores. O 

tratamento com medicamentos que possuam múltiplos alvos, utilizando antagonistas 

dos receptores de adenosina e medicamentos com alvo em outros sistemas 

neurotransmissores além do sistema dopaminérgico, recebeu atenção significativa 

ultimamente, uma vez que a DP está associada a complexas interações biológicas. 

Embora as abordagens farmacológicas para curar ou melhorar as condições da DP 

sejam a principal estratégia nessa área, efeitos positivos emergentes de abordagens 

não farmacológicas também foram mostrados e a inibição da modulação da adenosina 

parece estar envolvida em ambas as estratégias. 

 

No capítulo 3, investigamos a interação dos receptores purinérgicos e 

dopaminérgicos, em um modelo de DP no peixe-zebra adulto. Para isso, investigamos 

parâmetros comportamentais, níveis de dopamina e níveis de expressão de 

receptores de adenosina e dopamina no cérebro de peixes-zebra adultos injetados 

com 6-OHDA no telencéfalo direito (8 µg / µL). Os animais foram avaliados 3, 7 e 28 

dias após a injeção (dpi) de 6-OHDA. O parâmetro locomotor "ângulo de giro" e o 

parâmetro de ansiedade "tempo gasto na zona superior" foram reduzidos nos dias 28 
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e 7, respectivamente. Os níveis de dopamina no cérebro inteiro não foram alterados, 

mas a expressão do receptor D2 foi maior no dia 3, enquanto os níveis de expressão 

dos receptores A2A1 aumentaram em 7 dpi e normalizaram no 28° dia. O peixe-zebra 

é capaz de apresentar alterações comportamentais, mais específicas no ângulo de 

giro e no tempo gasto na zona superior após a injeção intraencefálica de 6-OHDA, 

apesar do leve efeito no sistema dopaminérgico. Estudos adicionais envolvendo 

manipulação farmacológica e genética são necessários para avaliar a capacidade do 

peixe-zebra adulto de contribuir para a investigação da inter-relação da 

neurotransmissão purinérgica e dopaminérgica neste modelo de DP. 

 

Considerando a importância do peixe-zebra para o estudo de diferentes 

processos de doenças, no capítulo 4, realizamos um projeto translacional para 

investigar a viabilidade de implementação do peixe-zebra no campo da medicina 

nuclear. Testamos a viabilidade da imagem PET in vivo em peixe-zebra adultos 

saudáveis e em um modelo de inflamação em peixe-zebra. Para otimizar as condições 

de imagem, uma curva dose-resposta para o anestésico tricaína foi realizada e a 

distribuição dos radiofármacos PET 18F-FDG e 18F-NaF no peixe-zebra saudável foi 

determinada em diferentes tempos. Mostramos que a imagem PET no peixe-zebra 

vivo é possível e que uma concentração de 0,1 g / L de tricaína para anestesia e um 

tempo de distribuição de 30 minutos para 18F-FDG e 150 minutos para 18F-NaF foram 

as condições ideais. Após a padronização, a imagem PET de corpo inteiro com 18F-

FDG foi capaz de revelar inflamação induzida por LPS, pois foram observadas 

diferenças significativas na captação de marcadores entre animais controle e injetados 

com LPS na região da cabeça. Em resumo, este estudo demonstrou que a imagem 

PET in vivo em peixe-zebra é viável e reproduzível. 

 

A incidência de DP tem sido associada a fatores de estilo de vida, como dieta. 

Na última parte desta tese, investigamos o efeito da dieta em um modelo em roedor 

para a DP. No capítulo 5, no entanto, analisamos primeiro as contribuições de uma 

dieta de cafeteria (dieta altamente calórica) no sistema de recompensa. A dopamina 

e seus receptores D2 estão envolvidos no sistema de recompensa. O consumo de 

uma dieta rica em gordura e açúcar pode levar a uma diminuição na expressão dos 

receptores D2 e no turnover da dopamina. O comportamento alimentar compulsivo 

observado em pacientes obesos pode estar relacionado à diminuição da ativação do 
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sistema de recompensa ou a um baixo número de receptores D2. O principal objetivo 

do estudo descrito no capítulo 5 foi investigar o efeito da ingestão de alimentos 

altamente palatáveis na disponibilidade de receptores de dopamina D2 em ratos. 

Ratos Wistar machos foram divididos em 2 grupos: dieta padrão (ração, 14% de 

gordura) ou dieta de cafeteria (ração com alto teor de gordura, 45% de gordura; 

chocolate, queijo e água com açúcar). Cada animal foi submetido a três PET scans 

com 11C-raclopride para avaliação da disponibilidade do receptor de dopamina D2: 

antes do início da dieta; após 4 semanas na dieta (dia 28) e imediatamente após 

consumir leite condensado altamente palatável (dia 30). A partir do dia quatro, o ganho 

de peso corporal e a ingestão calórica foram significativamente maiores no grupo dieta 

de cafeteria do que no grupo controle. Os animais do grupo da dieta padrão não 

mostraram diferenças significativas na captação de 11C-raclopride no estriado entre o 

PET antes da dieta e as duas análises de acompanhamento. A dieta de cafeteria 

diminuiu a ligação do marcador em ambos os períodos de acompanhamento, o que é 

indicativo de uma redução na disponibilidade dos receptores D2. Nosso estudo sugere 

que os receptores D2 desempenham um papel na obesidade e no consumo de uma 

dieta rica em calorias. Mais importante, mostrou que o desafio com o leite condensado 

não foi capaz de alterar a resposta dopaminérgica conforme observado pelo PET. 

