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Kurzzusammenfassung 

Morbus Parkinson (PD) ist eine fortschreitende neurodegenerative Erkrankung, die durch einen selektiven 

Verlust dopaminerger Zellen in der Substantia nigra pars compacta verursacht wird. Sie äußert sich durch 

zahlreiche motorische und nicht-motorische Symptome wie Tremor, Bradykinesie, Steifheit, autonome 

Funktionsstörungen, Schlafstörungen oder psychiatrische Symptome. PD ist für Patienten aber auch deren 

Angehörige sehr belastend und strapaziert als die nach Morbus Alzheimer zweithäufigste neurodegenerative 

Erkrankung weltweit zudem auch das Gesundheitssystem stark. Da die Goldstandardtherapie, d.h. die 

Verabreichung des Dopaminvorläufers 3,4-Dihydroxy-L-Phenylalanin (= Levodopa = L-DOPA) oder 

dopaminerger Agonisten, nach mehrjähriger Behandlung zu unerwünschten Dyskinesien und 

Wirkungsschwankungen führt, wurden in den letzten Jahrzehnten Anstrengungen unternommen, 

Alternativen zu finden. Die tiefe Hirnstimulation (THS) des Nucleus subthalamicus (STN) ist eine sichere und 

gut verträgliche Lösung, die die Parkinson-Symptome verbessern und die Einnahme dopaminerger 

Medikamente erheblich reduzieren kann. Obwohl sie sich in den letzten 35 Jahren in der klinischen 

Anwendung bewährt hat, sind die genauen Mechanismen, durch die die THS im Gehirn wirkt, noch nicht 

vollständig geklärt. Ein großes Problem ist der Mangel an gut übertragbaren präklinischen Studien. Die 

meisten Tierstudien sind durch die Einschränkung der Tiere durch Kabel, Rucksäcke oder Kopfstücke von 

externen Stimulationssystemen eingeschränkt, die zusätzlich eine Einzelhaltung der Tiere erfordern und 

somit die normale motorische Leistung und das Verhalten beeinflussen. Darüber hinaus sind die 

Stimulationsperioden oft auf Minuten bis Tage begrenzt, während Parkinson-Patienten über Jahre hinweg 

chronisch stimuliert werden. Auch Bildgebende Studien, die die Auswirkungen von THS auf die Aktivität im 

erkrankten Gehirn untersuchen, sind rar, obwohl sie gut geeignet sind, um das Verständnis für die 

weiterreichenden Auswirkungen von THS auf die Aktivität pathologischer Netzwerke zu erhöhen. 

Insbesondere in Kombination mit Verhaltens- und motorischen Leistungstests haben bildgebende Verfahren 

das Potenzial, die durch THS ausgelösten Veränderungen im gesamten Gehirn aufzuzeigen, und sie mit einer 

Verbesserung der Symptome in Beziehung zu setzen. Letztlich hilft ein besseres Verständnis der durch eine 

effektive STN-THS hervorgerufenen Veränderungen der Gehirn(netzwerk)aktivität, dieses therapeutische 

Instrument weiterzuentwickeln und zu verbessern. Ziel der vorliegenden Studie war es daher, ein vollständig 

implantierbares Stimulationssystem zu etablieren, das Stimulation in frei beweglichen und in Gruppen 

gehaltenen Tieren ermöglicht, und dessen mögliche Anwendungsbereiche zu testen. In einem ersten Schritt 

wurde das entwickelte Standardverfahren für die Implantation des Systems und die Testprotokolle an 

Hemiparkinson-Ratten validiert, was zur Veranschaulichung der Auswirkungen einer akuten STN-THS auf 

den Gebrauch der Vorderpfoten und die Stoffwechselaktivität des Gehirns führte. Die akute STN-THS erhöhte 

vor allem den ipsiläsionalen Hirnstoffwechsel, insbesondere im Striatum, während sie ihn kontralateral 

verringerte. Sie wirkte somit dem metabolischen Ungleichgewicht entgegen, das durch einseitige 6-

Hydroxydopamin (6-OHDA)-Läsionen verursacht wird, was zu einer Verbesserung der motorischen Leistung 

führte. Alle untersuchten Hirnnetzwerke wurden darüber hinaus durch akute THS verändert. Im nächsten 

Schritt wurden die unterschiedlichen Auswirkungen akuter und chronischer fünfwöchiger STN-Stimulation 

auf die Nutzung der Vorderpfoten und den Hirnstoffwechsel untersucht. Die Auswirkungen der chronischen 

(fünfwöchigen) STN-THS auf den Gehirnstoffwechsel unterschieden sich geringfügig von denen der akuten 

Stimulation, und waren mit besseren motorischen Leistung verbunden. Im letzten Teil wurden die 

Auswirkungen der akuten STN-THS auf das Verhalten und die Gehirn(netzwerk)aktivität mit denen der 

Goldstandardtherapie L-DOPA und einer Kombination beider Behandlungen verglichen. Wie vermutet 

wirkten sich die verschiedenen Behandlungen unterschiedlich auf den Hirnstoffwechsel und die 
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Netzwerkaktivität aus, was sich auch in der motorischen Leistung zeigte. Das etablierte Stimulationssystem 

ist somit bei sorgfältiger Auswahl der Simulationsstellen und –parameter ein nützliches Instrument, um die 

Auswirkungen akuter und chronischer STN-THS in frei beweglichen Tieren auf die Stoffwechselaktivität und 

die Netzwerkfunktion des Gehirns zu untersuchen.  
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Abstract 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder caused by a selective dopaminergic cell 

loss in the substantia nigra pars compacta. It manifests through numerous motor and non-motor symptoms 

including tremor, bradykinesia, rigidity, autonomic dysfunction, sleep disturbances or psychiatric symptoms. 

While being a wearing condition for patients as well as their friends and family, PD also puts a heavy burden 

the health system being the second most common neurodegenerative disorder worldwide following 

Alzheimer’s disease. As the gold standard therapy, i.e. administration of the dopamine precursor 3,4-

dihydroxy-L-phenylalanine (= levodopa = L-DOPA) or dopaminergic agonists, leads to unwanted dyskinesias 

and response fluctuations after several years of treatment, efforts have been made during the last few decades 

to find alternatives. Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a safe and well-tolerated 

solution that can improve parkinsonian symptoms and significantly reduce dopaminergic medication intake. 

However, while it has been well established in the clinical use over the last 35 years, the exact mechanisms by 

which DBS acts in the brain are yet to be fully elucidated. A big problem is the lack of well transferable pre-

clinical studies. Most animal studies are limited by the constraints imposed on animals by cables, backpacks 

or headpieces of external stimulation systems that additionally require single housing and influence normal 

motor performance and behaviour. Additionally, stimulation periods often only last minutes to days compared 

to the chronic stimulation of PD patients over years. Similarly, imaging studies elucidating the effects of DBS 

on activity in the diseased brain are scarce while they are well suitable to broaden the understanding of the 

bigger scale impact of DBS on pathological network activity. Especially in combination with behavioural and 

motor performance tests, imaging studies have the potential to illustrate whole brain alterations elicited by 

DBS that lead to the improvement of symptoms. Ultimately, a better understanding of the brain (network) 

activity changes evoked by effective STN DBS helps to further develop and improve this therapeutic tool. The 

present study therefore aimed at establishing a fully implantable stimulation system that allows for 

stimulation in group-housed, unrestrained and freely moving animals, and testing out its possible range of 

applications. In a first step, the developed standard operating procedure for system implantation and testing 

protocols was validated in hemiparkinsonian rats, resulting in the illustration of the effects of acute STN DBS 

on front paw use and brain metabolic activity. Acute STN DBS increased mainly ipsilesional brain metabolism, 

especially in the striatum, while decreasing it contralesionally. It therefore counteracts the metabolic 

imbalance caused by unilateral 6-hydroxydopamine (6-OHDA) lesions, leading to improvements of motor 

performance.  Additionally, all brain networks analysed were altered by acute DBS. In a next step, the different 

impact of acute and chronic five-week STN DBS on front paw use and metabolic brain activity was 

investigated. The brain metabolic effects of chronic (five week) STN DBS slightly differed from those of acute 

stimulation resulting in a better motor performance. The last part compared the effects on behaviour and 

brain (network) activity evoked by acute STN DBS with those caused by the gold standard therapy, L-DOPA, 

and a combination of the two treatments. As hypothesised, the different treatments affected brain metabolism 

and network activity differently, which also showed in motor performance. Hence, when stimulation sites and 

parameters are well chosen the established stimulation system is a useful tool to elucidate the effects of acute 

and chronic STN DBS in unrestrained animals on brain metabolic activity and network functioning.  
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General Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that is characterised by a loss of 

neuromelanin-laden dopaminergic neurons in the substantia nigra pars compacta (SNc) and other selective 

neurons, including aminergic brain stem nuclei and cholinergic neurons, ultimately leading to decreased 

dopamine (DA) levels in the striatum (1).  

With an age-adjusted incidence rate of about 10 to 15 per 100,000 and a crude prevalence of 100 to 200 per 

100,000 (2) PD is the runner-up of the most common neurodegenerative disorders worldwide following 

Alzheimer’s disease (3). Age is the most consistent risk factor of PD confirmed by a steadily and rapidly 

increasing prevalence with age  (1,4,5). Accordingly, the sporadic idiopathic form of PD with its late onset (> 

60 years of age) makes up about 90 % of all PD cases, while the hereditary, familial form mostly affecting 

people 40 years of age or younger accounts for the rest (3). Gender has been found to play a potential role in 

susceptibility as men are roughly twice as likely to suffer from PD as women (6). Several studies have also 

tried to elucidate the significance of ethnicity in the prevalence of PD. Findings indicate that Caucasians might 

be more susceptible than Asians or Blacks. However, demographic or methodological differences such as 

health-care standard, survival rate, or diagnostic criteria may easily confound these results. Hence, the 

difference in prevalence between ethnic groups cannot be exclusively attributed to genetic or environmental 

factors between populations (2,3,5,6).  

The exact causes and mechanisms of action of PD still remain to be fully elucidated today (7–11). However, 

there are numerous approaches including cellular, molecular, and biochemical changes as well as 

environmental risk factors. Studies suggest that one of the environmental risk factors could be the exposure 

to pesticides and other environmental toxins including illicit drugs. For example, in the 80’s the intravenous 

use of the drug 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), a by-product in the synthesis of 

1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP) also called “synthetic heroin”, was found to induce 

severe parkinsonism in several individuals (12,13). MPTP was therefore later used for animal models of PD 

(see below) (14). Similarly, Betarbet and colleagues (2000) found, that the chronic systemic exposure of rats 

to the pesticide rotenone has inhibitory effects on the mitochondrial complex I, leading to a highly selective 

degeneration of nigro-striatal dopaminergic neurons and therefore PD-like symptoms (11). Other 

environmental factors examined for being positively or negatively associated with the development of PD 

include beta-blockers, head injury, consumption of dairy products, high caloric intake (higher risk), physical 

activity, coffee/caffeine, non-steroidal anti-inflammatory drugs, and smoking (lower risk) (15,16). However, 

clear causal relationships between these factors and the onset of PD could not be shown to date. 

Several genes have been found to cause or at least play a role in the aetiology of familial PD. Spontaneous 

mutations of these genes, however, can also be seen in patients without a family history of the disease (17). 

The best studied ones are SNCA, the gene coding for the protein α-synuclein, PINK1, the gene coding for PTEN-

induced putative kinase 1, the protein deglycase DJ-1 gene named PARK7, the leucine-rich repeat kinase 2 

gene LRRK2, and PRKN, the gene coding for parkin (18,19). But investigations continue and more and more 

genetic PD loci are found (20). The dysfunction of many of these genes lead to cellular processes that have 

been shown to be involved in neurodegeneration like oxidative stress, abnormal cellular pathways, and above 

all, mitochondrial dysfunction (21–23).   

A very big part of the scientific interest is also directed at excessive protein accumulation and aggregation in 

hereditary as well as sporadic PD. Alpha-synuclein might be the best known of these misfolded and aggregated 

proteins. It is a small 144-amino acid presynaptic protein that regulates vesicular function by promoting 
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SNARE-complex assembly (24). It is therefore crucial for neurotransmitter release. In 1997 point mutations 

of SNCA were shown to play a role in some inherited forms of PD (25). Especially dupli- or triplications of the 

gene that increase levels of the protein rather than changing its function seem to have pathological effects 

(7,26). Accordingly, the difference in significance for PD pathology between α-synuclein monomers and 

oligomers has been investigated, finding that oligomerisation caused by excess levels of α-synuclein is the 

primary cause for its toxicity (27).   

Several groups found that α-synuclein constitutes the major part of inclusion bodies called Lewy bodies, one 

of the main cellular pathological hallmarks of sporadic idiopathic PD (28,29). Apart from α-synuclein, they can 

contain more than 90 different proteins and other substances many of which, like DJ-1, LRRK2, parkin or 

PINK1, are linked to PD (see above) (30). Lewy bodies, which can also occur in other neurodegenerative 

diseases such as dementia with Lewy bodies or the Lewy body variant of Alzheimer’s disease, are eosinophilic 

intracytoplasmic fibrillar inclusions typically found in vulnerable monoaminergic and cholinergic neurons 

(8,31,32). More specifically, in PD they occur in dopaminergic neurons of the SNc, noradrenergic neurons of 

the locus coeruleus, cholinergic neurons of the nucleus basalis of Meynert, the hypothalamus, and occasionally 

in other sites like cerebral cortex or thalamus (31,32). Occasionally, i.e. in 10 % of individuals over the age of 

60, Lewy bodies occur without diagnosed PD, referred to as incidental Lewy body disease. However, the 

increase of its prevalence with age and the strong similarities of morphological changes and pathological 

progression between the two diseases suggests that incidental Lewy body disease is merely a pre-

symptomatic phase of PD (8,33). The exact role of Lewy bodies in PD is still under discussion. While it used to 

be believed that their formation was a cytotoxic process causing cell death, new evidence shows that their 

formation may be a neuroprotective mechanism in PD (30). For example, it was suggested that Lewy bodies 

are related to aggresomes, cytoprotective inclusions that decompose and remove excess amounts of cytotoxic 

proteins (32,34). Chen and Feany (2005) found that an increase of α-synuclein aggregation, as found in Lewy 

bodies, reduces its toxicity in a drosophila model of PD (35). Other studies showed that oligomers and 

protofibrils of α-synuclein are cytotoxic, while its fibrillary aggregates have cytoprotective effects (36,37). 

Nevertheless, the exact role of Lewy bodies, be it protective or toxic, remains to be elucidated. 

Another substance that gained more and more interest over the past decades is neuromelanin. It is a dark 

intracellular catecholamine-derived pigment found in specific catecholaminergic cells of the SNc 

(dopaminergic cells), the locus coeruleus (noradrenergic cells) and some other brain areas (38). These specific 

cells produce and accumulate the black-brownish pigment during their lifetime, which has been associated 

with a progressive deterioration of cell metabolism, and, therefore, may play a role in neurodegeneration in 

old age (39). Indeed, it has been found that cells containing greater amounts of the pigment are more prone 

to cell death in the elderly, that this effect is even aggravated in PD patients (39). Additionally, in a rodent 

model exhibiting age-dependant increases of neuromelanin, animals developed PD-like pathology after 

reaching a certain neuromelanin threshold (40). Together with the fact that the loss of cells containing 

neuromelanin correlates with the loss of dopaminergic innervation in the striatum (41), this suggests a link 

between neuromelanin and PD. The exact role of the pigment in the pathogenesis of PD, however, remains 

unknown to date (40). What is known is that there is a delicate equilibrium between iron, neuromelanin, and 

DA in cells producing the pigment. While being an important player in many redox reactions, abnormal levels 

of reactive iron, as found in PD, are cytotoxic. Neuromelanin is an effective metal chelator able to trap iron and 

protect cells against oxidative stress. Excessive amounts of DA can cause cell death but when converted to 

neuromelanin, the cell is rescued. When released by degenerating neurons, neuromelanin activates microglia 

that cause further release of the pigment, neuroinflammation, and –degeneration (42). It becomes clear that 

the right balance between these players needs to be maintained to prevent neurodegeneration. In the state of 
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PD, some (or all) of these mechanisms could be impaired, leaving neuromelanin-laden cells more prone to cell 

death (38). Finally, Halliday et al. (2005) found the increased levels of neuromelanin in yet healthy SN neurons 

of PD patients to be associated with α-synuclein accumulating around the pigments’ lipid components (43). 

They suggest these early intracellular changes to render nigral cells more vulnerable to degeneration in PD 

(43). 

As a consequence of the neurodegeneration caused by the multiple factors mentioned above, the transmission 

of information between brain structures is altered in PD. It was discovered that the dopaminergic depletion 

occurring in the parkinsonian SNc is accompanied by an increased activity of γ-aminobutyric acid (GABA)-

releasing neurons in the basal ganglia output nuclei globus pallidus internus (GPi) and substantia nigra pars 

reticulata (SNr) (44). To explain these changes of signal transmission and the accompanying pathological 

changes in voluntary movement, a basal ganglia model including a “direct” and an “indirect” pathway has been 

employed for a long time (Fig 1 A). According to this model, in the healthy brain GABAergic projections from 

striatum to GPi and SNr constitute the direct pathway (arrow I. in Fig. 1 A). The indirect pathway between 

striatum and basal ganglia output nuclei includes GABAergic projections from striatum to globus pallidus 

externus (GPe), from GPe to subthalamic nucleus (STN), and glutamatergic projections from STN to GPi and 

SNr (arrows II., III., and IV. in Fig. 1 A) (44).  

 

 

Fig. 1 Schematic illustration of the basal ganglia model suggested for Parkinson’s disease including direct, indirect and hyperdirect 

pathway. A Neuronal signal transmission in the healthy brain. B Impaired neuronal signalling in the state of Parkinson’s disease (PD) 

with a dopamine-depleted substantia nigra pars compacta. For the sake of clarity, anatomy and interconnections are simplified and 

incomplete. Purple arrows represent dopaminergic signal transmission; green arrows indicate excitatory signal transmission; red 

arrows indicate inhibitory signal transmission. Arrow I. represents the direct pathway; arrows II., III., and IV. represent the indirect 

pathway; arrows IV. and V. constitute the hyperdirect pathway. Dashed lines represent the pathological nigro-striatal dopamine system 

in PD. The width of arrows indicates the degree of activity, i.e. neuronal firing rate, of each pathway. Abbreviations: D1 = activating 

dopaminergic D1 type receptors, D2 = deactivating dopaminergic D2 type receptors, DA = dopamine, GABA = γ-aminobutyric acid, Glu 

= glutamate, GPe = globusn pallidus externus, GPi = globus pallidus internus, SNc = substantia nigra pars compacta, SNr = substantia 

nigra pars reticulata, STN = subthalamic nucleus. 

 

The GABAergic striatal output neurons of both pathways are called medium spiny neurons (MSN) (45). 

Generalising, those MSNs directly projecting to GPi and SNr predominantly contain D1 type receptors, 

whereas those projecting to the GPe express mainly D2 type receptors (46). DA provokes different effects on 
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these receptors and, therefore, on the neurons carrying the respective type. Simply said, the medium spiny 

neurons with D1 type receptors, constituting the direct GABAergic pathway to GPi and SNr, are excited, and 

those carrying D2 type receptors, forming the indirect pathway, are inhibited (47,48). However, as a 

neuromodulator DA is acting on multiple classes of pre-, post-, and extrasynaptic receptors situated on the 

spines or dendrites of MSNs, glutamatergic presynapses, or striatal interneurons (49,50). Here, DA is able to 

affect several aspects of synaptic transmission, including ion channels, signalling molecules, vesicular release 

machinery, or membrane insertion, thereby modulating neurotransmitter release, postsynaptic sensitivity, or 

membrane excitability of the pre- and postsynaptic neurons (49,50). Additionally, the discovery of MSNs co-

expressing D1 and D2 type receptors and forming pharmacologically distinct D1-D2 receptor heteromers 

stresses the complexity of dopaminergic action on MSN signal transmission, which is most likely exceeding 

the mere difference in effect between D1 and D2 type receptors (51). 

Figure 1 A illustrates the balance between direct and indirect pathway and their inhibitory and excitatory 

actions on GPi and SNr in the healthy brain. In the parkinsonian brain, DA-depletion disturbs this balance as 

shown in Figure 1 B. The activity of the direct pathway is reduced (arrow I. in Fig. 1 B), disinhibiting GPi and 

SNr. The indirect pathway on the other hand is overactive (arrows II. and IV. in Fig. 1 B), further increasing 

activation of GPi and SNr. Due to the GABAergic projection neurons of these two structures their excessive 

output then leads to an inhibition of the thalamus and, therefore, less activation of cortical motor areas, 

impairing the execution of voluntary movements (46). 

However, studies in monkeys suggest a third, monosynaptic and, therefore, extremely fast “hyperdirect” 

pathway between cortex, STN and GPi/SNr (52,53), and its existence in man has been confirmed (54–56). 

Nambu et al. (2005) therefore proposed the “dynamic model” for the regulation of voluntary movements. In 

short, upon cortical movement initiation, sequential information processing by the three pathways triggers 

the correct, chosen motor program (direct) , while suppressing competing programs (indirect and 

hyperdirect) (57). Disinhibition is a key mechanism in basal ganglia motor control (58,59). According to the 

model, the direct pathway facilitates the release of selected motor programs by disinhibiting the target areas 

of basal ganglia output nuclei. More precisely, the GABAergic MSNs of the striatum inhibit the tonic GABAergic 

activity of nigral and pallidal neurons projecting to the thalamus. This inhibition of the inhibition, or 

disinhibition, of the thalamus facilitates its signal transduction to the cortex and, consequently, movement 

execution (Fig. 2 A) (59). The indirect and hyperdirect pathways suppress competing programs by targeted 

inhibition of certain neuron populations within the involved brain regions (57). Similar to the other two 

pathways, the hyperdirect pathway is also pathologically altered in PD (60,61). Hence, in the parkinsonian 

state, the dynamic model states that signalling of the indirect and hyperdirect pathway increases, leading to 

the suppression of larger thalamic and cortical areas. In contrast, signalling of the direct pathway is reduced, 

weakening its disinhibition of the thalamus in a spatial and temporal manner and, therefore, impairing the 

execution of selected motor programs through cortical areas (Fig. 2 B) (57). 

Nevertheless, newer studies found that the mechanisms of the basal ganglia networks are not quite that 

simple. For example, it has to be taken into account that DA depletion seems to have different effects on 

striato-pallidal and striato-nigral neurons, causing diverse morphological and physiological changes and 

effects on their synaptic function (45). It is also criticised that a strict separation of direct and indirect 

pathways or D1 and D2 type receptors does not exist and that both pathways are interconnected (62–64). The 

classical model does also not consider abnormal network interactions and possible compensatory 

mechanisms (62,63). For instance, chronically low levels of DA were found to evoke compensatory cell-type 

specific, homeostatic changes in MSNs that restore the balance between direct and indirect pathways by 

adapting their intrinsic excitability (65). Finally, the role of different striatal interneurons, namely GABAergic, 
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cholinergic, and nitric oxide synthase-positive interneurons, in synaptic cross-talk between direct and indirect 

pathway MSNs and the concomitant importance of nitric oxide and endocannabinoids in long-term depression 

has been stressed (64).  

