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ABSTRACT 
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by hypokinesia, 
rigidity, tremor, gait disturbances and depression. There is an accumulative of protein aggregates, 
Lewy bodies, which appear to begin in the brainstem and progress caudorostrally. Several 
symptoms are caused by loss of dopaminergic neurons in the substantia nigra pars compacta that 
innervate striatum. The principal treatment for PD is dopamine replacement, particularly with the 
dopamine precursor, 3,4 dihydroxyphenyl-L-alanine (L-DOPA). However, ultimately these 
treatments are insufficient and cause, via largely unknown mechanisms, severe side-effects, such as 
dyskinesias and hallucinations. The present studies examined non-dopaminergic adaptive changes in 
the 6-hydroxydopamine (6-OHDA) lesion animal model of PD with or without L-DOPA treatment. 
Pharmacological experiments were performed with non-dopaminergic drugs and symptomatic 
improvements registered. 
 
There is a considerable overlap in dopaminergic and serotonergic innervation in the brain. There 
is evidence that the serotonin system is less degenerated in PD and may compensate loss of 
dopamine. Moreover, in severe PD, a substantial amount of L-DOPA is converted into dopamine 
in serotonin neurons. As a proof of principle, sarizotan, a 5-HT1A receptor (5-HT1AR) agonist and 
D2-like partial agonist has beneficial effects in some severe Parkinsonian patients. 6-OHDA 
lesioning was found to have no effect on 5-HT1BRs, increased 5-HT2ARs, but decreased 5-HT2CRs 
and 5-HT6Rs in striatum. L-DOPA treatment caused an increase of 5-HT1BRs, a decrease of 5-
HT2ARs and had no effect on 5-HT2CRs. In pharmacological experiments, the 5-HT1AR agonist, 
sarizotan, and the 5-HT1BR agonist, CP94253, decreased the number of rotations and abnormal 
involuntary movements induced by L-DOPA. Sarizotan also increased cell proliferation in the 
subgranular zone of dentate gyrus. These data suggest that serotonergic agents may have potential to 
reduce L-DOPA induced side effects and non-motor symptoms in PD. 
 
Adaptive changes occur in neuropeptide levels in experimental models of PD or post-mortem 
material from PD patients, indicating that neuropeptides are involved in the pathophysiological 
process in PD. 6-OHDA lesioning tended to increase neurokinin B (NKB) and decrease substance 
P (SP). An acute injection of L-DOPA had no effect on NKB, but restored SP, in the 6-OHDA-
lesioned hemisphere. However, subchronic or chronic administration of L-DOPA increased NKB 
in the dopamine-depleted hemisphere. In a pharmacological experiment, the NK3R antagonist, 
SB222200, potentiated L-DOPA-induced contralateral rotations. These data suggest a role of 
NKB/NK3R signalling in patients with advanced PD that are treated with L-DOPA. 
 
A peptidomic screen showed changes in the precursors of secretogranin (Sg)-1, Sg-3, 
somatostatin, preproenkephalin B and cholecystokinin, in the 6-OHDA lesion animal model of 
PD with or without L-DOPA treatment. The levels of peptides derived from the Sg-1 were 
increased in the lesioned side. A peptide derived from Sg-3 was lower in the lesioned side but 
following L-DOPA the levels were higher. Two peptides derived from somatostatin-28 were up-
regulated in the lesioned side, but reduced following L-DOPA. L-DOPA treatment increases the 
expression of preproenkephalin B peptides. Two peptides derived from the cholecystokinin 
precursor were increased following L-DOPA. 
 
Recent PD research has suggested that small neuroimmunophilin or neurotrophic proteins are 
putative targets for the treatment of PD. Using a proteomic approach, it was found that dopamine 
denervation caused a significant elevation of FKBP-12. Repeated L-DOPA treatment increased 
BDNF expression in the dopamine-depleted subthalamic nucleus but not in striatum, indicating 
that BDNF may have physiological consequences on the trophic support and physiology of nigral 
and pallidal neurons that receive subthalamic inputs and express TrkB receptors. 
 
Taken together, these studies have provided insight into adaptive non-dopaminergic changes in 
PD and identified novel putative targets for pharmacological treatment of motor symptoms of PD. 
It is speculated that these non-dopaminergic targets could also be used against non-motor 
symptoms, particularly depression in PD, for which there is a need for improved medications. 
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1 INTRODUCTION 
 
1.1 PARKINSON´S DISEASE 

 
1.1.1 Etiology  

The cardinal features of Parkinson’s disease (PD) are hypokinesia, rigidity, resting 

tremor and gait abnormalities (Parkinson, 1817). PD is also associated with numerous 

cognitive and emotional disturbances, of which depression is the most frequent 

(Parkinson, 1817; Leentjens, 2004; Weintraub et al., 2004). Pathological studies (e.g. 