Mais estudos devem ser feitos para mostrar se há alguma alteração nos níveis de 

dopamina e moléculas relacionadas. 

 

Para elucidar a influência da dieta hiperlipídica na DP, investigamos o efeito de 

uma dieta hiperlipídica (DH) na disponibilidade de receptores D2 e parâmetros 

comportamentais em ratos (capítulo 6). Ratos Wistar foram alimentados com uma DH 

(60% de gordura) ou uma dieta padrão (10% de gordura) por três meses. Após dois 

meses de dieta, os animais foram submetidos à administração estereotáxica de baixa 

dose de 6-OHDA (2 x 3 µg) no estriado direito. PET scans utilizando 11C-Raclopride 

foram realizadas dois dias antes e um mês após a cirurgia. Após três meses, os 

animais em DH apresentaram maior ganho de peso corporal e ingestão calórica do 

que aqueles em dieta padrão. A cirurgia causou uma diminuição temporária do peso 

corporal nos dois grupos. Não foi encontrada diferença no teste de tolerância à glicose 

entre os grupos DH e dieta padrão. O PET 11C-raclopride demostrou uma taxa de 

captação ipsilateral / contralateral significativamente reduzida no estriado no grupo DH 

1 mês após a injeção de 6-OHDA do que no grupo da dieta padrão e DH antes da 
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cirurgia estereotáxica, mas nenhuma diferença significativa foi encontrada entre os 

grupos 1 mês após administração de 6-OHDA. Esse padrão também foi encontrado 

no teste de cilindros, mas não foram encontradas diferenças entre os grupos e os 

tempos em outras análises de comportamento. A análise post-mortem do intestino 

mostrou captação de 11C-raclopride significativamente menor no duodeno dos animais 

do grupo DH do que do grupo da dieta padrão. Concluindo, a DH agravou os danos 

no modelo de DP neste estudo, o que refletiu em uma menor disponibilidade do 

receptor D2 e uso da pata contralateral. Ambas as observações sugerem um papel 

prejudicial da DH no início ou progressão da doença de Parkinson. 

 

No capítulo 7, o impacto de uma dieta hiperlipídica nos parâmetros 

inflamatórios no modelo de DP foi investigado. Em particular, a composição da 

microbiota, o desenvolvimento da neuroinflamação e as manifestações clínicas foram 

avaliadas em um modelo de roedor validado (injeção unilateral de 6-OHDA). Os ratos 

foram alimentados com uma dieta hiperlipídica (DH) ou uma dieta padrão por três 

meses. Após dois meses de dieta, os ratos foram submetidos à cirurgia estereotáxica, 

injetando uma dose baixa de 6-OHDA. PET scans utilizando 11C-PBR28 foram 

realizadas antes e 1 mês após a injeção de 6-OHDA. As fezes foram coletadas antes 

do início da dieta, após dois meses da dieta e após 1 mês da injeção de 6-OHDA. 

Análises de microbiomas foram realizadas em amostras de fezes. Um aumento no 

peso corporal, uma diminuição no uso da pata ipsilateral, conforme avaliada pelo teste 

do cilindro, e aumento da captação do marcador neuroinflamatório 11C-PBR28 foram 

demonstrados em animais com dieta hiperlipídica após 1 mês da injeção de 6-OHDA, 

em comparação com os resultados antes da cirurgia estereotáxica. Não foram 

encontradas diferenças entre os tempos no grupo da dieta padrão. O aumento do 

acúmulo de 11C-PBR28 no grupo DH após a administração de 6-OHDA foi 

acompanhado de alterações no perfil da microbiota e não nos níveis de citocinas no 

plasma. Este estudo sugere que o impacto da DH na neuroinflamação pode ser 

mediado pelo microbioma intestinal no modelo de rato 6-OHDA da doença de 

Parkinson e sugere que seja independente da inflamação periférica. 

 

Em conclusão, a busca pelas vias básicas subjacentes à DP e a relação com 

as mudanças no estilo de vida podem ajudar os cientistas a entender melhor os fatores 

que desencadeiam o aparecimento da doença e auxiliar no desenvolvimento de novos 
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tratamentos e ferramentas de diagnóstico. Minha pequena contribuição para esse 

campo é a possibilidade de investigar a interação de duas doenças (obesidade e DP) 

no mesmo animal, utilizando o PET para monitoramento longitudinal. Isso pode ajudar 

a revelar a cumplicidade da interação entre comportamento, microbiota, resposta 

dopaminérgica e purinérgica e da inflamação no intestino e no cérebro. 
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