 

 

Fig. 2 Illustration of disinhibition as a key mechanism in the motor control of basal ganglia. (adapted (58)) A In the healthy brain, 

phasic activity of inhibitory striatal medium spiny neurons interrupt the tonic inhibitory output of GPi and SNr, therefore disinhibiting 

the thalamus and facilitating activation of motor areas in the cortex leading to movement execution. B In the parkinsonian brain, the 

pathologically inactive striatum fails to sufficiently inhibit the GABAergic nigral and pallidal projections to the thalamus. Without an 

adequate disinhibition, the thalamus cannot activate cortical motor areas and the execution of movement is impaired. Green arrows 

indicate excitatory signal transmission; red arrows indicate inhibitory signal transmission. Abbreviations: Glu = glutamate, GPi = globus 

pallidus internus, PD = Parkinson’s disease, SNr = substantia nigra pars reticulata.   

  

As complex as the mechanisms involved in PD are its symptoms. They comprise motor symptoms and 

non-motor symptoms, which can be divided into autonomic dysfunction, sleep disturbances, cognitive and 

psychiatric symptoms, and sensory impairments (66,67). Motor symptoms often first occur when 70 % to 80 % 

of dopaminergic cells are lost (68). They typically include bradykinesia, meaning the slowness of initiation of 

voluntary movements, and the decrease of speed and amplitude of repetitive movements. Muscular rigidity, a 

stooped body posture and freezing of gate are also very common in PD. Some patients develop a shuffling gate 

with reduced arm swinging, some present with very small and rapid steps that lead to loss of balance and 

postural instability. Besides micrographia, the tendency for a particularly small handwriting, patients also 

suffer from a lack of facial expression (hypomimia) and speech impairments (66,67). The probably most 

prominent motor symptom of PD, occurring in about 80 % of patients, is the 4 – 6 Hz resting tremor, mostly 

seen in the hands (1,67).  

Non-motor symptoms often develop before the start of motor symptoms and can pose an even bigger distress 

than motor complications. They are highly diverse and differ from patient to patient (67,69). Autonomic 

dysfunction includes, amongst others, low blood pressure to the extent of dizziness or loss of consciousness, 

constipation, and excessive sweating (66,67). Fractionated sleep, daytime sleepiness or restlessness in bed 

are some of the sleep disturbances experienced by roughly two thirds of PD patients (70–73). Cognitive and 

psychiatric symptoms can manifest as hallucinations or illusions, apathy, anhedonia to the extent of 

depression, anxiety, impaired memory or cognitive deterioration to the point of dementia (66,67). Lastly, 

sensory disturbances in PD include the deterioration or loss of smell, abnormal sensation in certain body 
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parts, e.g. restlessness in the legs or numbness, as well as pain that is felt by up to 85 % of PD patients, 

predominantly in the lower limbs  (74–77). 

The heterogenic clinical nature of PD that overlaps in parts with other forms of parkinsonism makes a definite 

diagnosis challenging. To date, there is no specific test for the exclusive diagnosis of PD, and the use of 

standard clinical criteria does reduce but not prevent misdiagnoses (66,78–80). Hence, PD is mistaken for 

other diseases like essential tremor, vascular parkinsonism or atypical parkinsonian symptoms in about 25 

% of patients (78). The only distinctive features found in PD patients are neuropathological, namely the loss 

of  neuromelanin-laden dopaminergic neurons mainly in the SNc and the formation of Lewy bodies (1,79,80). 

However, both features have also been shown to occur isolated from one another challenging their causal 

relationship in PD (80). Hence, the diagnosis of PD often depends on the exclusion of other neurological 

diseases. Therefore, the presence of a combination of specific cardinal motor symptoms (e.g. asymmetric onset 

of symptoms, resting tremor, bradykinesia, rigidity) together with the absence of exclusionary features, 

including substantial changes in brain imaging, pyramidal or cerebellar sings, or a history of drug abuse, and 

good responsiveness to the DA precursor 3,4-dihydroxy-L-phenylalanine (= levodopa = L-DOPA) is assessed 

(68,79). 

Imaging techniques have not played a major role in the diagnosis of PD for a long time but are increasingly 

employed to support and facilitate diagnostics lately (81–83). The techniques used include optical coherence 

tomography (OCT), transcranial tomography, magnetic resonance imaging (MRI) and molecular imaging, i.e. 

single-photon emission computed tomography (SPECT) and positron emission tomography (PET) (84,85).  

OCT produces cross-sectional images of internal biological tissues (86). Its utilisation in PD diagnostics is 

based on the finding that retinal nerve fibre layer and macular thickness, both of which can be measured using 

OCT, are significantly reduced in PD patients, and that the thinning of these structures is associated with 

disease progression and severity (87,88). Hence, the thickness of the retinal nerve fibre layer or macula can 

serve as a potential biomarker for the differential diagnosis of PD (85). 

Transcranial tomography detects ultrasound echoes thereby assessing the echogenicity of certain brain 

regions like the substantia nigra (SN). In PD, a hyperechogenicity of the SNc is thought to be associated with 

increased levels of iron in mesencephalic cells of the nigro-striatal pathway (85,89). During the last 20 years 

the echofeatures of brain structures of various neurodegenerative diseases including vascular parkinsonism, 

drug-induced parkinsonism or essential tremor, have been found to differ from one another suggesting 

transcranial tomography as a potential diagnostic tool. However, the diagnostic accuracy of this method, 

especially in early stages of PD, is still insufficient for making transcranial tomography a reliable technique to 

diagnose PD (89).  

MRI is based on the principle of nuclear magnetic resonance, i.e. the emission of measurable energy in form of 

radio signals by certain atomic nuclei when placed in a strong magnetic field and stimulated by radio waves 

of a specific frequency (90). As structural brain imaging of patients in early stages of PD is generally without 

pathological findings when using conventional MRI, it has been mainly used to exclude other pathologies that 

do show structural abnormalities (91). Nevertheless, during the last decades, several new techniques and 

approaches have been explored to improve MRI as a diagnostic tool for PD. In the past, conventional, structural 

MRI assessed indicators for neurodegeneration like increased cellular levels of iron, changes in tissue volume 

or other signal change in a qualitative manner. Today, new methodologies have brought advantages that also 

allow the quantitative analysis of structural alterations and biochemical changes. Magnetic resonance-

planimetry and -volumetry, quantitative structural magnetic resonance-based techniques including diffusion 

imaging and magnetisation transfer imaging are just a few of the newer imaging techniques applied. 

Furthermore, the development of high-field MRI with higher field strength led to increased signal-to-noise 
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ratios, spatial resolution, and, therefore, overall better image quality (91). Advances were not only made in 

the technical aspects of MRI, but also in image analysis algorithms leading to new possibilities like 

neuromelanin-sensitive MRI showing progressive loss of neuromelanin-containing cells in SNc and locus 

coeruleus, functional MRI, or multimodal imaging combining information gained from different modalities 

(81,91,92). Thus, MRI has evolved into a helpful tool not only in PD diagnosis and the monitoring of disease 

progression, but also in the efforts to further understand this complex disease, its characteristics and its 

therapeutic approaches (93–98).  

 

 

Fig. 3 Composition of a gamma camera and β+ decay in PET imaging. A Schematic illustration of the components of a gamma camera 

(adapted (102)). When excited by γ-rays, the scintillation crystals emit light photons, which are then converted to electrons and 

amplified by photomultipliers. The photomultiplier finally gives out an electrical impulse, whose amplitude gives information about the 

radiation energy and its emission site. Gamma cameras used for SPECT additionally have a collimator in front of the scintillation crystals 

to only detect rays of a certain direction. B Principle of the decay of positron emitting isotopes utilised for PET imaging using the example 

of [18F] (adapted (116)). After being emitted by the radionuclide, positrons travel a short distance (2 – 3 mm) through the tissue before 

combining with an electron and undergoing annihilation. This produces energy in form of two antiparallel 511 keV photons (γ-rays), 

which can then be detected in coincidence by the gamma camera. 

 

SPECT, introduced in 1963 (99), and PET, established in the 1970s (100,101), are nuclear medical imaging 

techniques that have become standard methods for diagnosis, treatment evaluation, and intervention (102).  

Both methods are based on the principle that radioisotopes that decay via beta emission are introduced into 

an organism (patient or laboratory animal), and the γ-rays (photons) produced during the beta plus (β+) 

decay, i.e. positron emission, are detected (102,103). This is achieved with so called “Anger” or gamma 

cameras (102). They consist of several parts (Fig. 3 A). First comes the γ-ray detection medium, i.e. scintillation 

crystals of thallium-doped sodium iodide (NaI[TI]) for SPECT (104), and cerium-doped lutetium 

oxyorthosilicate (Lu2SiO5[Ce]) for PET imaging (105). They emit light following the fluorescence process 

occurring through the excitation produced by entering γ-rays. The resulting light photons are converted to 

electrons and amplified in a downstream photomultiplier tube, which finally gives out an electrical impulse. 

The gamma camera can then use the amplitude of this impulse to determine the radiation energy and its 

emission site. As the emission of gamma photons is isotropic, gamma cameras for SPECT imaging, detecting 

single photons, have a collimator preceding the scintillation crystals that only permits rays of a certain 
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direction to be detected by the crystals (102). The spatial resolution of PET and SPECT is limited by several 

factors, including the physics of β+ decay, the technology for the detection of two γ-rays in coincidence (PET), 

or the trade-off between spatial resolution and sensitivity caused by the collimator used (SPECT) (106). 

Today, modern small-animal-PET and -SPECT scanners can reach spatial resolutions up to ~0.7 mm 

(107,108). Typical γ-ray emitting radionuclides used for SPECT are for example iodine-123 (123I) or 

technetium-99m (99mTc). In general, SPECT tracers have lower emission energies (usually around 150 keV) 

and longer half-life times than the isotopes used in PET (109). In PD diagnostics, SPECT imaging is mainly 

used with radiotracers binding to the DA transporter (DAT), a protein exclusively expressed on presynaptic 

dopaminergic nerve terminals. The so called DAT-SPECT is therefore able to show the integrity of 

dopaminergic nerve terminals, or the loss thereof, in the striatum (110). Although its use has been debated, a 

majority of studies found SPECT imaging to be beneficial in the differential diagnosis of PD (111–115). Hence, 

it is an established method especially to detect premotor and early PD and distinguish it from other 

neurodegenerative diseases like essential tremor or non-neurodegenerative parkinsonism (110,114).  

Similar to SPECT, in PET imaging a radiopharmaceutical or so called PET tracer labelled with a positron-

emitting isotope (typically 18F, 11C, 13N, or 15O) is introduced into an organism, i.e. patient or laboratory animal, 

and accumulates according to the tracer’s properties (117,118). During its decay, the isotope then emits 

positrons (β+ decay) (119) that travel a few (2 – 3 mm) millimetres through the tissue before combining with 

an electron, undergoing annihilation and producing energy in form of two photons/γ-rays, each with an 

energy of 511 keV, travelling in opposite directions (Fig. 3 B) (118,120). These photons can then be detected 

and the point of annihilation reconstructed (118,120). In sum, a picture of the tracer’s distribution within the 

body can be reproduced (117). Since many of the radioactive tracers are or resemble organic molecules like 

glucose, amino acids, or neurotransmitters that naturally occur in an organism, PET imaging allows for the 

targeting, quantification, and illustration of specific metabolic processes. It can therefore shed light on the 

integrity and functionality of certain organs, including the brain, and biochemical processes while other 

imaging techniques are limited to the illustration of physical structures (121–125). 

In matters of PD, two tracers in particular have won recognition over the last decades: 2-deoxy-2-

[18F]fluoroglucose ([18F]FDG) and L-3,4-dihydroxy-6-[18F]fluorophenylalanine ([18F]FDOPA) (Fig. 4). 

[18F]FDG is a fluorinated radioactive substitute for glucose. It has been applied to measure regional cerebral 

glucose consumption, i.e. brain energy metabolism, in vivo for over 40 years (126,127). [18F]FDG crosses the 

blood brain barrier using the same transporters as glucose. Once in the neuron, the enzyme hexokinase 

phosphorylates it irreversibly to [18F]fluorodeoxyglucose-6-phosphate, which is then not further metabolised. 

Hence, it accumulates in metabolically active cells resulting in PET images representing brain activity patterns 

(128). As changes thereof can help identify characteristic pathological patterns, [18F]FDG PET imaging is a 

widely used tool in the differential diagnosis of PD (129). However, the purpose of [18F]FDG PET exceeds that 

of a diagnostic method and it is also used to gain further insight into the nature of a disease or the potency of 

therapeutic procedures. Numerous groups therefore employ [18F]FDG PET to investigate different aspects of 

PD in patients as well as animal models. To better understand the disease, Lozza et al. (2004) investigated the 

pathological disorganisation of brain networks in PD and their relationship to executive processes (130). 

Other studies aimed at mapping the brain metabolic patterns of animal models of PD. They also correlated the 

impaired glucose metabolism measured with the degree of dysfunctional motor behaviour finding similarities 

between animal model and patients (131,132). Other groups focused on treatment strategies and their effects 

on brain networks or general cerebral activity. For example, Berding and colleagues (2001) looked at resting 

regional cerebral glucose metabolism in advanced PD comparing the naïve condition (OFF) with that under 
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dopaminergic treatment (ON) (133). Other groups studied the modulating effects of deep brain stimulation 

(DBS) on functional networks to better understand the impact it has on a whole brain level (134–139).  

[18F]FDOPA is able to cross the blood brain barrier by active transport and is therefore generally injected 

intravenously (85). It is a fluorinated form of L-DOPA, the precursor for DA, and used to visualise the 

dopaminergic system in vivo. More specifically, it reflects the integrity and function of dopaminergic 

presynaptic nerve terminals, i.e. L-DOPA transport into the terminal, the conversion of L-DOPA to DA or 

[18F]FDOPA to [18F]fluorodopamine, respectively, via the enzyme aromatic amino-acid decarboxylase (AADC), 

and dopamine storage capacity (140,141). Interestingly, striatal, but not nigral [18F]FDOPA uptake has been 

shown to linearly correlate with nigral dopaminergic cell count (140,142,143). This suggests that [18F]FDOPA 

is not taken up by the dopaminergic cell bodies in the SNc, but only by their pre-synaptic terminals located in 

the striatum. Accordingly, [18F]FDOPA PET images of PD patients show specific regional, meaning striatal, 

reductions in tracer uptake that correlate with motor symptoms (144–146). The method has therefore 

become established in the differential diagnosis of PD as tracer accumulation patterns vary between PD and 

other neurodegenerative diseases like progressive supranuclear palsy or multiple system atrophy (147,148). 

Besides diagnostics, similar to [18F]FDG PET, [18F]FDOPA PET imaging has also proven helpful in other areas. 

For example in displaying the rate of progression of PD or in comparing early and advanced stages of the 

disease as shown by several groups (149–152).  

 

 

Fig. 4 Structural formulas. A The neurotransmitter dopamine, an important player in basal ganglia-mediated motor control.  B The 

dopamine precursor levodopa (L-DOPA). The enzyme aromatic amino-acid decarboxylase converts it to dopamine by splitting off CO2. 

C The fluorinated form of L-DOPA, 6-[18F]fluoro- L-DOPA, used display dopaminergic integrity in PET imaging. D Glucose, an important 

part of energy metabolism. E The fluorinated form of glucose, 2-[18F]fluoro-2-deoxy-D-glucose, used to for glucose metabolism PET 

imaging. 

 

Some researchers take advantage of a combination of [18F]FDG and [18F]FDOPA PET to better understand PD 

(153). For instance, in a previous study, a combination of [18F]FDG and [18F]FDOA PET was used to gain a 

better understanding of the correlations between dopaminergic depletion severity, brain metabolism, and 

motor impairment in a rat model of PD (154). Nagano-Saito et al. (2003) also used [18F]FDG and [18F]FDOA to 

investigate the relationships between pathological cerebral activity (glucose metabolism), impairment of the 

dopaminergic system, and motor and cognitive symptoms (155). Holtbernd and his team (2015) obtained 

similar results when investigating the connections between nigro-striatal dopaminergic integrity and PD-

specific metabolic brain networks responsible for behavioural and cognitive impairments, namely the PD 
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motor-related covariance pattern (PDRP) and the PD cognition-related covariance pattern (PDCP) (156). In a 

recent PET/computed tomography study, Emsen and colleagues (2020) found both tracers to favourably 

complement each other in the diagnosis and management of PD (157). Thus, both [18F]FDG and [18F]FDOA 

PET imaging are not only invaluable tools in the diagnosis and management of PD, but also help to broaden 

the understanding of its underlying processes and mechanisms, and facilitate the exploration and 

improvement of existing and future therapeutic possibilities. 

The multi-factorial and multi-systemic nature of PD makes it difficult to pinpoint an exact origin or cause. 

Hence, to date there is no neuroprotective therapy available that is able to modify the disease progression and 

most established treatment strategies are symptomatic (158–162). For many years, the intervention with L-

DOPA has been the gold standard in the treatment of PD since it is well able to improve motor symptoms 

(158,163). DA agonists like pramipexole or ropinirole complement the dopaminergic treatment options. They 

tend to have a longer half-life than L-DOPA, which decreases the motor complications seen in L-DOPA therapy, 

and act more specifically on the D2 type dopaminergic receptors (164). Because of the different physiological 

actions of L-DOPA and DA agonists, they have different sets of side effects while both show good efficacy in 

treating motor symptoms. Hence, they are often given in combination in low dosages (165). It has also been 

suggested to start early treatment with agonists before later adding L-DOPA to delay the onset of dyskinesias 

and motor-fluctuations seen with prolonged L-DOPA treatment (166,167). Similarly, other compounds 

increasing DA concentrations in the brain like monoamine oxidase type B (MAOB) inhibitors or 

cathechol-O-methyltransferase (COMT) inhibitors are applied to manage motor fluctuations (158,168).  

While initially offering great improvements, long-term treatment with L-DOPA, other dopaminergic 

substances or combinations of them leads to severe motor complications and side effects in most cases, as 

mentioned above. For example, many patients suffer from motor response fluctuations within a few years of 

disease progression. Phases of good drug effect and reasonable mobility alternate with unpredictable 

hyperkinesia and phases of poor mobility despite regular medication intake (169–171). It has been suggested 

that these fluctuations appear due to a decreased ability of the parkinsonian brain to buffer shifts in 

administration-dependent L-DOPA availability with progressing dopaminergic neurodegeneration (172). 

Treatment with L-DOPA for several years can also lead to so-called levodopa-induced dyskinesia, putting an 

additional burden onto patients (173,174). Furthermore, the necessity to increase drug doses over time to 

compensate for the worsening of symptoms due to an advanced disease state also increases the risk of 

behavioural side effects including hallucinations, delusions, mania, impulsive disorders or anxiety (175–178). 

Alternative approaches in the pharmacological treatment of PD and treatment-induced motor and non-motor 

symptoms include antioxidants, adenosine A2A antagonists, modulators of glutamatergic or serotoninergic 

receptors, mitochondrial enhancers, antidepressants, trophic factors, β-blockers, amantadine, 

anticholinergics, phytotherapy and several more (158,159,179–182). However, especially for the 

management of non-motor symptoms the amount of high quality studies to date is scarce or their results not 

promising. 

A newer strategy aiming at modifying the disease rather than the symptoms is stem cell and gene-based 

therapy. Preclinical stem cell therapy research started about 40 years ago using rat foetal dopaminergic 

neurons with promising results (183–186). However, when transferring the procedure to clinical studies 

using human foetal mesencephalic transplants, problems like high variability and low availability of cells as 

well as ethical concerns arose despite providing proof-of-principle (187–189). Thus, successful efforts were 

made to establish authentic mesencephalic dopaminergic neurons from pluripotent human embryonic stem 

cells and clinical trials are underway (190–194). Gene therapy is looking at introducing genes like the one for 

AADC (the enzyme converting L-DOPA to DA) or for glutamic acid decarboxylase into PD patients using an 
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adeno-associated viral type 2 vector (195–198). The potential disease modifying properties of several 

growth/neurotrophic factors are also being investigated. Although promising results exist, more data is 

needed to estimate the full potential of these newer therapies (199,200). 

Besides the transplantation of cell grafts, surgical interventions for the treatment of PD comprise ablative 

techniques like pallidotomy, thalamotomy, or subthalamotomy as well as DBS of GPi, STN or thalamus (201). 

The ablative techniques are well effective long-term in treating motor symptoms while not sharing the 

unwanted motor side effects seen with prolonged dopaminergic medication (202–204). When performed 

unilaterally, pallidothomy shows the same efficacy as is seen with STN or GPi DBS, however, none of the 

ablative strategies comes without side effects, especially when performed bilaterally (201,205). Although 

these techniques have been deployed for decades, their exact mechanisms of action are yet to be fully 

understood (206–208). 

DBS is a reversible, adaptable and generally well-tolerated yet very costly alternative to the irrevocable 

ablative options mentioned above. Similar to those, DBS is also applied in different brain target areas, the most 

prominent ones being the thalamic nucleus ventralis intermedius (VIM), the GPi and the STN. While 

stimulation of the VIM mainly reduces or abolishes tremor, the GPi is targeted predominantly to treat 

bradykinesia/akinesia, rigidity and dyskinesia (209–211). The STN seems to be the best target for the 

treatment of PD as its stimulation is able to improve all parkinsonian symptoms and significantly reduce 

dopaminergic medication intake (212–215). It is safe and has been well established over the last 35 years 

(216–218). In the last decade, advancements have been made regarding DBS technology. For example, new 

electrodes with multiple independent sources have been developed that allow for more specific steering of 

stimulation currents towards the target region (219,220). Advantageous over conventional spherical 

stimulation, the more selective stimulation of target regions leads to increased current thresholds for side 

effects and, therefore, bigger therapeutic windows (221,222). Another approach is the so-called closed-loop 

or adaptive DBS. It is based on the principle that the stimulation parameters autonomously adjust in real-time 

based on constant feedback input signals representative of the patient’s clinical state (223). Nevertheless, 

despite the long period of research and the technical advancements, the exact mechanisms by which DBS acts 

in the brain are yet to be fully elucidated. 

Animal models are an important and helpful tool in experimental medical sciences. They not only help to 

understand diseases by mimicking the specific features like pathogenic mechanisms and their behavioural 

outcome, they also help to discover and develop new therapeutic strategies (224). There are numerous animal 

models for PD that can be divided into two categories. The first category includes models using synthetic or 

environmental neurotoxins to simulate pathological, phenotypic and symptomatic characteristics of the 

disease. Rats and monkeys are the preferred species for this category (225–227). Acute exposure to the 

neurotoxins causes prompt nigro-striatal dopaminergic cell death and motor impairments, whereas chronic 

exposure induces a more realistic progressive model that may also include α-synuclein aggregates (17). The 

second category comprises transgenic and viral vector-mediated models based on knocked out genes or 

overexpressed PD-related gene mutations or the manipulation of dopaminergic transcription factors (17). 

They either disrupt the nigro-striatal pathway or reveal specific cellular and molecular pathogenic features 

potentially responsible for cell death. These models are most commonly  implemented in mice, zebra fish and 

flies (225–227).  

The first animal model of PD ever designed was the 6-hydroxydopamine (6-OHDA) rat model belonging to the 

first category (228,229). It is based on the specific uptake of the hydroxylated analogue of DA and 

noradrenaline, 6-OHDA, by catecholaminergic neurons via the DAT (17,225). As 6-OHDA does not cross the 

blood brain barrier, it needs to be injected intracerebrally (230,231). Once in the neuron, 6-OHDA accumulates 
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and leads to the formation of free radicals/reactive oxygen species. It has also been shown to enter 

mitochondria where it inhibits complex I adding to the oxidative stress and finally causing cell death 

(232,233). 6-OHDA fails to provoke the formation of protein aggregates or inclusion bodies but has been 

reported to interact with α-synuclein (234). The magnitude of dopaminergic lesion depends on the amount of 

6-OHDA injected, the site of injection, and the species used. Mice, rats, cats, dogs and monkeys are all sensitive 

to 6-OHDA (235–238). However, rats are often the species of choice for this model. Three sites have proven 

most effective for the generation of Parkinsonian models, namely the SNc, the medial forebrain bundle (MFB) 

and the striatum (239). While injections into SNc and MFB have been shown to cause a progressive loss of 

nigral dopaminergic neurons over time (240,241), results for injections into the striatum have been 

inconclusive, as progressive and non-progressive cell loss has been observed (241,242). Irrespective of the 

injection site, a degeneration of 50 % to > 90 % of dopaminergic cells of the SNc can be achieved (241,242). 