Braak and Del Tredici, 2008) have shown an accumulation of intracellular synuclein 

protein-positive aggregates known as Lewy bodies that appear to begin in the lower 

brainstem and progress caudorostrally in six stages. In stage 1, the dorsal motor 

nucleus of the vagal nerve become involved, while, in stage 2, aggregates are found 

in the lower raphe nuclei, the reticular formation and locus coeruleus. Thus, both 

some noradrenaline and serotonin neurons may be affected already at early stages of 

PD. In stage 3, the substantia nigra pars compacta (SNc) and the pedunculopontine 

are affected. In stages 4-6, thalamic nuclei that project to the striatum and cerebral 

cortex exhibit synuclein protein-positive aggregates. Despite the widespread 

pathology, much of the symptomatology of PD is characterized by degeneration of 

dopamine-producing neurons in the SNc (Fahn, 1999; Hornykiewicz, 2001; Dauer 

and Przedborski, 2003). The causes of the degeneration of dopamine neurons are 

largely unknown, but appear to involve multiple factors acting together, including 

genetic susceptibility, environmental exposures and aging. From a pathophysiological 

standpoint, mitochondrial dysfunction, oxidative stress, excitotoxicity, apoptosis, 

inflammation and proteasome failure have been observed in PD (Dauer and 

Przedborski, 2003). Over the past years, mutations in genes underlying familiar forms 

of PD have been identified (Vila and Przedborski, 2004). At the moment, 11 familial 

forms of PD have been described. Some of these genes, including α-synuclein, parkin, 

DJ-1, and ubiquitin C-terminal hydrolase L1, participate in the ubiquitin-proteasome 

system and indicate that PD is associated with dysfunctional protein degradation. 

Mutations in PINK1 (PTEN-induced kinase 1) are associated with PD (Valente et al., 

2004). PINK1 provides a molecular link between mitochondria and the pathogenesis 

of PD as PINK1 is mitochondrially located and may exert a protective effect on the 

cell that is abrogated by the mutations, resulting in increased susceptibility to cellular 
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stress. Mutations  in LRRK2 (leucine-rich repeat kinase 2), a gene encoding a large, 

multifunctional protein that includes a kinase domain of the MAPKKK (mitogen 

activated phosphor kinase kinase kinase) is also associated with PD (Paisan-Ruiz  et 

al., 2004; Zimprich et al., 2004). 

Midbrain dopaminergic neurons are divided into two major systems; the 

mesostriatal system, which projects from the SNc to striatum (i.e. the caudate-

putamen) and the mesolimbocortical system, which projects from the ventral 

tegmental area to the nucleus accumbens, olfactory tubercle, prefrontal cortex and 

amygdala (Dahlström and Fuxe, 1964). The mesostriatal system is primarily involved 

in the control of movements, whereas the mesolimbocortical system plays a more 

important role in reinforcing and reward-related behaviours (Nestler, 2005). It is 

primarily the dopaminergic neurons in the mesostriatal system that degenerates in PD. 

 

1.1.2 Animal models 

1.1.2.1 Animal models of Parkinson’s Disease 

There are both toxin and genetic animal models of PD. The most common toxin models 

of PD are 6-hydroxydopamine (6-OHDA) injections into SNc, striatum or the median 

forebrain bundle (MFB) that interconnects SNc and striatum (Ungerstedt, 1968), and 

repeated systemic injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

(Heikkila et al., 1984). More recent, and less established, models are systemic 

administration of rotenone (Betarbet et al., 2000), proteasome inhibitors (McNaught et 

al., 2004) or paraquat (Betarbet et al., 2002).  