Bilateral injections result in profound behavioural and motor deficits that can lead to animals’ death as they 

are unable to sufficiently care for themselves (225,243). Therefore, injections are mostly applied unilaterally. 

As they induce asymmetric motor deficits, unilateral injections also have the big advantage that the 

contralateral hemisphere can serve as an internal control. Furthermore, the typical stereotypies produced by 

unilateral lesions like amphetamine-induced rotational behaviour correlate well with the extent of the lesion 

and, hence, the amount of 6-OHDA (229,244). This quantifiability of lesion and symptoms together with its 

high reproducibility and versatility therefore make the 6-OHDA model a great choice to test new therapeutic 

strategies and treatments (234,245).  

Another common toxin model is the MPTP model. It is predominantly used in mice and non-human primates 

as rats are highly resistant to the substance (246). After passing the blood brain barrier, MPTP is transformed 

to its active and toxic metabolite 1-methyl-4-phenylpyridinium (MPP+) by MAOB. MPP+ is then selectively 

transported into dopaminergic cells via the DAT. Here, it blocks mitochondrial complex I, thereby lowering 

ATP levels, increasing oxidative stress and ultimately causing neuroinflammation and cell death (247). MPTP 

can be administered acutely or chronically via systemic or intracerebral injections (248,249). Thus, depending 

on the dosing route, regimen and the species or strain used, different stages and aspects of PD can be modelled 

from pre-symptomatic to late-stage complications (248). For example, the acute administration of MPTP in 

mice causes dopaminergic neurodegeneration that correlates well with motor impairment. However, these 

effects can improve within a few days post-injection (250). Chronic low-dose administrations on the other 

hand cause a delayed nigro-striatal degeneration of dopaminergic neurons and α-synuclein aggregation while 

missing motor impairment (251,252). Chronic models in non-human primates with repeated bilateral intra-

carotid injections are able to mimic L-DOPA-responsive parkinsonism comprising all the main features like 

progressive nigro-striatal dopaminergic cell loss, α-synuclein aggregates, and motor deficits. Despite its 

weaknesses, like the reversibility of symptoms after cessation of treatment, the MPTP model therefore is the 

best resembling the clinical syndrome of PD to date (17,225,226). 

For the sake of completeness, pesticides and herbicides like paraquat, rotenone or maneb are also employed 

in toxin-based animal models for PD. They are able to induce dopaminergic degeneration, motor deficits and 

α-synuclein accumulation, albeit not with the same success and reliability as MPTP or 6-OHDA. Hence, they 

are primarily used to investigate the effects of certain environmental risk factors and their interplay with 

other factors like genetic predisposition or age (17,225). 

The genes SNCA, PINK1, PARK7, LRRK2, and PRKN that are most frequently targeted in PD animal models of 

category two are all found in the familial form of the disease. Nevertheless, they are also thought to help 

explain pathological cellular mechanisms of idiopathic PD as both forms may share several genetic features 

(225,253). SNCA, the gene encoding α-synuclein, was the first gene to be associated with PD (17). Hence, by 
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now there are numerous transgenic α-synuclein animal models that develop different features of PD, e.g. the 

formation of inclusion bodies, degeneration of dopaminergic neurons or motor deficits (254–257). 

Nevertheless, despite the usefulness in understanding the pathological contributions of this protein in PD, the 

transgene rather affects, and therefore these models represent, early developmental stages than late onset 

neurodegeneration of PD, and potential compensatory mechanisms are not considered (17,258). Despite 

some good results in mutant LRRK2R1441G BAC transgenic mice, most models using mutations in this gene have 

been unsuccessful in simulating main hallmarks of PD (17,259,260). Similarly, models using the knock out, 

silencing or overexpression of PARK7, PINK1, or PRKN show only limited changes in dopaminergic nigro-

striatal system, motor functioning, and protein aggregation (17,225). The combination of different transgenes, 

viral vector-mediated models, or the modulation of transcription factors, however, may well be able to add to 

our knowledge about PD, its aetiology and the underlying mechanisms (17).  

With so many different models available, nearly all hallmarks of PD can be replicated. However, despite great 

efforts none of the models mentioned above gives a full picture of the disease’s neuropathology or represents 

the complete clinical syndrome (17). While toxin-based models obtain great dopaminergic cell loss and the 

development of according motor symptoms, they lack the formation of inclusion bodies. In turn, transgenic 

models enable detailed insights into the role of certain genes in PD or specific cellular and molecular 

mechanisms and pathways of the pathogenesis, whereas the dopaminergic neurodegeneration is inconsistent 

and not all models develop motor deficits (225). Hence, researchers have to choose the species as well as their 

models based on the scientific question they are trying to answer while keeping the specifications and 

limitations of each model and species in mind (17,225,226). 

In conclusion, PD is an encumbrance for patients and the health system worldwide, while the search for a 

superior remedy continues. It is therefore of greatest importance to keep investigating approaches that aim 

at preventing, halting or modifying disease progression, and to keep improving the therapies that are already 

established. DBS of the STN is one of these established methods that is not yet used to its full capacity as 

mechanisms of action are not sufficiently understood to date. This is where this study spuds in. 
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Aim of this study 

Numerous studies have investigated the effects of various aspects of DBS in the treatment of PD: from the 

exploration of acute vs. long term effects (218,261), over the impact on non-motor symptoms (262,263), the 

interaction with and difference to L-DOPA treatment (134,263–265), to the benefits of electrodes with 

multiple independent contacts and current steering (266). PET imaging has thereby been an important 

instrument to visualise the impact of STN DBS on brain overall functioning (135,139). However, similar to the 

multi-systemic nature of PD, the mode of action of DBS is a multi-factorial neuromodulation and, hence, still 

not completely understood to date (267,268).  

Animal studies are frequently used to shed further light on DBS in PD, its mechanisms of action, and its effects 

on symptoms (269–273). Some researchers also looked at the interrelation of DBS and L-DOPA in animal 

models of PD (274). In these studies, stimulation times usually did not exceed several minutes to a few days 

(275,276). Attempts were made at introducing chronic DBS in animal models. However, parts of the 

stimulation systems remained external and therefore hazardous and restraining for the animals (277–280). 

To our knowledge only Harnack and colleagues (2008) developed a fully implantable system, yet, limited 

themselves to testing its safety and applicability in naïve animals (281).  

There are some studies combining PET imaging and DBS in various animal models of disease (282–284), the 

amount of PET research specific to DBS in animal models of PD, however, is rare (285,286). Our group has 

already used the combination of DBS, [18F]FDG and [18F]FDOPA PET imaging in the 6-OHDA rat model, though 

using an external stimulation system. For instance, it could be shown that 6-OHDA lesions cause ipsilesional 

hypo- and contralesional hypermetabolism, which both contributed to motor impairment as well as 

compensation (154). This metabolic imbalance was then shown to be normalised by STN DBS (137). Some 

DBS effects were found to depend on the severity of the dopaminergic lesion, and both 6-OHDA lesions and 

STN DBS altered striatal functional connectivity, especially interhemispheric networks (138). 

 

With the present study, we therefore aimed at establishing a fully implantable DBS system with the 

potential for chronic DBS and test its range of applications in illustrating the effects of STN DBS on 

brain (network) activity and motor performance in a rat model of PD using a behavioural test and 

functional [18F]FDG PET imaging.  

 

The work was divided into three consecutive parts: In CHAPTER ONE we aimed at establishing a standard 

operating procedure for the use of the new, fully implantable DBS system for rodents in the 6-OHDA rat model 

(287). Therefore, components of the system and its assembly, surgical procedures, stimulation settings and 

timing, as well as time points of behavioural tests and imaging were worked out and optimised. As a result, 

effects of acute STN DBS on pathological brain activity and motor performance are shown. In CHAPTER TWO 

we then sought to compare the effects of acute (~24 h) and chronic (five weeks) STN DBS on behaviour, 

metabolic cerebral activity and pathological brain network functions in the unilateral 6-OHDA rat. Finally, in 

CHAPTER THREE, we compared the impact of STN DBS on motor performance, brain metabolic activity, and 

networks compared to the classical L-DOPA treatment. 

We hypothesised that DBS would either normalise the lesion-induced metabolic and network changes or 

influence them differently to compensate for the alterations caused by 6-OHDA and recover behavioural 

performance. We also assume that the various forms of therapy, i.e. acute and chronic DBS as well as L-DOPA 

treatment, will influence behavioural and metabolic changes differently. 
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Data Availability Statement 

Raw data of this work were generated in the Institute for Radiochemistry and Experimental Molecular 

Imaging in the Clinic for Nuclear Medicine at the University Hospital Cologne. The data that support the 

findings of this study are available from the corresponding author, Nadine Apetz, upon reasonable request. 

Inclusion of a Publication 

CHAPTER ONE of this dissertation, “Towards chronic deep brain stimulation in freely moving 

hemiparkinsonian rats: applicability and functionality of a fully implantable stimulation system”, has been 

published in the Journal of Neural Engineering 18 (2021) 036018 by IOP Publishing 

(https://doi.org/10.1088/1741-2552/abe806). It has been submitted for publication on the 21st of December 

2020, revised on the 4th of February 2021, accepted for publication on the 19th of February 2021 and published 

on the 16th of March 2021 (288). 

Since the fully implantable stimulation system provided by Medtronic® was a newly developed tool, at the 

beginning of this project, the experiences with the device of our group as well as in general were very limited. 

After initial pilot experiments, the purpose of the first part of this dissertation was therefore to establish a 

functional standard operating procedure with the new device and test its ability to generate reliable data sets. 

Accordingly, in the methodological paper, it could be shown that the system is well tolerated and prior results 

achieved with external stimulation systems could be largely reproduced (138). Collecting a solid and reliable 

acute data set was a necessary first step to later expand the study with chronic experiments and compare the 

method to other, established treatment options for PD, i.e. L-DOPA. The first, acute tests with the new 

stimulation system presented in the publication are therefore the logical basis for the following two chapters, 

making it a suitable first chapter for this dissertation. 

As also mentioned in the acknowledgements, together with professors Endepols and Timmermann, I took part 

in designing the study. I executed all experiments including surgeries, MRI/PET scans, and behavioural tests, 

and analysed and interpreted the data. Professor Endepols supported me with her advice, experience and 

expertise, especially regarding MRI and PET scans, as well as the statistical analyses and interpretation of the 

data. I wrote the manuscript and made the figures, while co-authors had the opportunity to edit the draft. 

Hence, I contributed the lion’s part of this study. 
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Abstract 

Objective. This study aimed at investigating a novel fully implantable deep brain stimulation (DBS) system and 

its ability to modulate brain metabolism and behaviour through subthalamic nucleus (STN) stimulation in a 

hemiparkinsonian rat model. Approach. Twelve male rats were unilaterally lesioned with 6-hydroxydopamine 

in the medial forebrain bundle and received a fully implantable DBS system aiming at the ipsilesional STN. 

Each rat underwent three cylinder tests to analyse front paw use: a PRE test before any surgical intervention, 

an OFF test after surgery but before stimulation onset and an ON test under DBS. To visualise brain glucose 

metabolism in the awake animal, two [18F]FDG scans were conducted in the OFF and ON condition. At least 4 

weeks after surgery, an [18F]FDOPA scan was used to check for dopaminergic integrity. Main results. In 

general, STN DBS increased [18F]FDG uptake ipsilesionally and decreased it contralesionally. More specifically, 

bilateral orbitofrontal cortex, ipsilateral caudate putamen, sensorimotor cortex and nucleus accumbens 

showed significantly higher tracer uptake in ON compared to OFF condition. Contralateral cingulate and 

secondary motor cortex, caudate putamen, amygdala, hippocampus, retrosplenial granular cortex, superior 

colliculus, and parts of the cerebellum exhibited significantly higher [18F]FDG uptake in the OFF condition. On 

the behavioural level, stimulation was able improve use of the contralesional affected front paw suggesting an 

effective stimulation produced by the implanted system. Significance. The fully implantable stimulation 

system developed by us and presented here offers the output of arbitrary user-defined waveforms, patterns 

and stimulation settings and allows tracer accumulation in freely moving animals. It is therefore a suitable 

device for implementing behavioural PET studies. It contributes immensely to the possibilities to characterise 

and unveil the effects and mechanisms of DBS offering valuable clues for future improvements of this therapy. 

Published Chapter 

The chapter “Towards chronic deep brain stimulation in freely moving hemiparkinsonian rats: applicability 

and functionality of a fully implantable stimulation system”, has been published in the Journal of Neural 

Engineering 18 (2021) 036018 by IOP Publishing (https://doi.org/10.1088/1741-2552/abe806). It has been 

submitted for publication on the 21st of December 2020, revised on the 4th of February 2021, accepted for 

publication on the 19th of February 2021 and published on the 16th of March 2021 (288). 



 

 

 27 

CHAPTER TWO: Comparing acute and chronic deep brain 

stimulation of the subthalamic nucleus in a rat hemiparkinson 

model: a [18F]FDG PET study 

I. Introduction 

Most studies investigating DBS in animal models of PD applied acute stimulation lasting for minutes to hours 

in animals that were anaesthetised or restrained by cables to external stimulators (270,272,275,305,306). In 

contrast, DBS in PD patients is applied continuously over years and some symptoms may further improve or 

deteriorate in time. Therefore, many human studies investigate the effects of DBS months to years after 

surgery, when the stimulation is well adjusted and established. For example, bradykinesia and rigidity were 

measured to improve up to 63 % and 52 %, respectively, twelve months after DBS onset (320). The positive 

effects of STN DBS on gait and freezing do not always remain long-term and axial motor features are known 

to decline over time (215,321–324). More than a third of patients show relevant deterioration of postural 

stability only between five and eight years after implantation (261). Similarly, DBS effects on non-motor 

symptoms can change over time. For example, a gradual decline on phonological and semantic verbal fluency 

tasks has been reported a few months after surgery, which further progressed over several years (261,263). 

Long-term follow ups also revealed a significant decline in tasks of episodic memory, executive function, and 

abstract reasoning (261). While some of these long-term changes can be attributed to the progression of 

disease, others might actually depend on the duration of DBS. 

Accordingly, a handful of animal studies found changes in therapeutic outcome depending on DBS duration. 

For example, Salin et al. (2002) discovered that STN DBS for two hours changed 6-OHDA lesion-mediated 

changes in neurotransmitter-related gene expression only in output structures of the basal ganglia, namely 

SNr and entopeduncular nucleus (325). In a following study, the same group showed that continuous DBS for 

four days additionally affected metabolic changes in globus pallidus and striatum. They therefore suggest that 

STN DBS has both, instant and delayed effects on 6-OHDA lesion-induced cellular changes that need to be fully 

characterised using chronic stimulation patterns (326). Another group showed that STN DBS influenced 

neurotransmitter levels in several basal ganglia structures of a 6-OHDA hemiparkinsonian rat model 

differently depending on whether stimulation was applied acutely (1 to 3 h), subchronically (7 days), or 

chronically (5 weeks). They conclude that there is a progressive metabolic impact of STN DBS in the basal 

ganglia and that long-term benefits of this therapy are based on both acute and delayed actions of DBS 

(279,327).  

Against this background, the applicability of results of animal studies using acute STN DBS is limited showing 

an incomplete picture, and those investigating chronic stimulation effects are scarce (278,279,328). Hence, 

there is a great need for experiments particularly in rodent models investigating the impact of chronic DBS on 

a behavioural, cellular and network level. To our knowledge, this is the first study investigating behaviour and 

changes of cerebral activity in acutely and chronically stimulated hemiparkinsonian rats using [18F]FDG PET.  
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II. Materials and Methods 

II.i Animals 

A total of eight male Long-Evans rats (Janvier Labs, Le Genest-Saint-Isle, France) were kept in groups of two 

to four in individually ventilated cages with free access to standard rodent chow and water at a reversed day-

night-cycle (lights on 8:30 pm to 8:30 am). Room temperature was 22 ± 1 °C and relative humidity averaged 

out at 55 ± 5 %. 

All animals received unilateral 6-OHDA injections and ipsilateral DBS electrode implantation. After being 

tested in the OFF condition and one day prior to the first experiment with STN DBS, stimulation was turned 

on for the acute test battery. Four rats then continued to receive chronic DBS treatment continuously for a 

period of five weeks.  

All experiments took place in the dark (active) phase of the animals at approximately the same time each day 

to avoid changes caused by their circadian rhythm. Experiments were carried out in accordance with the EU 

directive 2010/63/EU for animal experiments and the German Animal Welfare Act (TierSchG, 2006) and were 

approved by regional authorities (LANUV NRW; application number 84-02.04.2012.A304). 

II.ii Stimulation System 

II.ii.i Electrode 

Concentric bipolar platinum/iridium electrodes as used in CHAPTER ONE were also implemented in this study 

(Fig. 5 B). 

II.ii.ii Stimulation System 

For acute and chronic STN DBS, the fully implantable stimulation system introduced in CHAPTER ONE was 

used. To make the whole system more sturdy and durable to sustain five weeks inside the rats’ bodies, the 

extension leads as well as the pin connectors attached to the electrode were insulated with silicone tubing 

(Fig. 9). Additionally, all connecting points between stimulator, extensions and pin connectors were sealed 

with sterile medical adhesive silicone type A (Silastic®, Dow Corning Corp., Midland, MI, USA).  

II.iii Surgical Procedures 

Surgeries were executed as described in CHAPTER ONE. In brief, in a first surgery, animals received the 

unilateral 6-OHDA lesion, and a guide cannula was implanted. A computer assisted stereotactic drill and 

microinjection robot (Neurostar®, Tübingen, Germany) was used to drill holes for the guide cannula to the 

STN (-3.6 mm posterior, ±2.8 mm lateral) and for the ipsilateral 6-OHDA injection into the medial forebrain 

bundle (-4.4 mm posterior, ±1.2 mm lateral). For each animal, the side of catheter and lesion was chosen in a 

randomised fashion. A total of 14 µg of 6-OHDA free base (21 µg of 6-Hydroxydopamine hydrobromide 

containing ascorbic acid as stabiliser, Sigma Aldrich®, St. Louis, USA) in 3 µl of NaCl was injected at a total 

depth of 7.9 mm below the dura mater. After slowly being inserted, the guide cannula’s tip reached a depth of 

7.6 mm below the dura mater at its final position. Once in place, the catheter was embedded in dental cement 

to lock its position. The catheter was closed using a nylon dummy until the electrode would be inserted.  

To confirm the correct placement of the catheter above the STN, MRI scans were performed before the second 

surgery as described in CHAPTER ONE. The electrode insertion depth for each animal then resulted from the 

distance between catheter tip and STN. A dental cement stopper at the respective length of each electrode was 

formed to prevent an insertion beyond the defined point. 
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The day following catheter implantation and 6-OHDA lesion, animals received electrode and stimulation 

system in a second surgery.  The stimulator was implanted dorsolaterally and connected to the electrode via 

subcutaneous extension leads. The concentric bipolar electrode was inserted into the catheter and fixed with 

dental cement. After connecting the two electrode contacts with the sockets coming from the extensions, they 

were covered with more dental cement until everything was stable and bonded. Animals were allowed a 

minimum recovery time of five days. 

 

 

Fig. 9 Enforcement of stimulation system. A Female gold pins sheathed with silicone tubing. B Extension leads emerging from the 

stimulator enclosed in silicone tubing to reinforce insulation and sturdiness. C Complete reinforced extension lead including the silicone 

sheath housing the four electrode contacts (see CHAPTER ONE). All connection points between silicone sheath, extension leads and gold 

pins were sealed with sterile medical adhesive. D Silicone tubing and female gold pins used to strengthen the stimulation system for a 

long-term use inside the rats’ bodies. 

II.iv Treatment Regimes 

Animals were measured under two different DBS treatments: eight animals received acute STN DBS for about 

24 h (ON), and four out of those eight continued to receive chronic DBS for a duration of five weeks (ON5W). 

The remaining four rats lost their electrode caps at different time points after the ON but before the ON5W 

scan/cylinder test and could therefore not be included in the chronic treatment analyses.  

II.iv.i Deep Brain Stimulation 

Stimulation was turned on after behavioural testing and [18F]FDG-PET in the OFF condition had been 

completed. This was at least a day before the [18F]FDG-PET scan in the ON condition took place. It lasted until 

the end of experiments. For four animals that meant until all acute testing had been done, whereas for the 

other four rats stimulation lasted until after the tests following five weeks of continuous STN DBS.  
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Stimulation was set at a frequency of 130 Hz and a pulse width of 60 µs. The amplitude started at 30 µA for all 

animals and was increased in steps of 5 µA until side effects like jaw clenching, chewing, apathy or gagging 

occurred. The individual amplitude for each rat was then set at 80 % of the side effect-evoking amplitude. In 

this study, amplitudes ranged from 125 to 220 µA. 

II.v Cylinder Test 

Like in CHAPTER ONE, the cylinder test was used to investigate motor deficits evoked by 6-OHDA lesions by 

looking specifically at the front paw use of animals. Animals with unilateral 6-OHDA lesions show a strong 

preference for their healthy, ipsilesional front paw (IF), while preserving the contralesional affected one (CF).  

The transparent acrylic cylinder used in this study was 30 cm high and had a diameter of 20 cm. It was placed 

in a dark chamber illuminated with red light, and animals were video-recorded from above during tests for 

later analysis using the tracking software The Observer® XT (Noldus, Wageningen, Netherlands). Each 

session lasted ten minutes.  

Animals were tested in the cylinder three and four times, respectively: A baseline test was conducted in the 

naive animal before any surgical intervention (PRE), a second test took place without STN DBS a week after 

surgeries when animals had sufficiently recovered (OFF), and a third test (ON) was done after DBS had been 

turned on for at least a day. The four chronically stimulated animals additionally underwent a last one after 

continuous DBS for five weeks (ON5W). All tests were executed on different days. 

II.vi Positron Emission Tomography 

PET-scans were performed in the same small-animal-PET scanner used in CHAPTER ONE (Siemens Focus 200, 

Berlin, Germany). Animals underwent a total of three and four PET scans, respectively: A first [18F]FDG scan 

took place for all eight rats around a week after surgeries but before start of therapy (OFF), a second [18F]FDG 

scan was conducted a day after stimulation onset (ON). The four rats receiving chronic stimulation also had a 

third [18F]FDG PET scan after continuous STN DBS for five weeks (ON5W) to investigate possible differences 

in metabolic activity between acute and chronic DBS. At least four weeks after 6-OHDA injections, all eight 

rats received an [18F]FDOPA scan to verify the dopaminergic lesion and evaluate its extent. Only one scan was 

performed per day. During each scan, body temperature was maintained by means of a warm air system 

integrated in the animal holder (Medres® Medical Research GmbH, Cologne, Germany) and breathing rate 

was monitored. 

II.v.i [18F]FDG 

Animals received an i.p. injection of 72.30 ± 13.72 MBq of [18F]FDG in approximately 0.5 ml saline under brief 

anaesthesia (< 2 min, see CHAPTER ONE). [18F]FDG uptake then occurred in the awake and freely moving rat. 

Sixty minutes after the injection, animals were anaesthetised again for the 30 min emission scan. On each PET 

day, the last animal measured also underwent a 10 min transmission scan using a 57Co point source used later 

for attenuation correction. At the end of each scan, blood glucose levels of all rats were measured.  

II.v.ii [18F]FDOPA  

One hour before [18F]FDOPA injections, rats were briefly anaesthetised (< 2 min) and received an i.p. injection 

of 15 mg/kg benserazide hydrochloride (Sigma Aldrich, St. Louis, USA) to increase brain uptake by blocking 

peripheral decarboxylation of [18F]FDOPA. Animals then received 73.13 ± 3.23 MBq [18F]FDOPA in 0.5 ml 

saline through a catheter in the lateral tail vein under anaesthesia. Animals were allowed back in the cage for 

tracer uptake before emission scans started another 30 min later.  
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II.vii Statistical Analysis 

II.vi.i Behaviour 

As in CHAPTER ONE, behavioural data was analysed by calculating the percentage of CF and IF use from all 

recorded wall touches. Percentages were again arcus-sinus-transformed to obtain a normal distribution (see 

2.8.1). A two-way repeated measures ANOVA using the software Graphpad Prism version 8 for macOS was 

then used to test the differences between CF and IF use during PRE, OFF, ON and ON5W tests, respectively, 

for significance (p ≤ 0.05). As before, factors were paw (CF and IF) and DBS status (PRE, OFF, ON or ON5W). 

For post-hoc testing Sidak’s multiple comparison test was used. Tests concerning the chronic DBS were only 

conducted with the data of the four rats that received the continuous stimulation. 

II.vi.ii [18F]FDG PET 

After full 3D rebinning, summed images (60 – 90 min p.i.) were reconstructed using the iterative 

OSEM3D/MAP procedure (311) resulting in voxel sizes of 0.38 × 0.38 × 0.80 mm. All further analysis was done 

with the software VINCI (312). Images were co-registered manually to the Swanson rat brain atlas (313). If 

necessary, images were mirrored so that the intervention was always displayed on the left. Intensity was 

normalised to the cerebral global mean (SUVRwb = individual voxel value divided by mean value of the whole 

brain). [18F]FDG uptake in ON/ON5W and OFF conditions were compared voxel-wise using a paired t-test 

followed by a TFCE procedure with subsequent permutation testing (314), resulting in statistical t-maps 

corrected for multiple testing (thresholded at p = 0.05). Colour bars of TFCE maps are labelled with the 

original t-values, marked tTFCE, as TFCE values are at random. 

To investigate whether STN DBS affected brain network activity, seed-based metabolic analyses (138,329) 

were conducted separately for ON and OFF conditions in the acutely stimulated rats (n = 7). Four seed regions, 

each four voxels in size, were chosen according to the response pattern seen in Figure 12: one in the 

hypothalamus, a region with significantly lower [18F]FDG uptake in the ON compared to the OFF condition, 

one each in the ipsi- and contralesional SN, both also showing significantly reduced glucose metabolism under 

DBS, and one in the ispilesional cerebellum which showed significantly increased [18F]FDG uptake in the ON 

condition. To detect brain regions that were interconnected with the seed regions, identified by associated 

changes in metabolism, PET images were correlated voxel-wise with the mean SUVRwb of each seed region 

using the Pearson correlation test. t-maps showing significant R-values were TFCE-corrected as mentioned 

above. Unfortunately, reliable network analyses were not possible with the chronically stimulated animals 

due to the small n. 

II.vi.iii [18F]FDOPA PET 

Other than [18F]FDG images, [18F]FDOPA images were summed over 30 – 60 min p.i. After coregistration and 

reconstruction (see above) images were smoothed with a Gauss kernel of 1.5 mm FWHM and intensity 

normalised to the cerebellum (SUVRcer). To illustrate and verify dopaminergic cell loss, VOIs were drawn in 

[18F]FDOPA images for medial and lateral striatum. Ipsi- versus contralesional mean SUVRs were compared 

using a paired t-test. Results were considered significant when p < 0.05.  

III. Results 

The behavioural as well as the PET ([18F]FDG and [18F]FDOPA) data of only seven of the eight rats used in this 

study were examined. One rat showed profound inflammatory signs in the lesioned hemisphere and was 

therefore left out of all analyses. Rats were scanned and tested in the OFF condition only once. Hence, for acute 
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stimulation analyses, OFF data of seven animals were included, while OFF data of only the four rats stimulated 

for five weeks were integrated in the chronic stimulation analyses.  

 

 

Fig. 10 6-OHDA lesion and stimulation sites. A Mean [18F]FDOPA SUVRcer values of animals injected with 6-OHDA in the medial forebrain 

bundle (n = 7), projected onto an MRI template. The dashed lines indicate the striatal areas (caudate putamen, CPu). The left CPu shows 

a significantly decreased [18F]FDOPA uptake compared to the right CPu. B Schematic brain atlas (adapted (315)) showing stimulation 

sites (black triangles) in the STN of rats implanted with a DBS electrode (n = 7). Sites were determined by verifying catheter placements 

using interoperative MRI. Images of rats lesioned and implanted in the right hemisphere were flipped so that lesions and stimulation 

sites are always depicted on the left. Scale bars represent 2 mm. Numbers in the upper right corners show the axial distance (in mm) of 

the respective section level from Bregma. 

III.i Dopaminergic Lesion and Electrode Placement 

Figure 10 A illustrates the mean [18F]FDOPA SUVRcer values of the seven rats. The right CPu (striatum) clearly 

shows a more distinct tracer uptake when compared to the left 6-OHDA-lesioned hemisphere. The paired 

t-test confirmed this impression by identifying a significantly lower [18F]FDOPA uptake in medial and lateral 

striatum of the ipsilesional compared to the contralesional hemisphere (p = 0.0002). A considerable 

dopaminergic lesion in the basal ganglia of all seven rats after receiving the 6-OHDA injection could therefore 

be validated. 

Figure 10 B shows the position of electrode tips of all rats as verified by the correct placement of guide 

cannulas during interoperative MRI. In this manner, all eight electrodes could be confirmed to be located in 

the STN. 

Looking at the data of the four rats that continued to receive DBS for five weeks, animals used the later affected 

front paw slightly more than the non-affected paw during PRE tests, i.e. in 61.05 % of all wall touches. After 6-

OHDA lesions, CF use dropped to 3.41 % and could be nearly quintupled to 16.35 % of all wall touches after 

five weeks of STN DBS (Fig. 11 B). The two-way repeated measures ANOVA revealed a significant cross-over 

interaction between DBS state and paw (F(2, 6) = 10.45, p < 0.0111). The Sidak’s multiple comparisons test 

showed that CF use differed significantly between PRE and OFF (p = 0.0448) but not between PRE and ON5W 

or OFF and ON5W. Hence, chronic DBS was able to improve CF use to a certain degree but failed to restore 

PRE levels. This result is comparable with that achieved in CHAPTER ONE under acute STN DBS (Fig. 7 B). 

Unfortunately, some animals did not move at all in the OFF condition or responded to the stimulation while 

others showed good improvements under DBS. The extremely high intra- and inter-animal variability in paw 

use in this study might therefore have compromised the data and prevented further significant findings, 

especially concerning the difference between acute and chronic stimulation. 
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Fig. 11 Behavioural effects of acute and chronic STN DBS. A Contralesional front paw (CF) use in percent of all wall touches in acutely 

stimulated animals (n = 7). 6-OHDA injections into the medial forebrain bundle caused a significant decrease of CF use compared to the 

ipsilesional front paw (IF) in the OFF condition that could not be restored by acute STN DBS. B Four rats continued to receive non-stop 

STN DBS for five weeks. While CF use was also significantly reduced in the OFF compared to the PRE condition, chronic STN DBS was 

able to restore CF use to a certain degree and abolish the significant difference between paw use during PRE and ON5W. PRE = baseline 

before surgical interventions, OFF = after 6-OHDA injection but before onset of STN DBS, ON = after one day of STN DBS, ON5W = after 

five weeks of continuous STN DBS. Asterisks indicate a significant difference between CF and IF use (A) and in CF use compared to PRE 

(B). 

III.iii Effects of Acute and Chronic STN DBS on Cerebral [18F]FDG Uptake 

Stimulation of the STN had activating as well as inhibiting effects on cerebral glucose consumption depending 

on brain area and duration of DBS (Fig. 12). Acute STN stimulation caused an increase of tracer uptake 

bilaterally in prelimbic, cingulate and secondary sensory cortices. Contralesionally, increased [18F]FDG uptake 

could be observed in primary and secondary motor cortices, thalamus, as well as in primary sensory cortex 

and CPu. More caudally, contralesional parietal association cortex, secondary visual cortex, superior colliculus 

and hippocampus showed significantly higher glucose consumption under acute STN DBS when compared to 

the OFF condition. Ipsilesionally, dorsal endopiriform cortex, presubiculum and crus two of the ansiform 

cerebellar lobule presented increased tracer uptake in the ON condition (Fig. 12 A).  

Significantly decreased tracer uptake in the ON compared to the OFF condition was found in the ipsilesional 

ventral pallidum, primary sensory cortex, amygdala, subbrachial nucleus and presubiculum. Contralesional 

areas with significantly lower [18F]FDG uptake under STN DBS were medial geniculate nucleus, microcellular 

tegmental nucleus, reticular nucleus and spinal trigeminal nucleus. Hypothalamus, entorhinal cortex, and SN 

were significantly less active in the ON compared to the OFF condition in both hemispheres (Fig. 12 A). 

Only four of the seven animals that underwent [18F]FDG PET scans after acute STN DBS received a second scan 

after five weeks of continuous STN stimulation (ON5W). When comparing ON5W and OFF conditions, there 

were similarities as well as differences in cerebral glucose metabolism compared to the acute treatment (Fig 

12 B). As acute STN DBS, chronic stimulation significantly activated prelimbic and cingulate cortices 

bilaterally. Beyond that, the chronic treatment also caused a significant bilateral increase in tracer uptake in 

CPu, primary and secondary motor cortices, primary sensory cortex, orbitofrontal cortex and retrosplenial 

granular and retrosplenial dysgranular cortices. Both treatments of STN DBS caused significant increases in 

[18F]FDG uptake in contralesional parietal association cortex, thalamus and hippocampus. Other than after the 

short stimulation, five weeks of STN DBS increased tracer uptake in the secondary sensory cortex only 

contralesionally. On the other hand, contralesional superior colliculus and secondary visual cortex did not 

show increased tracer accumulation in the ON5W condition. In the ipsilesional hemisphere, both periods of 
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STN DBS caused significant increases of glucose metabolism in crus two of the cerebellar ansiform lobule 

when compared to OFF. Chronic treatment additionally increased activity in ipsilesional primary visual cortex, 

parastrial nucleus and eighth and ninth cerebellar lobule. Differing from the ON condition, ipsilesional dorsal 

endopiriform cortex did not show increased [18F]FDG uptake in the ON5W compared to the OFF condition 

 

 

Fig. 12 Effects of acute and chronic DBS on cerebral glucose metabolism. Subtractive t-maps (p < 0.05, TFCE-corrected) projected onto 

an MRI template displaying the [18F]FDG uptake difference between DBS ON and OFF in A acutely (24 h, ON, n = 7) and B chronically 

(five weeks, ON5W, n = 4) stimulated 6-OHDA rats. Red voxels indicate that [18F]FDG accumulation was significantly higher during DBS 

ON, while blue voxels indicate a significantly higher [18F]FDG uptake during DBS OFF. Abbreviations: 5/6 Cb = 5th/6th cerebellar lobule, 

Amy = amygdala, CG = cingulate cortex, CPu = caudate putamen, Crus1 = crus one of the ansiform lobule, DEn = dorsal endopiriform 

cortex, DpMe = deep mesencephalic nucleus, EnC = entorhinal cortex, Hip = hippocampus, Hyp = hypothalamus, Int = interposed 

cerebellar nucleus, IPN = interpedncular nucleus, M1/2 = primary/secondary motor cortex, MGV = medial geniculate nucleus, MiTg = 

microcellular tegmental nucleus, MnR = median raphe nucleus, MVe = medial vestibular nucleus, Pfl = paraflocculus, PrL = prelimbic 

cortex, PrS = presubiculum, PoS = postsubiculum, PtA = parietal association cortex, RSD = retrosplenial dysgranular cortex, RSG = 

retrosplenial granular cortex, Rt = reticular nucleus, S1/2 = primary/secondary somatosensory cortex, SC = superior colliculus,  SN = 

substantia nigra, Sp =  spinal trigeminal nucleus, SubB = subbrachial nucleus, Tha = thalamus, V1/2 = primary/secondary visual cortex, 

VP = ventral pallidum. PET images of animals implanted in the right hemisphere were flipped so that all stimulation sites are shown on 

the left. Colour bars of TFCE maps are labelled with the original suprathreshold t-values. Numbers indicate rostrocaudal coordinates in 

mm distance to Bregma. 

 

Acute and long-term STN DBS caused a significant bilateral decrease of glucose metabolism in the 

hypothalamus. However, animals showed a more pronounced decrease contralesionally after chronic 

stimulation and an additional significant bilateral deactivation of the interpeduncular nucleus. In the 

contralesional hemisphere, medial geniculate nucleus and spinal trigeminal nucleus had significantly lower 

glucose consumptions under both DBS conditions when compared to OFF. Other than in the ON condition, in 

the ON5W condition, animals showed significant decreases of [18F]FDG uptake only in the contralateral SN. 

Further caudal were the most differences between acute and chronic STN DBS. Under chronic treatment, 

microcellular tegmental nucleus and reticular nucleus did not show changes between OFF and ON5W. 

However, median raphe nucleus, deep mesencephalic nucleus and nucleus of the solitary tract all showed 

significant reductions of glucose metabolism under chronic STN stimulation when compared to OFF. 

Significant reductions of tracer accumulation in the ipsilesional hemisphere were seen for both stimulation 

durations in amygdala, subbrachial nucleus and presubiculum. Chronic STN DBS failed to evoke reductions in 

the ventral pallidum and only the ipsilesional entorhinal cortex showed decreased glucose metabolism. 

III.iv Effects of Acute STN DBS on Brain Networks 

To investigate the effects of STN DBS on brain network activity seed-based metabolic analyses were conducted 

for OFF and ON conditions in acutely stimulated rats. Brain regions can be positively or negatively correlated 

to a seed. With positive correlations, the connected brain regions will show increased [18F]FDG uptake if the 
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seed region exhibits higher uptake and vice versa. When a negative correlation exists, connected brain regions 

will have lower [18F]FDG uptake while the seed region shows increases in uptake and the other way round. 

Regarding the wording in this section, ipsi- and contralesional always refers to the side of lesion, i.e. the left 

hemisphere in all figures. Ipsi- and contralateral refers to the respective brain region, e.g. the seed, regardless 

whether it is on the same, or the opposite side of the lesion. Four seeds were placed in regions that showed 

significantly altered (increased or decreased) [18F]FDG uptake during acute STN DBS. 

Hypothalamus Seed 

The ipsilesional hypothalamus showed significantly lower glucose metabolism under STN DBS compared to 

OFF (Fig. 12 A). In the OFF condition, [18F]FDG uptake of a seed placed in this region was positively correlated 

mainly with ipsilateral, and negatively primarily with contralateral structures. More specifically, tracer uptake 

in contralateral periaqueductal grey, prelimbic cortex (both not shown), bilateral, but predominantly 

ipsilateral CPu, ipsilateral GPe, bed nucleus of stria terminalis (BNST), reticular thalamic nucleus, retrosplenial 

granular cortex, temporal association cortex, subiculum, and subiculum transition area were positively 

correlated to that of the seed (Fig. 13 A, upper row). Negative correlations with glucose metabolism of the 

ipsilesional hypothalamus appeared in contralateral microcellular tegmental nucleus, spinal trigeminal 

nucleus, ipsilateral spinal vestibular nucleus, and bilateral gigantocellular reticular nucleus.  

DBS in the ipsilesional STN changed these connections while the general trend of positive and negative 

correlations in the ipsi- and contralesional hemisphere remained (Fig. 13 A, lower row). The positive 

correlation between [18F]FDG uptake of the seed and that of contralateral periaqueductal grey, prelimbic 

cortex, ipsilateral GPe, BNST, subiculum, and temporal association cortex disappeared under STN DBS. The 

positive correlation between glucose metabolism in seed and ipsilateral reticular thalamic nucleus persisted, 

while that of retrosplenial granular cortex was reversed from positive ipsilateral, to a negative contralateral 

correlation. The bilateral positive correlations of CPu shifted to a negative contralateral one, while the 

negative correlation between seed glucose metabolism and that of contralateral spinal trigeminal nucleus 

reversed to a positive contralateral correlation. Additional positive correlations under DBS appeared between 

[18F]FDG uptake of the seed and that of ipsilateral thalamus, and bilateral medial septal nucleus. None of the 

remaining negative correlations persisted under STN DBS, but new ones were formed between glucose 

metabolism of seed and that of ipsilateral fifth to seventh cerebellar lobule, crus two of the ansiform lobule, 

contralateral primary and secondary somatosensory cortex, and primary visual cortex. 

Ipsilesional Substantia nigra Seed 

STN DBS caused a significant bilateral decrease of [18F]FDG uptake in the SN (Fig. 12 A). Hence, seeds were 

placed in the SN in both hemispheres. In the OFF condition, [18F]FDG uptake of the seed in the left, ipsilesional 

SN was positively correlated to that of the contralateral piriform cortex, SN, cortical amygdaloid nucleus, and 

lateral paragigantocellular nucleus (Fig. 13 B, upper row). Bilateral positive glucose metabolism correlations 

formed between ipsilesional SN and amygdalohippocampal area, ventral subiculum, spinal trigeminal nucleus, 

and medullary reticular nucleus. In the ipsilateral hemisphere, the [18F]FDG uptake of dorsal premammilary 

nucleus, entorhinal cortex, central nucleus of the inferior colliculus, parvicellular reticular nucleus, and ninth 

cerebellar lobule were positively correlated with that of the seed. [18F]FDG uptake of the seed in the 

ipsilesional SN was negatively correlated ipsilaterally to that of the hippocampus, and contralaterally to tracer 

uptake of CPu, primary and secondary motor cortex, thalamus, lateral parietal association cortex, primary 

somatosensory, secondary visual as well as auditory cortex.  

STN DBS altered network connections of the ipsilesional SN (Fig. 13 B, lower row). [18F]FDG uptake of the 

seed was still positively correlated to that of ipsilateral entorhinal cortex, contralateral SN, cortical 



 

 

 36 

amygdaloid nucleus, and central nucleus of the inferior colliculus. Bilateral positive correlations to the 

amygdalohippocampal area only remained contralaterally, while additional positive correlations appeared 

between tracer uptake of the seed and that of ipsilateral caudomedial entorhinal cortex, contralateral 

amygdala, and bilateral rostral interpeduncular nucleus. All other positive correlations disappeared under 

DBS. The negative correlations between [18F]FDG uptake of the seed in the ipsilesional SN and that of 

contralateral CPu, primary and secondary motor cortex, and parts of the thalamus were not present under 

DBS. Tracer uptake of ipsilateral hippocampus was no longer negatively correlated with that of the seed, but 

uptake of its contralateral counterpart. Negative correlations between glucose metabolism of seed and 

contralateral primary somatosensory, secondary visual and auditory cortex remained unchanged. 

Contralesional Substantia nigra Seed 

Without stimulation, [18F]FDG uptake of a seed placed in the right, contralesional SN correlated positively with 

that of ipsilateral spinal trigeminal nucleus, contralateral amygdalohippocampal area, ventral subiculum, 

piriform cortex, SN, entorhinal cortex, medullary reticular nucleus, and ninth cerebellar lobule (Fig. 13 C, 

upper row). Negative correlations existed between glucose metabolism of the seed and that of ipsilateral parts 

of the thalamus, anterior pretectal nucleus, and medial cerebellar nucleus. In the contralateral hemisphere, 

tracer uptake of parietal cortex and hippocampus correlated negatively with that of the contralesional seed. 

Ipsilesional STN DBS had marked effects on the networks of the contralesional SN (Fig. 13 C, lower row). The 

positive correlation between [18F]FDG uptake of the seed and ipsilateral SN, spinal trigeminal nucleus and 

contralateral piriform cortex and amygdalohippocampal area vanished, while that of the contralateral ventral 

subiculum and entorhinal cortex was now bilateral. The positive correlation between glucose metabolism of 

the ipsilesional SN and that of contralateral ninth cerebellar lobule increased noticeably. Additional positive 

correlations appeared between seed and contralateral primary visual, bilateral perirhinal and ectorhinal 

cortex. More pronounced changes could be observed among the negative correlations. None of the 

correlations observed during OFF remained, while new ones appeared between contralesional seed and 

ipsilateral CPu, secondary somatosensory cortex, dorsal tegmental nucleus, contralateral ventral and lateral 

orbital cortex (not shown), and dorsal cortex of the inferior colliculus. Bilaterally, negative correlations were 

observed for seed and primary somatosensory, auditory, parietal, and retrosplenial granular cortex, thalamus, 

hippocampus, superior colliculus, medial cerebellar nucleus, and medial vestibular nucleus. 

 

Cerebellum Seed 

The fourth seed was placed in the ipsilesional cerebellum, specifically the interposed cerebellar nucleus, 

which showed significantly higher [18F]FDG uptake under acute STN DBS (Fig. 12 A). In the OFF condition, 

tracer uptake of ipsilateral crus one of the cerebellar ansiform lobule, contralateral temporal 

associationcortex, perirhinal cortex, lateral periaqueductal grey, and bilateral hippocampus were positively 

correlated with that of the seed (Fig. 13 D, upper row). Glucose metabolism of ipsilateral primary and 

secondary motor cortex, primary somatosensory cortex, CPu, cingulate cortex, and bilateral retrosplenial 

granular cortex were negatively correlated with that of the ipsilesional cerebellar seed without DBS. 