6-OHDA is a hydroxylated analogue of dopamine and it affects the mitochondria by 

inhibiting complex I causing respiratory inhibition and oxidative stress induced by 

formation of free radicals. The toxicity of 6-OHDA is relatively selective to 

catecholaminergic neurons because its uptake depends on dopamine and noradrenaline 

transporters. 6-OHDA can not cross the blood-brain barrier and must therefore be 

injected directly into the brain. The preferred sites for injections to induce 

neurodegeneration resembling PD are SNc, the MFB and striatum. The unilateral 6-

OHDA lesion model (Ungerstedt, 1968) has provided an invaluable tool for 

investigating the pathophysiology of dopamine denervation and for evaluating novel 

therapeutical options. The feasibility of new treatment strategies for PD, including 

pharmacological agents, brain transplants and gene therapy, has primarily been 

evaluated in this model. It is also easy to perform behavioural measurements in this 

model. Animals with unilateral 6-OHDA-induced dopamine denervation rotate 
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ipsilaterally following administration of compounds that release dopamine, such as 

amphetamine, but contralaterally following administration of the dopamine precursor, 

L-DOPA, or dopaminergic agonists, such as apomorphine (Ungerstedt and Arbuthnott, 

1970). The latter effect has been attributed to a supersensitivity of dopamine receptors 

and/or their signal transduction mechanisms on the dopamine-depleted side (Ungerstedt, 

1971). Contralateral rotation in this model is predictive for the anti-Parkinsonian action 

of a given compound. 

MPTP is highly lipophilic and readily crosses the blood-brain barrier. It is then 

converted into its active metabolite, 1-methyl-4-phenylpyridinium (MPP+) by 

monoamine oxidase B (MAO B), an enzyme involved in monoamine degradation 

(Przedborski et al., 2001). MPP+ is taken up by the dopamine transporter and is 

accumulated in mitochondria where it inhibits complex I of the electron transport chain. 

This reduces ATP production and causes an increase in free-radical production. 

Dopamine neurons in SNc are particularly vulnerable to the action of MPTP and the 

degeneration of these neurons is readily detectable by biochemistry and neuropathology 

(Giovanni et al., 1991). MPTP treatment results in easily detectable motor deficits, i.e. 

bradykinesia and rigidity. 

It has been reported that chronic, systemic inhibition of complex I by the lipophilic 

pesticide, rotenone, causes highly selective nigrostriatal dopaminergic degeneration that 

is associated behaviourally with hypokinesia and rigidity (Betarbet et al., 2000). Nigral 

neurons in rotenone-treated rats accumulate fibrillar cytoplasmic inclusions that contain 

ubiquitin and α-synuclein. However, more recent studies have found a more 

widespread neuronal damage following administration of rotenone (Hoglinger et al., 

2003) and it is currently too early to conclude whether rotenone treatment represents a 

valuable animal model of PD. 

There is a lot of interest in developing genetic animal models of PD. It has, for 

example, been shown that mice that overexpress α-synuclein exhibit some features of 

PD (Masliah et al., 2000). Moreover, conditional knockout of the gene for 

mitochondrial transcriptions factor A (Tfam) in dopamine neurons causes a 

mitochondrial dysfunction and a progressive Parkinsonian phenotype (Ekstrand et al., 

2007). 

 

1.1.2.2 Animal models of L-DOPA-induced side effects in PD 

Pharmacological dopamine replacement therapies can counteract the symptoms of early 

PD. However, it is well-known in the clinic that chronic L-DOPA treatment leads to 
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side effects, such as on-off fluctuations, wearing off, involuntary dyskinetic movements 

and hallucinations. Numerous biochemical studies conducted in post-mortem striatal 

tissue from patients with PD and in animal models of this disease, such as 6-OHDA-

lesioned rats and MPTP-treated mice and primates, have shown that prolonged 

treatment with L-DOPA does not adequately reverse the effects of dopamine depletion, 

but rather creates a new neurochemical state, which differs both from the normal and 

the dopamine-depleted one (Cenci, 2007). To understand the pathophysiology 

underlying L-DOPA-induced side effects, animal models have been developed in 

primates (Langston et al., 2000; Jenner, 2003), in rats (Konradi et al., 2004) and in mice 

(Lundblad et al., 2004). These models are particularly useful for understanding L-

DOPA-induced dyskinesias (LID) and wearing off phenomena. 

Sensitization in contralateral turning and LID in rats are useful if the test environment 

allows complete freedom of movement. Problems have been encountered in evaluation 

of motor deficits characterizing PD and LID related to chronic dopaminergic therapy 

(Carta et al., 2006). For this reason, the use of more than one model is desirable in order 

to provide for a more detailed validation of results obtained. 

 

1.1.3 Clinical treatments for Parkinson’s disease 

1.1.3.1 Dopaminergic drugs  

The degeneration of dopamine neurons in PD develops gradually and can, at early 

stages, be controlled by various drugs which potentiate dopaminergic 

neurotransmission, including L-DOPA, D2 receptor (D2R) agonists, MAOB inhibitors 

and COMT inhibitors (Fahn, 1999; Dauer and Przedborski, 2003; Katzenschlager et 

al., 2008). However, at later stages of PD almost all patients receive treatment with L-

DOPA, the amino acid precursor of dopamine (Katzenschlager et al., 2008). 