Again, these interconnections were partly changed by stimulation of the STN (Fig. 13 D, lower row). Positive 

correlations between tracer uptake of the seed and that of ipsilateral crus one of the ansiform cerebellar lobule 

and contralateral lateral periaqueductal grey remained, while that of contralateral temporal association and 

perirhinal cortex  disappeared. Instead, additional positive correlations appeared between [18F]FDG uptake 

of the seed and that of ipsilateral sixth cerebellar lobule, contralateral thalamus, superior colliculus, anterior 

pretectal nucleus, and bilateral ventral part of the dorsal raphe nucleus.  
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Fig. 13 Brain network connectivity is affected by acute STN DBS. t-maps showing significant correlation (R-)values of Pearson 

correlation analyses performed between each seed region and all other voxels of the brain projected onto an MRI template, n = 7. Seeds 

are represented by green squares. A The seed was placed in the hypothalamus, a region displaying significantly more [18F]FDG uptake 

in the OFF compared to the ON condition. B The seed was placed in the ipsilesional substantia nigra, which also showed significantly 

more [18F]FDG uptake in the OFF condition. C The seed was placed in the contralesional substantia nigra, displaying the same reaction 

to STN DBS as its ipsilesional counterpart. D The seed was placed in the cerebellum, which took up significantly more [18F]FDG in the 

ON condition. Red voxels indicate positive correlations, while blue voxels indicate negative correlations. Yellow filled circles at the 

electrode tip represent ongoing stimulation (ON). Transparent, dashed electrodes are illustrated in slices more rostral or caudal to the 

actual position.  Abbreviations: 5Cb = 5th cerebellar lobule, 6/7Cb = 6th/7th cerebellar lobule, 9Cb = 9th cerebellar lobule, AHi = 

amygdalohippocampal area, Amy = amygdalas, APT = anterior pretectal nucleus, Au = auditory cortex, BNST = bed nucleus of stria 

terminalis, CEnt = caudomedial entorhinal cortex, CG = cingulate cortex, CIC = central nucleus of the inferior colliculus, Co = cortical 

amygdaloid nucleus, CPu = caudate putamen, Crus1/2 = crus one/two of the ansiform lobule, DCIC = dorsal cortex of the inferior 

colliculus, DRV = dorsal raphe nucleus, ventral part, DTg = dorsal tegmental nucleus, Ect = ectorhinal cortex, EnC = entorhinal cortex, 

Gi = gigantocellular reticular nucleus, GPe = globus pallidus externus, Hip = hippocampus, Hyp = hypothalamus, Int = interposed 

cerebellar nucleus, IPR = rostral interpeduncular nucleus, LP = lateral posterior thalamic nucleus, LPAG = lateral periaqueductal grey, 

LPGi = lateral paragigantocellular nucleus, LPtA = lateral parietal association cortex, M1/2 = primary/secondary motor cortex, Md = 

medullary reticular nucleus, Med = medial cerebellar nucleus, MiTg = microcellular tegmental nucleus, MS = medial septal nucleus, MVe 

= medial vestibular nucleus, PLH = peduncular part of lateral hypothalamus, PaS = parasubiculum, PC = parietal cortex, PCRt = 

parvicellular reticular nucleus, Pir = piriform cortex, PMD = dorsal premammilary nucleus, PO = posterior thalamic nuclear group, PRh 

= perirhinal cortex, PrS = presubiculum, PV = paraventricular thalamic nucleus, RSD = retrosplenial dysgranular cortex, RSG = 

retrosplenial granular cortex, Rt = reticular thalamic nucleus, S1/S2 = primary secondary somatosensory cortex, SC = superior 

colliculus, SN = substantia nigra, Sp = spinal trigeminal nucleus, SpVe = spinal vestibular nucleus, STr = subiculum transition area, Sub 

= subiculum, TeA = temporal association cortex, Tha = thalamus, V1/V2 = primary secondary visual cortex, VL = ventrolateral thalamic 

nucleus, VPL = ventral posterolateral thalamic nucleus, VPM = ventral posteromedial thalamic nucleus, VS = ventral subiculum. PET 

images of animals implanted in the right hemisphere were flipped so that all stimulation sites are shown on the left. Colour bars of TFCE 

maps are labelled with the original suprathreshold t-values. Numbers indicate rostrocaudal coordinates in mm distance to Bregma. 
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Of the negative [18F]FDG uptake correlations, those between seed and primary and secondary motor cortex, 

and primary somatosensory cortex remained, while that of ipsilateral cingulate cortex and contralateral CPu 

were no longer present. Glucose metabolism of ipsilateral peduncular part of lateral hypothalamus, SN, 

presubiculum, and parasubiculum showed new negative correlations to the tracer uptake of the seed under 

acute STN DBS. 

IV. Discussion 

As a first objective, this study ought to compare the effects of acute (~ 24 h) and chronic (5 weeks) STN DBS 

on brain glucose metabolism and front paw use in rats unilaterally lesioned with 6-OHDA. This was achieved 

by employing the new, fully implantable stimulation system established in CHAPTER ONE and additionally 

improving its durability (287). As a result, eight animals were tested under acute stimulation, while four out 

of those eight remained to be stimulated continuously for five weeks. 

Unilateral 6-OHDA lesions lead to significant reductions in ipsilesional [18F]FDOPA uptake in all rats, 

indicating a successful dopaminergic denervation leading to parkinsonian symptoms. Indeed, while using 

both front paws nearly equally in the naïve PRE condition, all animals showed a profound and significant 

reduction in CF use during OFF after 6-OHDA lesions. However, despite the assured, correct placement of 

electrode tips in the STN, acute STN DBS was not able to recover CF use. This can have several reasons. DBS is 

a highly sensitive therapeutic technique whose outcome depends on many factors. For example, patients 

suffering from PD are selected very carefully for the option of DBS by a multidisciplinary team. Type of PD 

(idiopathic or hereditary), response to L-DOPA therapy, type and severity of motor symptoms, general health 

status, and cognitive, behavioural and psychiatric condition are some of the factors that need to be thoroughly 

considered before the implementation of DBS (330–332). While 6-OHDA lesioned rats do not represent the 

full spectrum of PD complexity, each 6-OHDA lesion is unique in its exact position and degree. Hence, each rat 

has its own individual parkinsonian syndrome of which some might be better suitable for the treatment with 

STN DBS than others.  

Similarly, the exact position of electrode and contacts is extremely important for an optimal result of DBS. Not 

only is there a difference in effect between the various targets for DBS, i.e. STN, GPi or VIM (209,212), the 

outcome of DBS also depends on the exact position within the target area (333,334). The unintended 

stimulation of neighbouring structures like zona incerta or internal capsule can influence the effectiveness of 

STN DBS (266). Figure 14 shows the stimulation sites of the seven animals included in the analysis. Three out 

of the seven sites (marked in red) are particularly close to zona incerta and internal capsule. Hence, 

stimulation effects of these three animals might not have been ideal and compromised the data so that there 

was no recognisable pattern of increased ipsilesional and decreased contralesional [18F]FDG uptake as has 

previously been shown, and no effect on paw use (137,138). Although the zona incerta has been discovered 

as a suitable and potent DBS target for essential tremor, rats do not develop tremor as a symptom of PD after 

6-OHDA injections into the MFB (335–337). Hence, the accidental stimulation of this structure is unlikely to 

have had additive positive effects. To avoid this problem in the clinical use, efforts were made in recent years 

to improve DBS therapy. New electrodes with split contacts were developed that allow for directional 

stimulation (338). By steering the current selectively to the target area, side effects caused by the stimulation 

of neighbouring brain structures can be minimised, while beneficial effects and therapeutic window are 

optimised (219–222). However, this technique is not available for animal experiments to date.  
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Fig. 14 Stimulation sites. Schematic brain atlas (adapted from (315)) showing stimulation sites (triangles) in the STN of rats implanted 

with a DBS electrode (n = 7) in a whole brain overview and an amplified insert for a more detailed view. Sites were determined by 

verifying catheter placements using interoperative MRI. Images of rats implanted in the right hemisphere were flipped so that 

stimulation sites are always depicted on the left. Black triangles represent stimulation sites well in the target area while red triangles 

represent stimulation sites that could also stimulate neighbouring brain regions like zona incerta and internal capsule (ic). Scale bars 

represent 2 mm. 

 

A third possible source of error could be the absence of any postoperative adaptation of stimulation settings. 

In the clinical practice, the care of PD patients after DBS implantation is a highly complex and individual 

process. Questions regarding the time point of stimulation onset, stimulation parameters, and the addition 

and dosing of medication are just some of the considerations that need to be taken into account in close 

consultation with the patient (339). Stimulation settings of the rats in this study were determined as 

mentioned above following the postoperative recovery period and not changed thereafter in the lack of 

“patient” feedback. Hence, stimulation settings might not have been ideal for some of the rats and, therefore, 

not evoked the full therapeutic potential concerning changes of cerebral glucose metabolism and motor 

performance. This agrees with a more recent finding of Badstuebner et al. (2017) who used a backpack-like 

stimulation system to investigate hemiparkinsonian rats in several behavioural tests under different 

subchronic (three days) and chronic (three and six weeks) STN DBS conditions. They found a DBS (subchronic 

and chronic)-induced reduction of locomotor activity in the open field test that was reversible after cessation 

of stimulation (278). They assumed this unexpected motor impairment to be a direct consequence of harmful 

stimulation settings, therefore questioning their parameters. One explanation for the immobilising effect of 

inadequate stimulation settings could be the induction of dyskinesia/akinesia caused by increased levels of 

glutamate (Glu) in the SNr. A study by Boulet and team (2006) found Glu levels in the SNr of unilaterally 6-

OHDA-lesioned rats to be increased under STN DBS of an intensity that induced forelimb dyskinesia, while 

Glu levels were normal under STN DBS of non-impairing intensity (340). Interestingly, GABA levels showed 

the opposite: they were significantly higher in SNr of rats stimulated with normal intensities while not being 

affected by dyskinesia-inducing DBS. The stimulation parameters that induced axial and forelimb dyskinesia 

in their study are comparable to the ones applied in the present experiments, i.e. a frequency of 130 Hz, a pulse 

width of 60µs and an amplitude in the range of about 75 – 275 µA (125 – 220 µA in this study). Similarly, 

another group found striatal Glu and GABA concentrations to be increased after STN DBS, however, motor 

performance and therapeutic effect was not assessed (341). Glu and GABA levels have also been shown to be 
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elevated in ipsilesional striatum and SNr of 6-OHDA lesioned non-stimulated rats showing motor 

impairments. STN DBS that was able to recover motor performance also decreased this transmitter elevation 

(279). Thus, the right balance between Glu and GABA of the basal ganglia and related network structures is 

crucial for normal motor output. PD (or DA depletion evoked by 6-OHDA lesion) as well as STN DBS at the 

wrong intensity or with unsuitable parameters can disturb this balance, manifesting in increased Glu levels in 

SNr and/or striatum and deteriorated motor performance. STN DBS applied at the right intensity and with the 

right parameters is able to normalise neurotransmitter levels and, as a consequence, improve motor 

performance. It is therefore possible that the stimulation settings used during the acute STN DBS treatment 

in this study were of inadequate intensity and induced dyskinesia/akinesia by disturbing the balance of Glu 

and GABA in the basal ganglia rather than improving paw use. In conclusion, stimulation settings in animal 

studies employing long-term DBS should be reassessed regularly after the initial adjustment by means of a 

volt- or amperemeter if possible to minimise the risk of inappropriate settings and the accompanying negative 

impact on behaviour. 

PD patients that first receive DBS after implantation need to be made aware that microlesioning effects 

resulting from the surgical intervention may influence and compromise DBS efficacy during the first few 

months (339). Hence, it is possible that STN DBS results improve after full resolution of these effects and the 

therapy unfolds its full impact with a certain delay. Comparing the motor performance of the four animals that 

received continuous STN DBS for five weeks with that after acute stimulation could provide an indication for 

this phenomenon. As before, both front paws were nearly equally used in the PRE condition (CF use in 61 % 

of all wall touches). After 6-OHDA lesion, rats then exhibited a significant reduction in CF use during OFF. 

However, different to the acute stimulation, chronic DBS for five weeks was able to recover CF use to a certain 

degree, eliminating the significant reduction towards PRE levels. Nevertheless, chronic DBS failed to produce 

a significant increase of CF use compared to OFF as could also be observed with acute STN DBS in CHAPTER 

ONE. This may be due to the high standard deviation of the data, i.e. the noticeable difference in response to 

(chronic) DBS between animals. While one animal in particular was akinetic regardless of the stimulation 

condition, two animals showed good results under DBS. This could partly be explained by the occurrence of 

issues like those discussed above. For example, in animals with less effective DBS, the electrode might not 

have been located ideally or stimulation settings could have been suboptimally adjusted. Indeed, the 

stimulation site of the akinetic animal was one of those close to the zona incerta. An excessively profound 

dopaminergic lesion could also be the cause for bad motoric results despite DBS. However, all animals 

received the same amount of 6-OHDA and [18F]FDOPA images did not endorse this assumption. 

The results with chronic STN DBS for five weeks obtained in this study are comparable to those obtained by 

Forni and colleagues (2012) who compared healthy, sham implanted rats with two 6-OHDA-lesioned groups, 

one with chronic (two and five weeks) and one without DBS (280). They could show that chronic STN DBS 

improves CF use (here expressed as the percentage of wall touches using both front paws) in 6-OHDA-lesioned 

animals compared to OFF and to unstimulated lesioned animals. However, similar to the present results, 

neither two, nor five weeks of STN DBS was able to recover CF use in 6-OHDA-lesioned rats to the level of 

sham-implanted animals manifesting in a persisting significantly lower amount of double contacts. Hence, 

despite the different study design (inter- vs. intra-animal comparisons, external stimulation system fixed on 

the rats’ heads vs. fully implanted system, no direct comparison to acute stimulation) both studies could show 

that chronic STN DBS is able to improve but not normalise front paw motor performance in 6-OHDA-lesioned 

rats. Chassain et al. (2016), employing the same stimulation system as Forni, used a different behavioural test, 

namely the staircase test, in which unilaterally 6-OHDA-lesioned rats reach for pellets with either the affected 

or non-affected front paw. They compared two and five weeks of chronic STN DBS with OFF and were able to 
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show a significant unilateral improvement of front paw use after two, and an even greater, bilateral 

improvement after five weeks of STN DBS (279) agreeing with the findings of this study. As a potential cause 

for the continuing improvement over time, Chassain and colleagues propose the normalisation of striatal and 

SN neurotransmitters and their metabolites, as well as the restoration of long-term potentiation and 

depression as a sign of intact synaptic plasticity. Comparing acute, subchronic and chronic STN DBS, they 

conclude that the long-term benefits of DBS rely on acute as well as delayed effects in the basal ganglia and 

according involved networks (279,327). This theory agrees with the imbalance of neurotransmitters in the 

parkinsonian brain and the accompanying motor deficits mentioned earlier that can be normalised by 

adequate DBS. Alternatively or additionally, the compensatory mechanisms that take effect after 6-OHDA 

lesions could slowly adapt to chronic STN DBS, thereby improving its efficacy. For example, Hefti and 

colleagues (1985) found that dopaminergic neurons that survived the 6-OHDA lesion of the striato-nigral 

pathway synthesise and release DA at a several fold rate compared to neurons in the non-lesioned hemisphere 

(342). This increase in DA could initially interfere with the impact of STN DBS on transmitter levels, 

preventing the development of full therapeutic effects. After a certain adaptation phase, such compensatory 

mechanisms might slowly degenerate under the influence of STN DBS and neurotransmitter levels and 

neuronal activity come to a more cooperating balance. Hence, the resolution of microlesioning effects, the 

adaptation of compensatory mechanisms, and acute and long-term synaptic and network changes could be 

responsible for the full impact of STN DBS over time. Unfortunately, the time course of the mechanisms of 

action of DBS is not well studied to date. Human studies rather focus on the ideal time point for implantation, 

immediate effects of DBS, or the duration of effectiveness and the time point when disease progression 

interferes with therapeutic outcome after several years (261,263,323,343–345). Animal studies looking at the 

changes evoked by DBS on a behavioural,  cellular, and/or molecular level have long been limited by short 

stimulation times and or external and confining stimulation systems (275,305,346–349). Thus, the continuing 

analysis and comparison of acute and chronic (STN) DBS and the timeline of its impact on behaviour, brain 

networks, as well as neuronal and synaptic changes in studies using implantable DBS systems in freely moving 

animals is crucial to further understand and improve this therapeutic strategy.  

Hence, to shed some light on the effects of STN DBS on brain activity and networks, we also compared the 

changes in cerebral glucose consumption evoked by acute and chronic STN DBS by employing [18F]FDG PET 

imaging. Cell uptake of [18F]FDG is considered to be a surrogate for cell glucose consumption and, more 

specifically, synaptic activity (318,319). Therefore, in the following, cerebral activity will be used 

synonymously to tracer uptake. Since the acute effects of STN DBS on glucose metabolism in the rat 

hemiparkinsonian brain have been extensively discussed in CHAPTER ONE, in this chapter, the differences of 

acute and chronic DBS shall be in focus. Chronic STN DBS did not change the general picture of [18F]FDG uptake 

but reinforced some of the effects seen with acute stimulation. For example, while under acute stimulation, 

increased tracer uptake could only be observed in the contralesional CPu, cingulate cortex and small parts of 

ipsilesional cerebellum, chronic DBS caused significant enhancements of glucose metabolism in bilateral CPu, 

cingulate cortex, orbitofrontal cortex, and larger areas of ipsilesional cerebellum. Greater parts of the 

ipsilesional somatosensory, motor and visual cortex were also only activated under chronic stimulation. 

Similarly, the reduced uptake of hypothalamus, contralesional mesencephalon and cerebellar nuclei during 

acute STN DBS further decreased under chronic treatment. In contrast, significant reductions in bilateral 

entorhinal cortex and ipsilesional SN disappeared after five weeks of STN DBS. In general, chronic STN DBS 

for five weeks resulted in more activation in the ipsilesional and less activity in the contralesional hemisphere. 

Although this effect was not very distinctive in this study, it generally agrees with the findings of CHAPTER 

ONE and previous studies showing that therapeutic acute STN DBS counteracts the imbalance of brain 
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metabolic activity induced by unilateral 6-OHDA lesion by increasing ipsi- and decreasing contralesional 

glucose consumption (132,137,154). Furthermore, the increased recruitment of cerebellar nuclei seen with 

chronic stimulation agrees with a study that found STN DBS-induced activation of cerebellar structures to be 

involved in the improvement of parkinsonian motor symptoms (350). In this study, acute STN DBS had no 

therapeutic effect on behaviour as discussed above. Consistently, brain metabolic activity was not changed as 

expected, i.e. ipsilesional up- and contralesional downregulation of synaptic activity. This picture only formed 

after five weeks of continuous STN DBS, with according behavioural results: ipsilesional orbitofrontal and 

cingulate cortex, CPu, SN, and somatosensory and motor cortical areas increased activity, while contralesional 

mesencephalic and cerebellar areas decreased metabolism. Thus, due to suboptimal stimulation settings, 

changes evoked by DBS and compensatory and pathological mechanisms might have taken longer to attune 

to/counteract one another to induce behavioural improvements.  

To further analyse the effects of STN DBS on brain networks, seed-based metabolic analyses were conducted 

for four seeds, each four voxels in size, chosen according to the response pattern seen with STN DBS. The first 

seed was placed in the ipsilesional hypothalamus which showed significantly reduced [18F]FDG uptake under 

STN stimulation. The hypothalamus is involved in numerous functions including somatic activities, autonomic 

nervous system processes, water balance, metabolism, body weight and temperature, reproductive issues, 

(neuro)endocrine functions, emotion, reaction to stress, and behaviour (351). It is known to receive input 

from cerebellum and brainstem. More precisely, Çavdar and colleagues (2001) could show connections 

between posterior/dorsomedial hypothalamus and contralateral spinal trigeminal nucleus, ipsilateral spinal 

vestibular nucleus, and bilateral gigantocellular reticular nucleus, all areas that negatively correlated with the 

hypothalamic seed during OFF in this study (352,353). They proposed that these connections contribute to an 

involvement of the cerebellum in autonomic activity (352). Other studies found hypothalamic connections to 

parts of the periaqueductal grey, positively correlating with the seed in this study, and assumed a potential 

role in thermoregulation (354–356). Since PD patients suffer from various autonomic dysfunctions such as 

excessive sweating, weight loss, or erectile dysfunction (66), the activation of this network could indicate that 

6-OHDA lesioned rats also develop some form of autonomic disturbances caused by DA depletion. STN DBS 

slightly altered these networks, for example by reversing correlations from negative to positive or vice versa 

(contralateral spinal trigeminal nucleus), or eliminating and adding correlations (LPAG, microcellular 

tegmental, gigantocellular reticular nucleus). These alterations may point to a potential improvement or at 

least alteration of these autonomic dysfunctions and the underlying pathological brain networks. 

Unfortunately, the 6-OHDA rat model is not suitable to estimate potential changes in (pathologic) autonomic 

functions evoked by STN DBS. Hence, this explanation can only remain speculative to date. 

Glucose consumption of the ipsilateral BNST positively correlated with that of the hypothalamic seed in the 

OFF but not in the ON condition. Choi et al. (2007) found the paraventricular nucleus of the hypothalamus to 

be innervated by the BNST and suggest the latter to act as a relay station for limbic information influencing 

the hypothalamic-pituitary-adrenal axis response to stress (357). They found that subdomains of the BNST 

play different roles in the stress response by either inhibiting or exciting the hypothalamic-pituitary-adrenal 

axis depending on the limbic input. Feldman and colleagues (1983) investigated the role of MFB 

catecholaminergic fibers in the modulation of the hypothalamic stress response (358). They discovered that 

bilaterally 6-OHDA lesioned rats display significantly lower serum levels of corticosterone compared to 

controls when pre-treated with a glucocorticoid (dexamethasone) and exposed to ether stress. They conclude 

that MFB noradrenergic neurons take part in the MFB-mediated modulation of hypothalamic sensitivity to 

glucocorticoids or stress, respectively (358). Hence, BNST, hypothalamus, and 6-OHDA-lesioned MFB may all 

play a role in the potentially pathological stress network that was activated due to the handling and short 
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isoflurane anaesthesia leading up to tracer injections in this study. The fact that glucose uptake of the 

hypothalamus correlated positively with that of the BNST only in the OFF condition may indicate that this 

(pathologic) network was altered by STN stimulation. 

[18F]FDG uptake of the hypothalamic seed correlated with that of cortical areas, like prelimbic (positive during 

OFF only, not shown), somatosensory, visual, temporal association, and retrosplenial granular cortex, in the 

OFF and the ON condition. Tracer uptake of the CPu also showed correlations with that of the seed, i.e. positive 

bilateral connections in the OFF and negative contralateral correlations during ON. These areas have all been 

shown to be part of two networks found in rat and macaque, namely the medial and orbital prefrontal network 

connecting (limbic) cortical areas, striatum, PAG, thalamus, and hypothalamus (359–361). Floyd and 

colleagues (2001) suggested these networks to be involved in “emotional motor” circuits and emotional 

coping strategies with stress, while the retrosplenial granular cortex is known to play a role in navigation and 

spatial cognition (359,361).  These networks were clearly affected by STN DBS as seen by the changes evoked 

in connectivity patterns during ON and OFF. Functional PET imaging using more suitable behavioural tests 

regarding spatial cognition and navigation (e.g. Barnes maze), or active and passive emotional coping 

strategies (e.g. resident-intruder test) directly after [18F]FDG injection could be useful to shed more light on 

the exact impairments of these functions after 6-OHDA lesions and potential improvements elicited by STN 

DBS.  

Ipsi- and contralesional SN showed significantly lower activity under STN DBS when compared to OFF. Tracer 

uptake of a seed placed in the ipsilesional SN showed strong positive correlations with that of contralateral 

SN, and negative correlations with that of contralateral motor and sensorimotor cortex and contralateral CPu 

in the OFF condition. These correlations were weakened (SN) or abolished (motor cortex, CPu) under STN 

DBS. That goes partly in line with findings of Perlbarg et al. (2018) who found increased functional 

connectivity in bilateral cortico-basal ganglia network pathways including motor cortex, globus pallidus and 

striatum of unilaterally 6-OHDA lesioned rats (362). Even though a pallidal involvement could not be shown 

in this study and correlations for motor cortex and CPu were mainly contralateral, the fact that parts of this 

motor network showed strong connectivity after 6-OHDA injections that weakened under STN DBS could 

indicate that the stimulation counteracted or superseded the pathological and/or compensatory increase of 

functional connectivity. Similarly, positive correlations between glucose consumption of the nigral seed and 

that of ipsilateral parvocellular reticular nucleus, and bilateral medullary reticular and spinal trigeminal 

nucleus were only present during OFF. Under DBS, positive correlations in cerebellar or medullary structures 

were found merely for the ipsilateral ventral medullary reticular nucleus (not shown). SN, parvocellular 

reticular, medullary reticular, and spinal trigeminal nucleus are all interconnected either by direct fibre 

projections or via complex interconnections also including striatum, thalamus, hypothalamus, amygdala, 

superior colliculus, dorsal tegmental nucleus, and cerebellum, all shown to correlate with tracer uptake in the 

SN differently during OFF and ON in this study (363–368). Pontine and medullary nuclei of the reticular 

formation play a major role in the upper motor neuron extrapyramidal control of weight support and the 

generation of gait, while the parvocellular reticular nucleus is thought to play a role in orofacial motor control 

(367,369). It has been previously shown that unilaterally 6-OHDA lesioned rats develop pathological and 

compensatory weight shifting and gait patterns (154). Hence, the different networks (nigro-striatal, 

medullary/pontine) responsible for the various motor aspects and activated during free movement of animals 

after tracer injection seem to display pathologic/compensatory activity patterns during OFF that are 

normalised and/or superseded by STN DBS, indicated by the varying correlation patterns.  