Essentially all patients also have a combined treatment with multiple anti-

Parkinsonian agents and in some instances, the mixed D2R/D1R agonist, apomorphine. 

L-DOPA is converted to dopamine in the remaining dopaminergic nerve terminals in 

striatum as well as in other cells that contain DOPA decarboxylase, such as serotonin 

neurons. Unfortunately, long-term replacement treatment with L-DOPA to patients 

with PD frequently causes a state in which the responsiveness to L-DOPA decreases 

and/or becomes variable and associated with side-effects, such as on-off fluctuations, 

involuntary dyskinetic movements and hallucinations (Dauer and Przedborski, 2003; 

Cenci, 2007). 

Unfortunately, there is no treatment that can slow down the disease progress. MAO-
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B inhibitors have demonstrated neuroprotective properties in a number of model 

systems relevant to PD (Wu et al., 2000). Clinical trials have found that selegiline 

delays the progression of the signs and symptoms of Parkinson disease as well as the 

introduction of L-DOPA in early PD by 9–12 months (Wadia et al., 1998; Pålhagen et 

al., 2006). However, it has more recently been shown (Katzenschlager et al., 2008) 

that selegiline actually can increase mortality, probably via interference with the 

cardiovascular system. 

 

1.1.3.2 Non-dopaminergic drugs 

Most cholinergic systems are affected in PD, such as muscarinic receptors (Perry et 

al., 1990; Asahina et al., 1995), nicotinic receptors (Perry et al., 1990; Quik, 2004) 

and choline transporters (Rodriguez-Puertas et al., 1994). Muscarinic receptor 

antagonists were among the first drugs used in PD, and were intended to correct the 

imbalance between dopamine and acetylcholine (Ach) levels. Although these drugs 

do produce some beneficial effects on PD symptoms, particularly tremor, they are 

associated with adverse cognitive side-effects (Katzenschlager et al., 2003). 

Amantadine, by virtue of NMDA receptor antagonism, is used in advanced PD 

particularly in patients that suffer from on-off fluctuations and dyskinesias. 

 

1.1.3.3 Surgical treatments 

High frequency electrical deep brain stimulation (DBS) of the subthalamic nucleus 

(STN) is now considered the most effective neurosurgical therapy for movement 

disorders (Limousin et al., 1998). Although the STN is the most common target for DBS 

in PD, stimulations of the internal part of globus pallidus internal (GPi) has also been 

shown to be beneficial in many cases. 

 

1.2 BASAL GANGLIA ORGANIZATION 

SNc and its major terminal area, striatum, are parts of the basal ganglia. The basal 

ganglia are also composed of the external part of globus pallidus (GPe), 

entopeduncular nucleus (EPN or GPi in the rodents), STN, and the substantia nigra 

pars reticulata (SNr), which are involved in the integration of sensorimotor, 

associative and limbic information to produce motor behaviours (Albin et al., 1989; 

Crutcher and Alexander, 1990; Gerfen and Wilson, 1996) (Fig. 1) 
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Fig. 1. Schematic drawing of the neuronal pathways interconnecting the different subnuclei of the basal ganglia. 

Blue circles indicate excitatory pathways. Red circles indicate inhibitory pathways. Green circles indicate modulatory 

pathways. Modified from Crutcher and Alexander (1990). Ach, acetylcholine; D-32, Dopamine and cAMP regulated 

phosphoprotein MW 32 kDA; ENK, enkephalin; EPN,  entopeduncular nucleus; GABA, gamma-aminobutyric acid; 

GPe, globus pallidus external; GPi, globus pallidus internal; RN, raphe nuclei; SNc, substantia nigra pars compacta; 

SNr, substantial nigra pars reticulata; SP, substance P;  STN, subthalamic nucleus; Thal, thalamus; VTA, Ventral 

tegmental area. 

 

GABAergic medium spiny projecting neurons comprise around 95% of the striatal 

neurons, whereas the remaining neurons are GABAergic and cholinergic interneurons. 