Parts of the hippocampal formation, i.e. hippocampus, ventral subiculum and entorhinal cortex, also showed 

[18F]FDG uptake that correlated with that of the seed, as did several contralateral sensory cortical areas, 
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including visual, parietal, and auditory cortex, amygdalohippocampal area, thalamus, and hypothalamus. 

Together with the hippocampal formation, these brain areas belong to a network responsible for episodic 

memory formation and spatial navigation (370–372). The ventral subiculum in particular is involved in 

anxiety, stress, emotion, and episodic recollection (370,373). While hippocampal formation and SN have no 

direct fibre connections, a correlating activation could have been mediated through common thalamic relay 

areas. The fact that the hippocampus has strong connections to the ipsilateral thalamus and that in this study 

glucose metabolism of contralateral thalamic nuclei and contralateral hippocampus strongly negatively 

correlated with that of ipsilesional SN under STN DBS support this assumption (374). Alternatively, the 

hippocampus could have communicated with the SN via the CPu with which it shares an anatomical link with 

the orbitofrontal cortex (375). However, the fact that tracer uptake of the seed correlated with that of 

contralateral CPu during OFF and with that of contralateral hippocampus during ON indicates otherwise. PD 

patients can suffer from visuospatial memory impairments accompanied by hallucinations. Yao and 

colleagues (2016) found a link between those hallucinations and changes in hippocampal functional 

connectivity. In a multimodal MRI study including PD patients with and without hallucinations as well as 

healthy controls, they showed that hippocampal connectivity to visual cortices was lower in PD patients with 

hallucinations compared to the other two groups (376). While rats are unlikely to develop hallucinations, the 

hemiparkinsonian rats in this study might still have had problems with visuospatial recognition while moving 

around after tracer injection in the OFF condition. This could be indicated by the absence of tracer uptake 

correlations between seed and hippocampus, and the small involvement of the visual cortex in the employed 

network during OFF. Under STN DBS however, a correlation to the hippocampus appeared and more areas of 

the visual cortices were employed. Hence, STN DBS could have improved hippocampal functional connectivity 

and, therefore, visuospatial memory. Studies in PD patients have been inconclusive regarding the effect of STN 

DBS on visuospatial memory functions so far as positive as well as negative effects have been observed (377–

380).   

[18F]FDG uptake of the seed placed in the contralesional hemisphere showed similar correlations to its 

ipsilesional counterpart. Three major differences could be observed, however. First, the correlation between 

tracer uptake in both SN’s was not as pronounced as compared to when the seed was ipsilesional and 

disappeared completely during ON. This could be explained by a compensatory recruitment of the 

contralateral SN by the ipsilateral, lesioned one. While there is no direct fibre connection between left and 

right SN, it has been shown that the one SN is connected to its contralateral counterpart via multisynaptical 

crossed connections involving hypothalamus, thalamus, superior colliculus and other brain regions (365). For 

the present data, where correlations between left and right SN was weakened or absent under STN DBS 

regardless of the side of the seed, this could mean that STN DBS makes part of the contralesional 

compensatory activity obsolete. Additionally, the fact that tracer uptake of the healthy SN correlated more 

with that of the lesioned one than vice versa, explains that the intact SN compensates the lacking activity of 

the impaired one but that the lesioned SN is not influenced by the activity of its contralateral counterpart to 

the same extend.   

The second difference is a strong positive correlation between [18F]FDG uptake in nigral seed and that in 

bilateral entorhinal, ectorhinal, perirhinal and contralateral primary visual cortex during STN DBS that was, 

except for the ipsilateral entorhinal cortex, absent for the ipsilesional seed. This can have two reasons. For 

once, it is possible that the healthy, contralesional networks for motor control and visuospatial functions that 

involve the SN, peri- ecto- and endorhinal cortex, i.e. basal ganglia and hippocampal formation as mentioned 

above, stepped in to compensate for the insufficient activity of the networks including the ipsilesional, 

impaired SN, and that this phenomenon was especially present under DBS. Secondly, the networks as seen 
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with the contralesional seed during OFF represent the healthy system that is overstimulated by STN DBS, and 

the connectivity pattern seen with the ipsilesional SN represents a pathological state with potential 

compensatory aspects. 

The last big difference between ipsi- and contralesional seed was present in cerebellar and medullary 

structures. [18F]FDG uptake between ipsilesional SN and medullary structures, such as parvocellular reticular, 

medullary reticular and spinal trigeminal nucleus, had strong positive correlations during OFF that nearly 

vanished during STN stimulation. Tracer uptake of the contralesional SN, however, correlated only 

moderately positively with that of contralateral medullary reticular and ipsilateral spinal trigeminal nucleus 

during OFF, while showing a negative correlation to tracer uptake in the ipsilateral medial cerebellar nucleus. 

The correlation to the spinal trigeminal nucleus vanished while others increased in the ON condition. STN DBS 

lead to additional negative correlations between uptake in contralesional SN and that in contralateral medial 

cerebellar and bilateral medial vestibular nucleus, and additional positive correlations in ipsilateral medullary 

reticular nucleus and ninth cerebellar lobule. This underlines the assumption made earlier, that the lesioned 

nigro-striatal and medullary networks display pathologic/compensatory activity patterns during OFF that are 

normalised and/or superseded by STN DBS. Since the contralesional SN is not impaired, the networks do not 

display the same degree of pathological or compensatory activity during OFF but a moderate, healthy level. 

During ON however, the networks might either be overstimulated leading to the additional recruitment of 

auxiliary motor and balance related cerebellar regions, or simply display the normal state of the upper motor 

neuron extrapyramidal network controlling weight support and gait that was slightly underactive during OFF. 

Interestingly, in a recent DBS study using seed based analysis in hemiparkinsonian rats, it was shown that 

negative metabolic connections existed between ipsilesional SN and contralesional CPu only during OFF, and 

between contralesional SN and bilateral CPu during STN DBS (138). This hemispheral shift of connection 

between CPu and SN could be largely replicated in this study. Without stimulation, the ipsilesional SN was 

negatively metabolically connected to the contralesional CPu, whereas the contralesional SN was 

metabolically connected to the contralesional CPu under STN DBS. The slight discrepancy of the lack of 

connection between contralesional SN and ipsilesional CPu during ON could be due to the different placing of 

the seed, i.e. in the SN in this study versus in the CPu in the other study. Similar findings, if not completely 

comparable due to the unilateral nature of the 6-OHDA Parkinson model of this study, were also made for PD 

patients. In an fMRI study Hacker and colleagues (2012) found a shift towards weaker (negative) correlations 

between striatal seeds and the “extended brainstem” including midbrain structures (381). The previous 

animal study explained the negative correlation by synaptic activity within a bilateral basal ganglia network 

comprising a connection between ipsilesional midbrain and contralesional CPu via the medial thalamic 

nucleus and orbitofrontal cortex (138). In this study, there was no metabolic connection between SN and 

orbitofrontal cortex for the ipsilesional but only a negative one for the contralesional nigral seed during ON. 

Again, the different placement of seeds may have caused these differences. However, the interhemispheric 

connection, the metabolic connectivity between ipsi- and contralesional SN and CPu and the shift induced by 

STN DBS seem to be stable and reproducible phenomenon. Nevertheless, more imaging studies utilising seed 

based analyses are needed to establish the exact pathways and nature of information transmission. 

The last seed was placed in the ipsilesional cerebellum, more specifically in the interposed cerebellar nucleus, 

which showed significantly higher [18F]FDG uptake in the ON condition. In the OFF condition, glucose uptake 

of the seed negatively correlated with that of ipsilateral motor and somatosensory cortices and CPu, while 

positively correlating with that of bilateral hippocampus. Under STN DBS, correlations to cingulate cortex, 

CPu, and hippocampus disappeared, and positive correlations to several contralateral thalamic nuclei 

emerged. The cerebellum and the basal ganglia are subcortical structures crucial for numerous motoric 
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functions. The interposed cerebellar nucleus in particular has been shown to be involved, among other motor 

aspects, in the coordination of limb movements (382). Therefore, both cerebellum and basal ganglia 

communicate with cortical areas via separate thalamo-cortical loops and olivo-cortico nuclear circuits, 

respectively (382–384). However, there are also bisynaptic connections from cerebellum to basal ganglia 

(striatum/CPu), and from basal ganglia (STN) to cerebellar cortex that are independent of the cortex 

(385,386). Additionally, cerebellum and hippocampus have been shown to share bidirectional functional 

connections involved in spatial navigation (387). Hence, in the pathological state of the 6-OHDA lesioned 

brain, all possible networks, i.e. cerebello-cortical, cerebello-basal ganglia, and cerebello-hippocampal 

networks, may have been recruited to support normal motor functioning. Stimulation of the STN could then 

have reduced this compensatory recruitment of hippocampus and CPu through its bisynaptic input to the 

cerebellum indicated by an additional positive correlation to the cerebellar cortex (crus one of the ansiform 

lobule). The seed could have instead increasingly communicated with the ipsilesional cortex via thalamic 

relays like ventral posterior thalamic nucleus (388).  

In conclusion, seed based network analysis is a strong tool to investigate brain network changes in the healthy 

and diseased state and the impact of therapeutic interventions. However, data concerning the network 

changes in PD and their modulation by (STN) DBS and other therapies are still scarce. Hence, the 

reproducibility and, therefore, reliability of the findings of this study need to be confirmed in future studies. 

Additionally, more specific functional PET studies correlating network activities with behavioural findings are 

needed to analyse the true nature of these network changes and distinguish pathological from compensatory 

phenomena.   
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CHAPTER THREE: Comparing the effects of DBS of the subthalamic 

nucleus and systemic L-DOPA treatment on brain (network) activity 

and motor performance in hemiparkinsonian rats 

A. Introduction 

L-DOPA and its chemical structure were isolated and established in the early 20th century (389,390). The 

discovery of AADC about 15 years later then identified it as a precursor of DA, giving the two a (rather small) 

role in the biosynthetic way of catecholamines in the body (391).  Found to exist in the human brain in 1957, 

the excitatory central effects of L-DOPA were soon attributed to DA as its active metabolite (392,393). The 

major localisation of DA in the striatum then led to the assumption of its involvement in motor function and 

PD (394,395). And indeed, Ehringer and Hornykiewicz (1960) found striatal DA levels to be significantly 

decreased in PD patients (396). Since then, research has successfully focused on the potential of L-DOPA to 

enhance striatal dopaminergic transmission as a pharmacological “dopamine replacement therapy” (397–

399). It has been shown to alleviate all cardinal symptoms of the disease for several years and is still 

considered as the gold standard therapy to date (163,398).  

However, chronic L-DOPA treatment does not come without challenges. After four to six years, about 40 % of 

PD patients suffer from L-DOPA-induced dyskinesia and motor fluctuations (400). While dyskinesia comprises 

different forms of abnormal involuntary movements (401), motor fluctuations describe the reduced duration 

of action of L-DOPA (wearing off phenomenon) as well as unpredictable, sudden changes in response to the 

drug irrespective of medication timing (ON-OFF phenomenon) (402,403). As dosing of L-DOPA needs to be 

increased with the progression of PD to have the same positive effect on symptoms, the biggest challenge with 

time is to find the dosage delivering the best compromise between anti-parkinsonian effect and dyskinesia 

(171,404).  

Several attempts have been made to prolong the action of each L-DOPA dose to stabilise plasma concentrations 

and minimise OFF phases. For example, L-DOPA is mostly given in combination with peripheral AADC 

inhibitors like carbidopa or benserazide (405,406), COMT inhibitors like entacapone or tolcapone (407,408), 

or MAOB inhibitors like rasagiline or selegiline (409,410) to maximise brain L-DOPA levels. Since continuous 

administration of L-DOPA was found to be superior to the intermittent oral dosing the development of 

controlled release formulations tried to eliminate the problem of instable L-DOPA plasma levels, with 

moderate success (411–413). Intraintestinal or intravenous pumps target the same outcome by steadily 

releasing L-DOPA (414–416). However, not only dosage, formulation, or route of administration are 

responsible for the problems arising from chronic L-DOPA treatment. The drug itself is far more than a 

precursor for DA. It might, for instance, interact with compensatory mechanisms within the nigro-striatal 

pathway that change over time, or potentially cause the death of dopaminergic neurons by converting into the 

excitotoxin 2,4,5-trihydroxyphenylalanine quinone (342,417,418). 

Interestingly, besides the involvement of dopaminergic depletion in the pathology of PD, the serotonergic 

system has also been shown to play a role in non-motor symptoms and treatment-related complications (419). 

For example, studies suggest that DA release by serotonergic neurons is associated with L-DOPA- and cell 

graft-induced dyskinesia (420,421). Consistently, studies found that serotonergic neurons are able to convert 

exogenously administered L-DOPA into DA via AADC (422), and that L-DOPA induces ectopic DA release in 

brain regions innervated by serotonergic neurons like striatum, hippocampus, or SN (423). Noteworthy, 

serotonergic neurons increase DA levels predominantly in the extracellular space (422). Consequently, future 
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therapies addressing the serotonergic system could yield a remedy for side effects resulting from long-term 

L-DOPA administration. 

DBS of the STN allows for the reduction of dopaminergic medication and is therefore also able to reduce motor 

complications associated with chronic L-DOPA treatment while improving symptoms of PD 

(215,291,323,424). Nevertheless, the exact commonalities and differences as well as the interplay of the two 

forms of therapy are not fully understood today (425,426). While there are many imaging studies looking at 

the effects of L-DOPA and DBS on brain glucose metabolism individually, the exact differences and especially 

combined effects have not been investigated sufficiently (97,133,135,136,427). Hence, the current study 

aimed at investigating the effects of single doses of L-DOPA and STN DBS separately and in combination on 

behaviour, brain glucose metabolism, and network activity in the rat 6-OHDA model of PD using functional 

[18F]FDG PET imaging. 

 

B. Material and Methods 

B.a Animals 

The same eight rats as in CHAPTER TWO were used in this study. They were housed in groups of two to four 

in individually ventilated cages. Rodent chow and water were given ad libitum. The day-night-cycle was 

reversed with lights on at 8:30 pm, the ambient temperature was 22 ± 1 °C and relative humidity set at 55 ± 5 

%. 

All eight rats received unilateral 6-OHDA lesions in the medial forebrain bundle and ipsilesional DBS electrode 

implantation as described in CHAPTERS ONE and TWO. After sufficient recovery, OFF testing, and testing 

following a single dose of L-DOPA, stimulation was turned on for the tests under STN DBS and the combination 

of DBS and L-DOPA. Stimulation then lasted until the end of experiments with the exception of one day on 

which [18F]FDG PET imaging took place under L-DOPA only. A schematic overview of all experiments can be 

seen in Figure 15.  

 

 

Fig. 15 Timeline of surgeries, tests and treatments. Before any intervention, naïve animals were tested in the cylinder for baseline values. 

Then, two days of surgeries followed in which the medial forebrain bundle was lesioned unilaterally with 6-OHDA and electrode and 

stimulator were implanted. Before any treatment started, animals were then tested in the OFF condition in cylinder and measured with 

[18F]FDG PET. The cylinder test was then performed following a single dose of L-DOPA before STN DBS was turned on. Approx. one day 

later, the cylinder test was then conducted under DBS alone and, on a different day, after a single dose of L-DOPA while DBS was still on. 

The [18F]FDG PET followed before stimulation was then turned off for one day to measure [18F]FDG PET after a single dose of L-DOPA 

only. After that, DBS was turned back on one a last time for [18F]FDG PET under DBS and after a single dose of L-DOPA. Stimulation was 

then turned off and [18F]FDOPA PET scans were conducted two to three months post surgeries. Experiments were performed on different 

days. Green syringe = i.p. L-DOPA injection, flash = DBS is turned on, cancelled flash = DBS is turned off. Timeline is schematic and spaces 

between procedures are not true to scale. 
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All experiments were executed in the dark (active) phase of the rats at roughly the same time each day to 

avoid changes caused by their circadian rhythm. Experiments were carried out in accordance with the EU 

directive 2010/63/EU for animal experiments and the German Animal Welfare Act (TierSchG, 2006) and were 

approved by regional authorities (LANUV NRW; application number 84-02.04.2012.A304). 

B.b Stimulation System and Surgical Procedures 

Stimulation system and surgical procedures of this study corresponded to those used and practised in 

CHAPTER TWO. In short, in a first surgery, the medial forebrain bundle (-4.4 mm posterior, ±1.2 mm lateral) 

was lesioned with 14 µg of 6-OHDA free base (21 µg of 6-Hydroxydopamine hydrobromide containing 

ascorbic acid as stabiliser, Sigma Aldrich®, St. Louis, USA) in 3 µl of NaCl, and the guide cannula for the 

stimulation electrode was implanted (-3.6 mm posterior, ±2.8 mm lateral). In a second surgery, the concentric 

bipolar platinum/iridium electrode (Science Products GmbH, Hofheim, Germany) was inserted into the 

catheter until reaching the STN and connected to the stimulation system (Medtronic) reinforced with silicone 

tubing and sterile medical adhesive silicone type A (Silastic®, Dow Corning Corp., Midland, MI, USA), that was 

implanted subcutaneously on the rats’ backs. The side of the lesion for each animal, and therefore the DBS 

electrode, was randomised between animals. 

B.c Treatment Regimes 

Animals received three different treatments: L-DOPA alone, STN DBS alone, and a combination of the two. 

Cylinder test as well as [18F]FDG PET imaging were performed under all three conditions. 

B.c.a Deep Brain Stimulation 

Stimulation was turned on after animals had recovered sufficiently, in this case six to eleven days after 

surgeries, and at least a day before the first test in the ON stimulation condition. Rats were then stimulated 

until after the last [18F]FDG PET scan. Stimulation settings were the same as in CHAPTERS ONE and TWO, i.e. 

a pulse width of 60 µs and a frequency of 130 Hz. The amplitude was initially set at 30 µA for all rats. It was 

then increased in steps of 5 µA until side effects occurred. The final amplitude was then 80 % of the side effect 

evoking amplitude. Final amplitudes varied from 125 – 220 µA. 

B.c.b L-DOPA Injections 

Rats received intraperitoneal injections of L-DOPA (Sigma Aldrich, St. Louis, USA) in combination with 

15 mg/kg of the peripheral decarboxylase inhibitor benserazide hydrochloride (Sigma Aldrich, St. Louis, USA) 

one hour before experiments started. Before PET imaging, the L-DOPA+benserazide mix was injected at the 

same time as [18F]FDG. Dosages varied between PET and behavioural testing. Before PET imaging, animals 

were injected with 25 mg/kg L-DOPA adapted from Trugman et al. (1996), while the dose before behavioural 

tests was 5 mg/kg as was determined through pre-tests (428).  

B.d Cylinder Test 

To investigate the effectiveness of both treatment options on a behavioural level, all rats performed the 

cylinder test. It serves as an indicator of unilateral front paw impairment as caused by, for example, unilateral 

6-OHDA lesions.  

All animals underwent a baseline test before any surgical intervention (PRE) and one test in the OFF condition 

after surgeries and a recovery period of at least four days but before onset of therapy (OFF). The L-DOPA test 

then started 60 min after the injection of 5 mg/kg L-DOPA and 15 mg/kg benserazide (L-DOPA). The DBS test 
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took place a day after STN DBS onset (DBS), and the DBS/ L-DOPA test 60 min after the injection of L-DOPA 

and benserazide while DBS was ON (DBS+ L-DOPA). All tests were conducted on different days. 

B.e Positron Emission Tomography 

PET-scans took place in the same small-animal-PET scanner used in CHAPTERS ONE and TWO (Siemens Focus 

200, Berlin, Germany). Animals underwent five PET scans: One [18F]FDG scan after surgeries but without any 

treatment (PRE), one [18F]FDG scan each, 60 min after tracer and L-DOPA+benserazide injection (L-DOPA) 

and a day after DBS onset (DBS), a last [18F]FDG scan 60 min after tracer and L-DOPA+benserazide injection 

while DBS was still ON (DBS+L-DOPA), and one [18F]FDOPA scan to verify striatal dopaminergic lesions at 

least five weeks after surgeries. [18F]FDG was injected 60 min before each scan so that [18F]FDG uptake 

occurred simultaneously to L-DOPA uptake and/or while DBS was ON. Rats were only scanned once per day, 

i.e. different conditions were measured on different days. Heart rate was monitored during each scan and body 

temperature kept at 37 °C using a warm air system integrated in the animal holder (Medres® Medical 

Research GmbH, Cologne, Germany). 

B.e.a [18F]FDG PET 

For the PET scans in this study, animals received i.p. injections of 69.93 ± 12.88 MBq of [18F]FDG in 

approximately 0.5 ml saline under brief anaesthesia (see CHAPTER ONE). Tracer uptake then occurred under 

active DBS and/or simultaneously to L-DOPA uptake in the awake and freely moving animal for 60 min before 

start of a 30 min emission scan. The last animal on each PET day also underwent a 10 min transmission scan 

for later attenuation correction as mentioned in CHAPTERS ONE and TWO. Blood glucose levels were 

measured at the end of each scan. 

B.e.b [18F]FDOPA PET 

Rats were briefly anaesthetised and received an i.p. injection of 15 mg/kg benserazide hydrochloride (Sigma 

Aldrich, St. Louis, USA). Sixty minutes later and again under anaesthesia, animals were then given 73.13 ± 3.23 

MBq [18F]FDOPA in 0.5 ml saline via a catheter in the lateral tail vein. After 30 min back in the home cage, 

animals were anaesthetised again and 30 min emission scans started.  

B.f Statistical Analysis 

B.f.a Behaviour 

As in CHAPTERS ONE and TWO, the percentage of CF and IF use was calculated from all wall touches recorded 

during the cylinder tests. After arcus-sinus transformation, significant (p ≤ 0.05) deviations from a 50 % usage 

of CF and IF during PRE, OFF, L-DOPA, DBS and DBS+L-DOPA were analysed with the software Graphpad Prism 

version 8 for macOS using one-sample t-tests and a theoretical mean of 0.5. 

B.f.b [18F]FDG PET 

Images were summed (60 – 90 min p.i.), full 3D-rebinned and reconstructed as mentioned earlier (see 2.8.2). 

Manual coregistration to the Swanson rat brain Atlas (313) and all further analyses were done using the 

software VINCI (312). SUVRwb was obtained by normalising the intensity to the cerebral global mean (SUVRwb 

= individual voxel value divided by mean value of the whole brain). To have lesion and electrode always 

displayed on the left, images of animals with interventions on the right were flipped. Voxel-wise comparisons 

of [18F]FDG uptake using a paired t-test followed by a TFCE procedure with subsequent permutation testing 
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(314) were executed between DBS and OFF, L-DOPA and OFF, and DBS+L-DOPA and OFF. This resulted in t-

maps corrected for multiple testing (thresholded at p = 0.05). As TFCE values are random, like in CHAPTERS 

ONE and TWO, colour bars of TFCE maps are labelled with the original t-values, marked as tTFCE. 

To point out potential variability in effects of the different treatments on brain networks, seed-based 

metabolic analyses (138,329) were calculated separately for the different treatment (DBS, L-DOPA, DBS+ 

L-DOPA) and OFF conditions. Two seed regions of four voxels each were chosen according to a recent paper 

(138), namely one in the ventral ipsilesional CPu and one in the dorsal contralesional CPu. Again, PET images 

were correlated voxel-wise with the mean SUVRwb of each seed using the Pearson correlation test to identify 

connected brain regions. Displayed t-maps showing significant R-values were TFCE-corrected as mentioned 

earlier. 