In addition to receiving dopamine innervation from the SNc, striatum also receives 

dense glutamatergic inputs from cortex. The cortical inputs to the striatum are provided 

by excitatory glutamatergic pyramidal neurons that project from most areas of the 

cortex (Kitai et al., 1976; Spencer, 1976; Gerfen and Wilson, 1996). These neurons 

project in a topographically well-organized manner so that they define functionally 

distinct regions of the striatum. Inputs from sensorimotor areas innervate principally the 

dorsal part of the striatum, whereas inputs from prelimbic cortical areas terminate in the 

ventral area (Kemp and Powell, 1970; Donoghue and Herkenham, 1986; McGeorge 

and Faull, 1989). In primates, the caudate nucleus receives mainly prefrontal cortical 

inputs whereas putamen receives motor and somatosensory cortical inputs (McGeorge 
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and Faull, 1989). In addition, excitatory projections from intralaminar nuclei of 

thalamus, hippocampus and basolateral parts of amygdala terminate in striatum. 

Besides the striatum, the STN should be considered as an input structure to the basal 

ganglia (Chesselet and Delfs, 1996; Levy et al., 1997; Smith et al., 1998). There is, for 

example, excitatory innervation of the STN from sensorimotor cortex and 

parafascicular nucleus of thalamus (Canteras et al., 1990; Mouroux and Feger, 1993; 

Feger et al., 1994, 1997) and electrical stimulation of the sensorimotor cortex induces 

c-Fos to a similar extent in striatum and the STN (Wan et al., 1992). 

The striatal outputs are mediated through inhibitory GABAergic neurons (Yoshida 

and Precht, 1971; Deniau et al., 1976) which form two major output pathways, directly 

and indirectly, with a final common target in the SNr and the EPN. The direct pathway 

is monosynaptic and the indirect pathway is trisynaptic. The direct striatal pathway 

neurons contain high levels of substance P and dynorphin, whereas neurons in the 

indirect striatal pathway neurons contain enkephalin. The neurons comprising the 

indirect pathway project from striatum to the GPe and have another relay in the STN 

before terminating in EPN or SNr. The neurons in EPN and SNr are also composed of 

GABAergic neurons projecting to the thalamus, the pedunculopontine nucleus, and the 

superior colliculus (for review see Gerfen and Wilson, 1996). The direct and indirect 

output pathways through the thalamus back to the cortex act in an opposing manner 

that is controlled by dopamine. 

An important role of the basal ganglia output regions in many physiological and 

pathophysiological processes has been established. 

 

1.3 DOPAMINE NEUROTRANSMISSION 

The dopaminergic neurons in the mesostriatal system degenerate in PD and cause 

many of the symptoms of this disease. 

 

1.3.1 Dopamine receptors 
Dopamine exerts its action via five different dopamine receptors (Missale et al., 1998). 

These receptors are sub-divided into two groups based on how they regulate cAMP 

signalling; D1R subtypes (D1, D5) stimulate adenylyl cyclase and D2R subtypes (D2, D3, 

D4) inhibit adenylyl cyclase (Stoof and Kebabian, 1981). 

D1 and D2 receptors are very highly expressed in striatum. There are also moderate 

levels of D3Rs in this region, especially in its ventral part. The levels of expression of 

D4 and D5 receptors are low to moderate in striatum. The subcellular distributions of D1, 
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D2 and D3 receptors in striatal neurons differ. D2Rs are found on dopaminergic nerve 

terminals and postsynaptically on GABAergic medium spiny neurons, which comprise 

around 95 % of the striatal neurons, and on cholinergic interneurons, which represent 1-

2 % of striatal neurons. D1, D3 and D4 receptors are predominantly expressed 

postsynaptically on cell bodies and dendrites of GABAergic medium spiny neurons 

(Gerfen et al., 1990; Le Moine and Bloch, 1995; Hersch et al., 1995; Rivera et al., 

2003). D5Rs are enriched on cholinergic interneurons (Rivera et al., 2002). 

As described above, GABAergic medium spiny neurons can be divided into two 

equally large sub-populations, namely those terminating in SNr (striatonigral neurons) 

and those terminating in the GPe (striatopallidal neurons). Anatomical studies have 

shown that striatonigral neurons contain high levels of D1Rs together with the 

neuropeptide substance P, whereas striatopallidal neurons predominantly express D2Rs 

together with enkephalin (Gerfen et al., 1990; Le Moine and Bloch, 1995; Hersch et al., 

1995). D3 and D4 receptors are expressed in both striatonigral and striatopallidal 

neurons (Le Moine and Bloch, 1996; Diaz et al., 1995; Rivera et al., 2003). There are 

no marked changes in the levels of dopamine receptors in striatum in PD. However, it 

has been demonstrated that repeated administration with L-DOPA causes a strong 

increase in the expression of D3Rs throughout striatum in dopamine denervated rats and 

monkeys (Bordet et al., 1997; Bezard et al., 2003). Interestingly, administration of a 

D3R-selective partial agonist strongly attenuated LID, but kept the therapeutic effect of 

L-DOPA, in monkeys (Bezard et al., 2003). 