B.f.c [18F]FDOPA PET 

Since in this study the same animals were used as in CHAPTER TWO, the procedures to illustrate and verify 

the dopaminergic lesion can be read in II.vi.iii. In short, VOIs were drawn for medial and lateral striatum and 

ipsi- and contralesional mean SUVRs were compared using a paired t-test. Results were considered significant 

when p ≤ 0.05.  

 

C. Results 

Only the data of seven animals were included in behavioural and PET ([18F]FDG and [18F]FDOPA) image 

evaluation as one animal showed profound cerebral inflammation in the lesioned hemisphere and had 

therefore to be excluded to prevent tampering of results.  

C.a Dopaminergic Lesion and Electrode Placement 

A profound dopaminergic lesion could be confirmed by a paired t-test comparing ipsi- and contralesional 

[18F]FDOPA uptake in medial and lateral striatum (p = 0.0002) (see III.i and Fig. 10 A). All electrode tips were 

proven to be located in the STN by interoperative MRI (Fig. 10 B).  

C.b Effects of DBS and L-DOPA on Behaviour 

The data of seven of the twelve rats were used to analyse paw use under the five different treatment 

conditions, namely PRE, OFF, L-DOPA, DBS, and DBS+L-DOPA. Data exhibited high standard deviations as a 

result of the rats’ differing quality of response to the various treatment conditions. For example, three rats did 

not present any wall touches under L-DOPA, DBS, and/or DBS+L-DOPA treatment during the ten-minute tests. 

Hence, percentages of CF and IF do not always add up to 100 % and one-sample t-tests against the theoretical 

mean of 0.5 were calculated for CF and IF to get a clear picture of the relation between the two paws. 

During the baseline test ahead of any surgical interventions, rats used both paws nearly equally, i.e. the 

prospective contralesional, affected front paw was used in 54.35 % and the future ipsilesional, healthy front 

paw in 45.65 % of all wall touches (Fig. 16). The one-sample t-tests against a theoretical mean of 0.5, i.e. 50 % 

usage of a paw, revealed significant deviations of CF and IF from that mean in the OFF (pCF < 0.0001; meanCF 

= 0.038; pIF = 0.0193; meanIF = 1.197) and the DBS condition (pCF < 0.0001; meanCF = 0.018; pIF = 0.0143; 

meanIF = 1.24), but not during PRE, L-DOPA, or DBS+L-DOPA (Fig. 16). In other words, 6-OHDA lesions strongly 

reduced CF (3.79 %) and increased IF use (81.92 %) during OFF when compared to PRE, and this state was 

not changed by STN DBS (CF = 1.94 %; IF = 83.77 %). Intraperitoneal injections of 5 mg/kg L-DOPA reversed 

the 6-OHDA-induced change in paw use. Animals now used CF in nearly 50 % of all wall touches (43.45 %) 
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again, but IF use was reduced below PRE levels (13.69 %). Only L-DOPA in combination with STN DBS lead to 

a near normalisation of paw use compared to PRE levels, i.e. a usage of CF in 47.57 % and IF in 38.14 % of all 

wall touches.  

 

 

Fig. 16 Cylinder test. Percentage of wall touches with the contralesional, affected front paw (CF) and the ipsilesional healthy front paw 

(IF) during a 10-min cylinder test (n = 7) before surgery (PRE), after surgery but before treatment onset (OFF), after 5 mg/kg L-DOPA 

(L-DOPA), under STN DBS (DBS), and after a combination of the two (DBS+L-DOPA). There was a significant deviation from a 50 % use 

in wall touches of CF and IF after 6-OHDA lesion (OFF), which could not be recovered under DBS, but after L-DOPA injection and a 

combination of L-DOPA and DBS. Asterisks indicate significant deviations from a theoretical mean of 0.5 (50 % usage, red line). Values 

do not always add up to 100 % because three animals used neither paw in some conditions. 

C.c Effects of DBS and L-DOPA on Cerebral [18F]FDG Uptake 

DBS and L-DOPA had different effects on brain glucose metabolism, while the combination of the two 

treatments caused a metabolic picture containing features of both treatments alone (Fig. 17). Intraperitoneal 

injections of 25 mg/kg of L-DOPA administered at the same time as the tracer caused mainly contralesional 

increases of [18F]FDG uptake, namely in somatosensory and motor cortices, thalamus, parietal cortices, lateral 

periaqueductal grey, anterior pretectal nucleus, second cerebellar lobule, peritrigeminal zone and 

paraflocculus when compared to the OFF condition (Fig. 17 A). Ipsilesional increases in tracer uptake could 

just be observed in postsubiculum and central inferior colliculus. Superior colliculus, reticulotegmental 

nucleus, crus one of the cerebellar ansiform lobule, fifth and sixth cerebellar lobule and gigantocellular 

reticular nucleus expressed an increased glucose consumption in both hemispheres. 

Decreases in glucose metabolism under L-DOPA compared to OFF were more widespread.  They were found 

in ipsilesional primary and secondary somatosensory, insular, and temporal association cortex. 

Contralesional decreases in tracer uptake were present in preoptic area, amygdalopiriform transition area, 

inferior colliculus, microcellular tegmental nucleus, and perirhinal cortex. Caudate putamen, amygdala, 

hypothalamus, and ecto- and endorhinal cortex showed decreases in glucose consumption bilaterally. 
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Fig. 17 Effects of systemic L-DOPA and acute STN DBS on cerebral glucose metabolism. Subtractive t-maps (p < 0.05, TFCE-corrected) 

projected onto an MRI template displaying the [18F]FDG uptake difference between A L-DOPA and OFF, B DBS additive to L-DOPA and 

OFF, and C DBS and OFF in 6-OHDA rats (n = 7). Red voxels indicate that [18F]FDG accumulation was significantly higher during L-DOPA 

or DBS, while blue voxels indicate a significantly higher [18F]FDG uptake during OFF conditions., Abbreviations: 2Cb = 2nd cerebellar 

lobule,  3/4Cb = 3rd and 4th cerebellar lobule, 5Cb = 5th cerebellar lobule, 6Cb = 6th cerebellar lobule, Amy = amygdala, APir = 

amygdalopiriform transition area, APT = anterior pretectal nucleus, Au = auditory cortex, CIC = central nucleus of inferior colliculus, 

CG= cingulate cortex, CPu = caudate putamen, Crus1 = crus one of the ansiform lobule, DEn = dorsal endopiriform cortex, DeMe = deep 

mesencephalic nucleus, Ect = ectorhinal cortex, EnC = entorhinal cortex, Gi = gigantocellular reticular nucleus, Hip = hippocampus, Hyp 

= hypothalamus, IC = insular cortex, InfC = inferior colliculus, Int = interposed cerebellar nucleus, LPAG = lateral periaqueductal grey, 

M1/2 = primary/secondary motor cortex, MiTg = microcellular tegmental nucleus, PaS = parasubiculum, PDR = postdorsal raphe 

nucleus, Pfl = paraflocculus, PnC = caudal pontine reticular nucleus, POA = preoptic area, PoS = postsubiculum, PRh = perirhinal cortex, 

PrS = presubiculum, PtA = parietal association cortex, PtP = posterior parietal cortex, PZ = peritrigeminal zone, RSD = retrosplenial 

dysgranular cortex, RSG = retrosplenial granular cortex, Rt = reticular nucleus, RtTg = reticulotegmental nucleus, S1/2 = 

primary/secondary somatosensory cortex, SC = superior colliculus, SN = substantia nigra, Sp = spinal trigeminal nucleus, Tg = tegmental 

nucleus, TeA = temporal association cortex, Tha = thalamus, V1/2 = primary/secondary visual cortex, VP = ventral pallidum. PET images 

of animals implanted in the right hemisphere were flipped so that all stimulation sites are shown on the left. Colour bars of TFCE maps 

are labelled with the original suprathreshold t-values. Numbers indicate rostrocaudal coordinates in mm distance to Bregma. 

 

As already explicated in CHAPTER TWO, acute STN DBS caused bilateral increases of [18F]FDG uptake in 

cingulate cortex, prelimbic and somatosensory cortices. Ipsilesionally, tracer uptake increased significantly in 

dorsal endopiriform cortex, and crus two of the ansiform cerebellar lobule. In the contralesional hemisphere, 

motor cortices, thalamus, CPu, parietal association cortex, secondary visual cortex, superior colliculus and 

hippocampus exhibited increased glucose consumption under STN DBS (Fig. 17 C).  

Ipsilesional ventral pallidum, primary somatosensory cortex, amygdala, subbrachial nucleus and pre- and 

parasubiculum showed significantly decreased glucose metabolism, as well as contralesional medial 

geniculate nucleus, microcellular tegmental nucleus, inferior colliculus, reticular nucleus and spinal trigeminal 

nucleus. Bilateral decreases were found in hypothalamus, entorhinal cortex, and SN under STN DBS compared 

to OFF. 

The combination of 25 mg/kg L-DOPA and STN stimulation evoked some of the metabolic effects seen with 

sole L-DOPA treatment, some that were seen under STN DBS, some of these effects were altered, and some 

changes appeared that could not be attributed to either treatment alone (Fig. 17 B). As seen under L-DOPA 

treatment alone, the simultaneous administration of L-DOPA and DBS lead to an increase of [18F]FDG uptake 

in ipsilesional central nucleus of the inferior colliculus, in contralesional somatosensory and auditory cortices, 

lateral periaqueductal grey, and paraflocculus, and in bilateral reticulotegmental nucleus, crus one of the 

ansiform cerebellar lobule, fifth and sixth cerebellar lobule, and gigantocellular reticular nucleus. In 
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accordance with the effects of STN DBS and L-DOPA alone, contralesional primary motor cortex (M1) and 

thalamus also show increased tracer uptake under the simultaneous administration. Additional significant 

increases in glucose metabolism were found in ipsilesional tegmental nucleus and superior colliculus that 

showed bilateral increases under L-DOPA alone. Furthermore, increases occurred in contralesional caudal 

pontine reticular nucleus, and bilateral primary visual cortex, postdorsal raphe nucleus, as well as second 

cerebellar lobule and crus one of the cerebellar ansiform lobule, which showed increases only contra- and 

ipsilesionally, respectively, in solely L-DOPA and DBS treated animals. 

Significant decreases in glucose metabolism under DBS+L-DOPA showed less commonalities with the two 

treatments alone. Ipsilesional decreases were found in motor, parietal, and visual cortices, as well as deep 

mesencephalic nucleus. In accordance with both treatments alone and DBS alone, respectively, ipsilesional 

primary somatosensory cortex (both) and parasubiculum (DBS) also exhibited decreased tracer uptake. 

Contrary to the bilateral decreases of glucose consumption seen in SN and entorhinal cortex under DBS, the 

combined treatment evoked decreases of [18F]FDG uptake only ipsilesionally. Similarly, L-DOPA alone induced 

bilateral decreases in ento- and ectorhinal cortices, while DBS+L-DOPA caused reductions only ipsilesionally. 

The contralesional decrease of glucose metabolism in ventral pallidum, hypothalamus, and amygdala found 

with DBS+L-DOPA are in contrast to the ipsilesional (ventral pallidum, amygdala) and bilateral 

(hypothalamus) decreases found under DBS alone. Similarly, the combined treatment caused decreased tracer 

uptake in contralateral insular and secondary somatosensory cortices, while L-DOPA alone evoked ipsilesional 

decreases of glucose metabolism. Bilateral decreases of tracer uptake could be found in hippocampus and 

retrosplenial dysgranular and granular cortices under DBS+L-DOPA. As seen with L-DOPA alone, but contrary 

to DBS alone, the combined treatment also caused bilateral decreases in the CPu. Lastly, while DBS alone 

caused bilateral increases in glucose consumption of the cingulate cortex, a combination of DBS and L-DOPA 

evoked bilateral decreases in that area. 

C.d Effects of DBS and L-DOPA on Brain Networks 

To further analyse the effects of the different treatments on brain network activity seed-based metabolic 

correlation analyses were conducted for two seeds of four voxels each, one in the ipsilesional ventral and one 

in the contralesional dorsal CPu, according to a previous study (138).  

Ipsilesional Striatum Seed 

During OFF, [18F]FDG uptake of the seed placed in the ipsilesional affected ventral striatum only moderately 

correlated positively with the striatal tissue in its immediate vicinity (Fig. 18 A, top row). The only other 

positive correlations were found between glucose metabolism of the seed and that of bilateral prelimbic 

cortex and ipsilateral secondary motor cortex. Negative correlations existed between tracer uptake of the seed 

and that of ipsilateral ventral tegmental area (VTA), dorsal nucleus of the lateral lemniscus, dorsomedial 

tegmental area, spinal trigeminal nucleus, and spinal vestibular nucleus (latter two not shown). 

Intraperitoneal administration of 25 mg/kg L-DOPA injected concurrently to the tracer increased the positive 

correlation between glucose consumption of the seed and that of its surrounding striatal tissue (Fig. 18 A, 

second row). Tracer uptake of ipsilateral M1, cingulate cortex, amygdala, contralateral periaqueductal grey, 

and bilateral GPe, thalamus, and ventral periaqueductal grey also correlated positively with that of the seed 

under L-DOPA. Negative correlations could only be observed contralaterally to the seed, i.e. in cingulate cortex, 

hippocampus, substantia nigra, ventral lateral geniculate nucleus, superior colliculus, microcellular tegmental 

nucleus, pedunculopontine tegmental nucleus (PPTg), VTA, A7 noradrenaline cells, caudomedial entorhinal 

cortex, lateral parabrachial nucleus, ventral nucleus of the lateral lemniscus, and facial nucleus (latter not 

shown). 
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Fig. 18 Striatal (CPu) connectivity is affected differently by L-DOPA, STN DBS, and a combination of the two. t-maps showing significant 

correlation (R-)values of Pearson correlation analyses performed between each seed region (green squares) and all other voxels of the 

brain projected onto an MRI template, n = 7. Seeds were placed in the A ipsilesional ventral and B contralesional dorsal CPu. Red voxels 

indicate positive correlations, while blue voxels indicate negative correlations. Abbreviations: 3Cb/4Cb/5Cb/6Cb = 3rd/4th/5th/6th 

cerebellar lobule, A7 = A7 noradrenaline cells, ACo = anterior cortical amygdaloid nucleus, Amy = amygdala, AOM = medial anterior 

olfactory nucleus, CEnt = caudomedial entorhinal cortex, CG= cingulate cortex, CPu = caudate putamen, Crus1/2 = crus one/two of the 

ansiform lobule, DCDp = deep core of the dorsal cochlear nucleus, DEn = dorsal endopiriform cortex, DLL = dorsal nucleus of the lateral 

lemniscus, DMTg = dorsomedial tegmental area, DS = dorsal subiculum, Ect = ectorhinal cortex, EnC = entorhinal cortex, FN = facial 

nucleus, GPe = globus pallidus externus, Hip = hippocampus, IC = insular cortex, IntP = posterior interposed cerebellar nucleus, IEn = 

intermediate endopiriform nucleus, Lat = lateral cerebellar nucleus, LEnt = lateral entorhinal cortex, LP = lateral parabrachial nucleus, 

LPGiA = lateral paragigantocellular nucleus alpha part, LPO = lateral preoptic area, LSD = dorsal lateral septal nucleus, M1/2 = 

primary/secondary motor cortex, Med = medial cerebellar nucleus, MiTg = microcellular tegmental nucleus, MnPO = median preoptic 

nucleus, MS = medial septal nucleus, MVePC = parvicellular medial vestibular nucleus, MVPO = medioventral periolivary nucleus, Nac = 

nucleus accumbens, PAG = periaqueductal grey, Pfl = paraflocculus, Pir = piriform cortex, PnO = oral pontine reticular nucleus, PPTg = 

pedunculopontine tegmental nucleus, PRh = perirhinal cortex, PrL = prelimbic cortex, Rad = radiatum layer, RMg = raphe magnus 

nucleus, RSD = retrosplenial dysgranular cortex, RSG = retrosplenial granular cortex, Rt = reticular nucleus, S1/2 = primary/secondary 

somatosensory cortex, SC = superior colliculus, SN = substantia nigra, Sp = spinal trigeminal nucleus, SpVe = spinal vestibular nucleus, 

TeA = temporal association cortex, Tha = thalamus, V1/2 = primary/secondary visual cortex, VLG = ventral lateral geniculate nucleus, 

VLL = ventral nucleus of the lateral lemniscus, VLPAG = ventrolateral periaqueductal grey, VS = ventral subiculum, VTA = ventral 

tegmental area. PET images of animals implanted in the right hemisphere were flipped so that all stimulation sites are shown on the 

left. Colour bars of TFCE maps are labelled with the original suprathreshold t-values. Numbers indicate rostrocaudal coordinates in mm 

distance to Bregma. 
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Acute stimulation of the STN shared some, but not all effects of L-DOPA on striatal connectivity (Fig. 18 A, third 

row). The positive correlation between [18F]FDG uptake of the seed and that of the surrounding striatal tissue 

was even more pronounced under STN DBS and also extended to more dorsal parts of the ipsilesional CPu. 

Similarly to L-DOPA, STN DBS also evoked positive correlations between tracer uptake of ipsilateral amygdala 

and bilateral thalamus and that of the seed, while that of the GPe only correlated positively in the ipsilateral 

hemisphere. Additional positive correlations occurred in ipsilateral BNST, dorsal subiculum, contralateral 

dorsomedial tegmental area, and medioventral periolivary nucleus. Different to the picture seen with L-DOPA, 

where negative correlations only occurred contralaterally, stimulation of the STN caused negative 

correlations in both hemispheres. Glucose metabolism of ipsilateral insular cortex, dorsal lateral septal 

nucleus, primary somatosensory and visual cortex, crus one of the ansiform cerebellar lobule, and third and 

sixth cerebellar lobule (latter three not shown), as well as contralateral medial anterior olfactory nucleus, 

cingulate cortex, and retrosplenial granular and dysgranular cortex correlated negatively with that of the seed.  

The combination of STN DBS and L-DOPA had the most prominent effects on network activity (Fig. 18 A, 

bottom row). [18F]FDG uptake of ipsilateral prelimbic cortex, GPe, posterior interposed cerebellar nucleus, 

lateral entorhinal cortex, and radiatum layer positively correlated with that of the ipsilesional seed. Positive 

correlations were also found between glucose consumption of the seed and that of large areas of the complete 

ipsilateral as well as ventral contralateral CPu and bilateral amygdala, while contralaterally, tracer uptake of 

BNST, temporal association cortex, and ectorhinal cortex correlated positively with that of the seed. The 

combination of DBS and L-DOPA lead to negative correlations between glucose metabolism of the seed and 

that of ipsilateral ventral nucleus of the lateral lemniscus, contralateral reticular nucleus, VTA, dorsal 

subiculum, oral pontine reticular nucleus, paraflocculus (not shown), and bilateral hippocampus and second 

cerebellar lobule (not shown). 

Contralesional Striatum Seed 

The second seed was placed in the contralesional, healthy dorsal CPu. In the OFF condition, its [18F]FDG uptake 

correlated positively with that of the contralateral CPu as well as well as slightly with that of striatal tissue 

directly surrounding the seed, comparable to the ipsilesional seed in the OFF condition (Fig. 18 B, top row). 

Other bilateral positive correlations could be observed for primary and secondary motor and primary 

somatosensory cortex. Tracer uptake of ipsilateral amygdala and contralateral cingulate cortex and insular 

cortex also positively correlated with that of the seed. Glucose metabolism of ipsilateral VTA, lateral cerebellar 

nucleus, parvicellular medial vestibular nucleus, and bilateral superior colliculus correlated negatively with 

that of the contralesional seed during OFF. 

L-DOPA treatment had different effects on network activity of the contralesional striatal seed compared to its 

ipsilesional counterpart (Fig. 18 B, second row). All correlations found in this condition were ipsilateral to the 

seed. Positive correlations existed between [18F]FDG uptake of the seed and that of larger areas of surrounding 

striatal tissue, Nac, M1, and lateral preoptic area. Negative correlations were found between tracer uptake of 

the seed and that of ipsilateral primary and secondary somatosensory, insular, retrosplenial granular, 

ectorhinal, entorhinal, and perirhinal cortex, PPTg, crus one and two of the ansiform cerebellar lobule, deep 

core of the dorsal cochlear nucleus, and spinal trigeminal nucleus. 

During STN DBS, correlations with the seed could be seen in both hemispheres, i.e. either ipsilateral or 

bilateral (Fig. 18 B, third row). Glucose metabolism of ipsilateral primary and secondary motor cortex, striatal 

tissue surrounding the seed, and thalamus, as well as bilateral fourth and fifth cerebellar lobule correlated 

positively with that of the seed. Negative correlations could be observed between tracer uptake of the seed 

and that of ipsilateral BNST, intermediate endopiriform nucleus, anterior cortical amygdaloid nucleus, 

piriform and dorsal endopiriform cortex, and bilateral median preoptic nucleus. 
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Again, the most widespread network activity, including ipsi-, contra-, and bilateral brain areas, could be 

observed when L-DOPA injection and STN DBS were combined (Fig. 18 B, bottom row). Ipsilaterally, [18F]FDG 

uptake of M1, striatal tissue surrounding the seed, Nac, BNST, insular cortex, and amygdala correlated 

positively with that of the seed, contralaterally that of secondary visual and dorsal endopiriform cortex, and 

bilaterally that of medial septal nucleus. Negative correlations were present between glucose consumption of 

the seed and that of ipsilateral alpha part of the lateral paragigantocellular nucleus, crus two of the ansiform 

cerebellar lobule, contralateral hippocampus, parvicellular medial vestibular nucleus, central nucleus of 

inferior colliculus, and bilateral medial cerebellar nucleus, and raphe magnus nucleus. 

 

D. Discussion 

In the first two chapters of this work, a new, fully implantable stimulation system for rodents was established, 

and its applicability for DBS in hemiparkinsonian rats was tested. Thus, the effects of acute and chronic STN 

DBS on paw use, brain metabolic and network activity have been investigated. As a last step, this study ought 

to compare the effects seen with DBS to those evoked by acute doses of L-DOPA. To this end, in addition to 

STN DBS, animals received 5 mg/kg L-DOPA one hour before cylinder tests, and 25 mg/kg L-DOPA at the same 

time as [18F]FDG either alone, or in combination with DBS. Since the rats employed in this study were the same 

as in CHAPTER TWO, a significant unilateral reduction in striatal dopaminergic uptake was confirmed by 

[18F]FDOPA PET imaging as mentioned in III.i. The position of all electrode tips was also proven to be located 

in the STN as shown in III. and discussed in IV.  

On the behavioural level, animals used both front paws to a similar extent during PRE cylinder tests. During 

OFF, they showed a strong reduction of CF and an increase of IF use, manifested by the significant deviation 

from using each paw in 50 % of all wall touches, as expected. Intraperitoneal injections of 5 mg/kg L-DOPA (in 

combination with the peripheral decarboxylase inhibitor benserazide) were able to restore CF use to an extent 

that even exceeded IF usage in that condition. Similar results were obtained by Lundblad et al. (2004) in mice 

unilaterally lesioned with 6-OHDA in the MFB that received 6 mg/kg L-DOPA (429). Additionally, they found 

that not only the dosing of L-DOPA affects its efficacy, but also the site of 6-OHDA lesion. While a daily dose of 

2 mg/kg had no effect in hemiparkinsonian mice, 6 mg/kg improved cylinder test performance regardless of 

the site of lesion, but caused dyskinetic behaviours, including forelimb dyskinesia, only in MFB- but not in 

intrastriatally lesioned mice (429). An earlier study by Winkler and colleagues (2002) confirms these findings. 

They found the 6-OHDA rat model with lesions in the MFB to be more vulnerable to abnormal involuntary 

movements than that with intrastriatal lesions (430). Animals of the present study were lesioned in the MFB 

and cylinder tests were conducted within the time window known for peak severity of abnormal involuntary 

movements, i.e. 60 to 90 min post injection (429,430). Hence, it cannot be excluded that rats exhibited a certain 

degree of L-DOPA-induced involuntary dyskinetic CF movement that lead to the higher percentage of CF 

compared to IF use. On the other hand, similar to PD patients, animal models of PD typically develop L-DOPA-

induced dyskinesias under chronic treatment rather than after single doses (430–432). However, mice and 

rats can show a certain handedness (433,434), making it more likely that the preference for CF over IF after 

L-DOPA injections observed here is simply the result of paw preference. Especially as CF was already used 

slightly more often than IF during PRE tests. 

Similar to the results in CHAPTER TWO, acute STN DBS did not improve CF use which again showed a 

significant deviation from being used half of the time to support body weight while rearing against the cylinder 

wall under STN stimulation. Possible reasons for this were extensively discussed in IV. Interestingly, a 

combination of L-DOPA and STN DBS lead to the best results concerning equal use of both front paws. While 
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the percentage of CF use was comparable to that in the L-DOPA only condition, the percentage of IF use was 

increased, so that paw use resembled PRE levels. The exact interactions between STN DBS and L-DOPA 

treatment are not fully understood to date. Nutt and colleagues (2001) found that DBS does neither affect 

peak response nor duration of response to L-DOPA but rather reduces motor fluctuations by diminishing off 

drug disability in PD patients (426). This is likely due to the amplification of the L-DOPA-induced increase of 

striatal DA levels, as  STN DBS intensifies the responsiveness of striatal cells to L-DOPA (274,435). As animals 

of this study only received a single dose of L-DOPA leading up to the cylinder test, it is unlikely that they 

experienced motor fluctuations, which were improved by DBS. Hence, the equalisation of paw use has to have 

other reasons. In the unilaterally 6-OHDA lesioned rat, there is an ipsilesional decrease and contralesional 

increase of brain metabolism (154). Effective STN DBS is able to partly abolish this imbalance by augmenting 

brain activity in ipsilesional structures including the striatum, and decreasing it in contralesional ones leading 

to the increased use of CF at the cost of IF (137). Since the action of L-DOPA is pervasive and does not originate 

in one hemisphere as DBS does, it could counteract the DBS-induced contralesional metabolic reduction by 

activating striatal dopaminergic cells, thus leading to an additional activation of IF. However, STN DBS was, 

by itself, not effective in this study. It can therefore not be excluded that the positive effects seen under the 

combined treatment are, to a high degree, L-DOPA mediated. The additional small improvement of paw use 

could then be the result of an interplay between L-DOPA and untypical STN stimulation, which is probably not 

applicable for effective STN DBS. However, this theory needs to remain speculative until future imaging 

studies further broaden the understanding of the metabolic effects of STN DBS and L-DOPA in PD.  

To better understand the differences of and the interaction between L-DOPA and STN DBS, animals were 

measured with [18F]FDG PET one hour after simultaneous administration of tracer and 25 mg/kg L-DOPA , 

under acute STN DBS, and with a combination of the two treatments. Imaging studies in PD patients have 

detected the PDRP, a specific metabolic pattern that is characterised by activity increases in GPi, thalamus, 

pons, cerebellum, and sensorimotor cortex, and decreases in posterior parietal, supplementary, and premotor 

cortices (156,436,437). Treatment with L-DOPA attenuates this pattern by normalising metabolic activity of 

these brain areas (133,427,438). The unilateral 6-OHDA hemiparkinsonian rat has been shown to exhibit a 

metabolic imbalance manifested by contralesional hypermetabolism, especially in the CPu, and ipsilesional 

hypometabolism (131,137). This imbalance could be seen as the rat equivalent of the human PDRP. While 

many animal imaging studies investigate dopaminergic integrity, DA receptor occupation or function in 

models of PD (421,439,440), only very few studies engaged in brain glucose metabolism under different 

treatments so far. Studies looking at the dissociation of metabolic and hemodynamic responses to L-DOPA 

(also seen in PD patients) in 6-OHDA lesioned rats found that L-DOPA therapy causes further metabolic 

reductions in the ipsilesional basal ganglia in 6-OHDA lesioned rats (441), and increases in glucose 

metabolism of ipsilesional basal ganglia output nuclei, i.e. entopeduncular nucleus and SNr, respectively (442). 

A human study investigating the network modulatory effects of L-DOPA and STN DBS independently found 

that both treatments lead to metabolic reductions in putamen/globus pallidus, sensorimotor cortex and 

cerebellum (134). These findings could partly be replicated in this study, as profound reductions of [18F]FDG 

uptake were seen especially in ipsilateral CPu and sensorimotor cortex. Nevertheless, these results are also in 

contrast to the fact that the PDRP is weakened in PD patients after L-DOPA administration, whereas the 

metabolic imbalance induced by unilateral 6-OHDA lesion in hemiparkinsonian rats seems to be further 

strengthened by L-DOPA. The additional significant increase of glucose consumption in contralesional (motor 

and somatosensory) cortical and thalamic areas found in this study underline this assumption. The unilateral 

nature of the 6-OHDA animal model of PD could be responsible for the difference in metabolic response to L-

DOPA. The omnipresent effect of the drug could have lowered metabolism not only in the contralesional 
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striatum, as expected, but also in the already inactive ipsilesional one. Additionally, activity in the already 

overactive contralateral hemisphere was further enhanced as seen in the significant increase in contralesional 

cortical and thalamic activity. The vast bilateral activation of cerebellar, midbrain, and pontine structures 

could be a compensatory mechanism ultimately leading to the normalisation of CF use. In favour of this 

hypothesis is the fact that fMRI studies investigating the effects of L-DOPA on blood oxygenation level-

dependent signal changes in early-stage (hemiparkinsonian) patients have also produced confounding results 

concerning the activation or deactivation of M1 OFF and ON L-DOPA (438,443). Here, the difference in motor 

task employed and the duration of L-DOPA therapy (naïve vs. chronically treated) are additional potential 

causes for conflicting results. Hence, there is a great need for imaging studies elucidating the exact way in 

which L-DOPA influences the basal ganglia-thalamo-cortical network during rest and motor tasks.  

As mentioned in CHAPTER TWO, unfortunately acute STN DBS had no therapeutic effect on motor behaviour 

in this cohort of rats. The possible reasons are discussed extensively in IV. Accordingly, the metabolic picture 

seen with [18F]FDG PET did not show the expected ipsilesional increases and contralesional decreases of 

tracer uptake. Instead, similar to the effects seen with L-DOPA, contralesional cortical areas showed increases 

in glucose metabolism. Only chronic stimulation was able to counteract the metabolic imbalance by activating 

more ipsilesional and deactivating contralesional brain areas (see III.iii). Similarly, in this study the 

combination of L-DOPA and acute STN DBS, despite being sub-therapeutic, seemed to have an additional 

beneficial effect as this treatment lead to the best behavioural result. Compared to the L-DOPA only condition, 

the combined treatment resulted in less activation of contralesional cortical and thalamic areas, and additional 

decreases in ipsilesional motor cortex, while ipsilesional CPu and contralesional cerebellar structures showed 

slightly more activity. These findings agree with the combined results of Müller et al. (2018) and Berding and 

colleagues (2001). While the former found STN DBS to cause increased connectivity between bilateral motor 

cortices, thalamus, and cerebellum compared to L-DOPA treatment, the latter showed further reductions of 

glucose consumption in orbitofrontal cortex and thalamus after L-DOPA administration (133,265). Hence, STN 

DBS and L-DOPA in combination have an effect on networks that exceeds the simple combination of both 

treatments alone, probably also comprising entirely additive effects. In this case, L-DOPA might have also 

compensated for or improved the (partly) insufficient DBS. The sole reversion of pathological metabolic 

imbalances does therefore not seem to be sufficient to improve motor deficits. It is more likely that a complex 

recruitment of alternative networks depending on treatment strategy compensates pathology (444).  

For a better understanding of the differences in brain networks elicited by the two treatments, seed-based 

metabolic analyses were conducted with two seeds, one in the ipsi- and one in the contralesional CPu, for 

baseline and all three treatment conditions. In the healthy animal, basal ganglia, including striatum and Nac, 

of both hemispheres show a strong connectivity which is potentially mediated by cortical interhemispheric 

projections (138). During OFF, tracer uptake of the seed in the ventral ipsilesional CPu only slightly correlated 

positively with that of ipsilateral secondary motor and prelimbic cortex, while showing no connections to the 

contralateral CPu. This agrees with previous findings showing a reduction of the striatal interhemispheric 

connections after 6-OHDA lesions (138). These network impairments are likely due to a pathological 

modification of the firing rates of (motor) cortical pyramidal tract neurons projecting to the striatum, caused 

by dopaminergic loss (445,446).  

A similar picture was found for the seed in the dorsal contralesional, healthy CPu, although additional positive 

correlations were present for contralateral CPu, cingulate cortex, ipsilateral amygdala, and bilateral motor 

cortices, all belonging to the above mentioned basal ganglia-cortical functional network. Since the 

contralesional striatum does not suffer the direct physiological consequences of dopaminergic loss (447,448), 

its connectivity is less affected by the unilateral 6-OHDA lesion compared to the lesioned hemisphere. This 
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could explain the more intact connections seen between the seed in the contralesional striatum and bilateral 

motor cortices. The impairment of the striato-cortical motor network in the hemiparkinsonian rat agrees with 

a study by Hacker and team (2012) who also showed altered striatal correlations in PD patients (381).  

Injections of 25 mg/kg L-DOPA slightly expanded the basal ganglia network involving the ipsilesional seed. In 

addition to connections to the ipsilateral motor cortex, it showed stronger positive intrahemispheric striatal 

correlations as well as correlations to the cingulate cortex, amygdala, thalamus, bilateral GPe and contralateral 

dorsal hippocampus. This improvement of the cortico-striato-thalamo-cortical motor network elicited by L-

DOPA agrees with other studies that also found an L-DOPA-induced enhancement of the functional 

connectivity of motor networks in PD patients (449,450). The hippocampus is involved in spatial navigation 

and, therefore, in motor behaviour. Here, the contralateral hippocampus showed negative correlations to the 

ipsilesional striatal seed. It is known that the hippocampus connects to the striatum via the orbitofrontal 

cortex (375). However, the orbitofrontal cortex was not part of the network seen under L-DOPA treatment in 

this study. Alternatively, the hippocampus could be involved through its connections to the ipsilateral 

thalamus (374). The positive correlations between ipsilesional seed and contralateral thalamus favour this 

theory. Negative correlations were found between ipsilesional seed and contralateral SN as previously shown 

under STN DBS (138). Thus, the communication between ipsilesional striatum and contralesional SN, which 

could be mediated via the thalamus (365,451), seems to be a stable effect of parkinsonian therapy as it 

occurred with DBS as well as L-DOPA. Further negative correlations existed between ipsilesional seed and 

contralesional pontine and medullary nuclei including the PPTg and the VTA. The PPTg is part of the 

mesencephalic locomotor region and known to send ascending fibres to thalamus, SN, and globus pallidus 

while receiving input from striatum and SN (452,453). The VTA is involved in reward-related behaviour and 

connects to striatum, thalamus, amygdala, and entorhinal cortex (454,455). As both structures play a role in 

locomotion and behaviour, and the VTA contains dopaminergic neurons (456–458), they could have been 

additionally recruited/activated by the L-DOPA-induced increase of extracellular dopamine in striatum, SN, 

or hippocampus (423).  

The contralesional striatal seed showed a similar expansion of connectivity under L-DOPA, especially to 

ipsilateral CPu and Nac. Interestingly, glucose metabolism of the ipsilateral lateral preoptic area of the 

hypothalamus also positively correlated with that of the contralesional seed. The lateral preoptic area plays a 

role in locomotion and is connected to the PPTg of the mesencephalic locomotor region as well as to the VTA 

(459–461). Since the ipsilateral PPTg, but not the VTA, is part of the functional network around the 

contralesional striatal seed activated by L-DOPA, it is possible that a further connection between PPTg and 

lateral preoptic area has been recruited to improve motor functioning. Another aspect distinguishing the 

connections of the contralesional striatal seed from its ipsilesional counterpart is a distinct negative 

correlation between glucose consumption of the seed and that of ipsilateral somatosensory, insular, 

entorhinal, ectorhinal, and perirhinal cortices, as well as spinal trigeminal nucleus. The somatosensory cortex 

is connected to motor cortex, striatum, perirhinal cortex, spinal trigeminal nuclei and insular cortex (462), 

while the latter also receives input from rhinal cortices (463,464). Hence, they could all be part of the network 

aiding in normal motor functioning. This suggests that L-DOPA does not reinstate the interhemispheric 

functional basal ganglia network, but rather seems to improve motor symptoms by recruiting additional 

auxiliary structures that are inactive in the untreated (hemi)parkinsonian motor networks and differ between 

lesioned and unaffected hemisphere. 

Since STN DBS was not effective on the behavioural level in this study, caution needs to be exercised when 

interpreting the connectivity analysis data. As is known from other animal studies, DBS (in STN and thalamus) 

is able to increase striatal interhemispheric connectivity in rats (138,465). More specifically, STN DBS in 
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hemiparkinsonian rats strengthens an interhemispheric functional unit involving M1, orbitofrontal cortex, 

bilateral striatum, and SN (138). Only very recently, human studies also started to increasingly look at DBS-

induced changes in functional connectivity (466,467). One study found that STN DBS modulates two distinct 

neuronal circuits in PD. It activates a circuit including GPi, thalamus, and deep cerebellar nuclei resulting in 

motor improvements, and deactivates one comprising M1, putamen, and cerebellum leading to reduced 

bradykinesia (468). In this study, STN DBS only strengthened intrahemispheric basal ganglia connectivity for 

both seeds. The ipsilesional striatal seed showed additional correlations to amygdala, BNST, thalamus, 

somatosensory and visual cortices, dorsal subiculum, retrosplenial cortex, and brainstem nuclei. The 

contralesional seed showed connections to motor cortex, BNST, hypothalamus, piriform cortex, and 

cerebellum. Therefore, although some of the network elements found to be involved in motor improvement 

under effective STN DBS, i.e. motor cortex, thalamus, CPu, and cerebellum, were activated in this study, the 

pathological network impairments still prevailed, preventing a positive behavioural effect of the stimulation. 

Possible reasons, as previously discussed, could be imprecise stimulation sites, suboptimal stimulation 

parameters, excessive dopaminergic lesions, or even faulty stimulation systems.  

The combined therapy with STN DBS and L-DOPA lead to activation of the most complex network. It was the 

only condition in which [18F]FDG uptake of the ipsilesional seed correlated not only profoundly with that of 

ipsilateral basal ganglia, but also with that of contralesional CPu, potentially mediated through the prelimbic 

cortex that sends bilateral projections to the striatum (469). Therefore, the interhemispheric basal ganglia 

functional network was partly re-established, making it clear that the interaction of L-DOPA and STN DBS 

leads to more complex effects than just the sum of effects of both treatments alone. Glucose consumption of 

the dorsal hippocampus correlated negatively with that of the seed. While the dorsal hippocampus has been 

shown to be part of the network in healthy animals, opposite to the present findings, the correlation was 

positive in the previous study (138). Since front paw use of animals treated with both, L-DOPA and STN DBS, 

simultaneously closely resembled that of the pre-lesion condition, it is likely that the hippocampus plays a 

role in the improvement of motor behaviour. The exact nature of this role, however, still needs to be 

determined. Tracer uptake of VTA and amygdala also correlated negatively and positively, respectively, with 

that of the ipsilesional seed. Both structures are connected with each other as well as to the striatum 

(454,470). The involvement of the VTA could be L-DOPA mediated as it showed connections to the seed during 

L-DOPA but not DBS treatment. Connections to the ipsilateral amygdala were present during both treatments, 

making it a stable part of the network. However, the simultaneous treatment also engaged the contralateral 

amygdala. Together with the behavioural data, this suggest that the bilateral involvement of the amygdala 

may add to the positive outcome and confirms once again that the interplay of L-DOPA and STN DBS provokes 

effects exceeding those of each treatment on their own. Similarly, Mondillon and colleagues (2012) showed 

that the combined effect of STN DBS and L-DOPA therapy on emotion recognition in PD patients was greater 

than that of both treatments alone. They concluded that both therapies have common, complementary, and 

opposing effects on the activity of certain brain areas (471).   

Interestingly, the combined treatment of L-DOPA and STN DBS was the only treatment condition, apart from 

the OFF state when looking at the contralesional seed, that evoked a bilateral striatal connection, albeit weak. 

STN DBS alone has been shown to increase the interhemispheric striatal network strength (138), and also L-

DOPA is known to normalise pathological networks (427,438). Nevertheless, in this study neither treatment 

alone could restore the interhemispheric striatal functional connectivity as seen in healthy rats. Grafton et al. 

(2006) found unilateral subtherapeutic (ineffective) STN DBS to influence brain activation patterns differently 

compared to therapeutic DBS that normalised the pathological changes (472). Since in this study, STN DBS 

was not effective on the behavioural level, it does not surprise that its brain metabolic effects were different 
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from what was expected with effective stimulation. L-DOPA treatment alone caused several additional 

negative mesencephalic, pontine, and cerebellar correlations with both seeds. Gopinath and colleagues (2015) 

suggest negative correlations to represent regulatory mechanisms including reciprocal modulations, 

suppression, inhibition, and neurofeedback (473). Another study suggests the abnormal connectivity in brain 

regions like M1 or cerebellum to be compensatory (450). Hence, instead of simply reversing the pathological 

(striatal) network changes, L-DOPA could have additionally recruited compensatory brain structures like M1, 

and mesencephalic, pontine, and cerebellar structures to improve motor performance. Regarding the 

contralesional seed, the simultaneous treatment could now have combined these compensatory mechanisms, 

visible in positive correlations to M1 and negative correlations to pons and cerebellum, and interacted with 

STN DBS in a way that re-established an interhemispheric striatal connection, therefore leading to the best 

behavioural result.  

Although the identification of the exact mechanisms, differences, and interactions of L-DOPA and STN DBS was 

beyond the scope of this study, it became clear that both therapeutic approaches have specific, partly 

overlapping, effects on brain metabolic activity, functional connectivity, and consequently on behaviour. Most 

importantly, the combination of both therapies seems to exceed the mere sum of the effects of each treatment 

alone and cause its own complex brain activity pattern. While the specific metabolic and connectivity profile 

of L-DOPA as well as DBS need to be further characterised in the future, one should also continue to look into 

the interactions between the two. The vast majority of PD patients eligible for STN DBS is on dopaminergic 

medication (331) and continues to be so after DBS surgeries, even though doses can initially be reduced in 

many cases (291). Hence, to improve the interplay of both therapies and therefore the outcome for the patient, 

more clarity is needed about how the different treatments affect each other and the effects on pathological 

features. 
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Conclusion 

The present work successfully introduced a new, fully implantable stimulation system suitable for acute and 

chronic DBS in freely moving and behaving rats, and tested its application range. To this end, animals were 

unilaterally lesioned with 6-OHDA in the MFB to generate a hemiparkinsonian state including behavioural 

impairments and pathological brain metabolic and network changes. The cylinder test was used to reveal 

lesion-induced motor deficits in front paw use, while [18F]FDOPA and [18F]FDG PET were applied to illustrate 

dopaminergic integrity, changes in brain glucose consumption, and altered functional connectivity. Animals 

were tested in the naïve state, the postoperative OFF condition, and four different ON conditions, depending 

on the treatment group, i.e. acute DBS, chronic DBS, L-DOPA, and L-DOPA in addition to acute DBS. The 

stimulation system was well tolerated by the animals and allowed for the collection of acute and chronic 

stimulation data. 6-OHDA lesions in the MFB led to a significantly decreased [18F]FDOPA uptake in the 

ipsilesional striatum, the reduced use of the contralesional front paw, and an imbalance of brain metabolism. 

Therapeutic acute stimulation of the STN caused improvements in front paw use, increased tracer uptake in 

ispilesional brain areas, and decreased it contralesionally. Chronic STN DBS strengthened these effects. L-

DOPA also restored front paw use while evoking a different metabolic pattern compared to DBS. The 

simultaneous treatment with both therapeutic strategies led to the best behavioural result and a metabolic 

pattern including features of both treatments alone as well as some distinct characteristics. Similarly, acute 

DBS, L-DOPA and the combination of both each had distinct effects on cortico-striato-thalamo-cerebellar 

networks, including the reversion of pathological changes as well as compensatory mechanisms.  

DBS, like dopaminergic therapy, is a chronic treatment applied for years to decades. Accordingly, many clinical 

studies investigate the long-term effects, problems, and changes in efficacy of these therapies over years 

(261,345,411,474,475). However, while animal models of PD keep getting more realistic in mimicking distinct 

pathological features of the disease (17), the simulation of treatments, and DBS in particular, still lack behind 

in modelling the clinical (chronic) use. To date, most preclinical studies look at stimulation times of minutes 

to days and stimulation systems can be restricting (270,272,275,280,305–307). Different imaging techniques 

like fMRI or PET imaging offer valuable possibilities to better understand the complex mechanisms 

responsible for the disease as well as the effectiveness of treatments. Hence, they have been extensively used 

to study pathological brain activity patterns and networks in PD (132,153,156,450,476), and the specific 

effects of STN DBS or L-DOPA on these pathologies (135,136,443,477,478). Here, the modulation of brain 

networks and functional connectivity is an important aspect that is only recently increasingly focused on 

(134,479). For example, it has been shown that the pathological network changes in PD differ depending on 

the dominant symptoms, like freezing of gate or L-DOPA-induced dyskinesia, or the type of PD (476,478). 

Another group found that specific resting state functional connectivity patterns were associated with the 

degree of responsiveness to, and therefore effectiveness of L-DOPA in PD patients (480). Similar results might 

also be obtained for DBS in the near future, making characteristic functional connectivity patterns a potential 

prerequisite for patient selection and the success of DBS outcome. Hence, studies investigating the 

pathological mechanisms and exclusive actions of single therapies are still required for a better understanding 

of the disease and further development of therapeutic approaches. However, while STN DBS allows for the 

reduction of dopaminergic drugs (215,291), the two therapies are usually applied simultaneously to get the 

best possible outcome for the patient. Imaging studies looking at the combined effects of DBS and L-DOPA, 

especially on a brain metabolic or network level, are scarce (426,471). Hence, prospective studies should also 

investigate the simultaneous impact of DBS and dopaminergic treatments on the parkinsonian brain to best 



 

 

 64 

mimic and understand the situation in the patient. Thereby, reliable and transferable animal models will 

continue to play a crucial role.  

In this study, [18F]FDOPA and [18F]FDG PET were used to illustrate pathological cerebral changes as well as 

therapeutic effects and interactions in freely moving hemiparkinsonian animals receiving L-DOPA and DBS 

treatment. These effects could then be interpreted in relation to motor performance. The stimulation system 

used avoids previous compromises like short stimulation times and restriction of the animals by being fully 

implantable and rechargeable for continuous use up to several weeks. This is a first step towards more 

realistic preclinical simulation of the situation in PD patients. Nevertheless, for the long-term use, great 

caution should be exercised as failures in system integrity and functionality, imprecise electrode placement, 

and post-surgical infections can compromise results (334,339). In conclusion, the introduced stimulation 

system, in combination with imaging techniques, is a suitable tool yielding great potential to add to the 

knowledge concerning PD symptoms, different therapies, and the underlying brain metabolic and network 

mechanisms.  
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