Given the importance of extrastriatal areas of the basal ganglia in the 

pathophysiology of PD, it is important to note that there is a significant dopaminergic 

innervation of some extrastriatal areas, including the GPe and STN. Functional D2Rs 

are expressed in the GPe (Hoover and Marshall, 2004) and there are relatively high 

levels of D5Rs in the STN (Svenningsson and LeMoine, 2002). 

 

1.4 SEROTONIN NEUROTRANSMISSION 

Serotonin (5-hydroxytryptamine; 5-HT) is synthesized by aminoacid decarboxylase 

from L-tryptophan both in the central nervous system (CNS), in the raphe nuclei and 

peripheral nerve system and has been implicated in regulating several mental disease 

states, such as depression, anxiety and schizophrenia. The serotonin system is one of 

the most diverse neurotransmitter systems, targeted by many medications, extensively 

characterized, but there is still a need for more knowledge on the role of individual 

serotonin receptors. 
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1.4.1 Serotonin receptors 

To date 14 receptors for 5-HT have been cloned and characterized, making it as one of 

the most complex neurotransmitter systems known. These receptors are divided into 

seven subclasses, according to sequence homology and modes of signaling (Barnes and 

Sharp, 1999; Hoyer et al., 2002). They belong to the rhodopsin-like family of G-protein 

coupled receptors (GPCRs), with the exception of 5-HT3Rs which are ligand-gated ion 

channels. 

 

1.4.1.1 Gi-coupled 5-HT receptors 

1.4.1.1.1 5-HT1 receptors 

This group consists of five members, 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E and 5-HT1F. All 

5-HT1Rs are negatively coupled to adenylate cyclase, resulting in decreased production 

of cAMP. 

5-HT1ARs are highly expressed at the somatodendritic level of serotonin neurons in 

the raphe nuclei, where they act as autoreceptors to inhibit cell firing (Barnes and Sharp, 

1999; Ogren et al., 2008). Postsynaptic 5-HT1ARs are also abundant in many non-

serotonin neurons, including hippocampus and cerebral cortex. 5-HT1ARs have been 

implicated in many brain functions. For example, 5-HT1ARs play a role in anxiety-

related disorders and it has been shown that stimulation of 5-HT1ARs produces 

anxiolytic effects and that 5-HT1AR knockout mice display a higher degree of 

anxiogenic behaviours (Wood et al., 2002). 

5-HT1BRs (Hamblin et al., 1992) are distributed in regions of the basal ganglia, 

hippocampus and the frontal cortex and, like the 5-HT1ARs, they are believed to 

function as inhibitory autoreceptors but at serotonergic nerve terminals. They are also 

heteroreceptors, regulating the release of other neurotransmitters including GABA and 

glutamate. In contrast to 5-HT1AR knockouts, 5-HT1BR knockout mice display a lower 

degree of anxiety and, furthermore, 5-HT1BR agonists have been shown to have an 

antidepressant effect (Hoyer et al., 2002). 5-HT1BR agonists are clinically used for the 

treatment of migraine. 

It was originally believed that the 5-HT1BR and 5-HT1DR were identical and that the 

sequence variations observed were only species differences. However, 5-HT1BR and 5-

HT1DR are encoded by two distinct genes with very high homology (Hoyer and Martin, 

1997). 5-HT1DRs display a much lower level of expression compared to 5-HT1BRs. 
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The least characterized 5-HT1Rs are the 5-HT1E and 5-HT1F receptors (Adham et al., 

1993; Zgombick et al., 1992). Quantitative real-time polymerase chain reaction (qRT-

PCR) analysis showed that 5-HT1ER mRNA was present in the guinea pig brain with 

the greatest abundance in the hippocampus, followed by the olfactory bulb. Lower 

levels were detected in the cortex, thalamus, pons, hypothalamus, midbrain, striatum, 

and cerebellum (Bai et al., 2004). Some species differences in the distribution of the 5-

HT1FR were noted. Specific 5-HT1FR binding in rat brain was found in layers 4-5 of all 

cortical regions examined, as well as olfactory bulb and tubercle, nucleus accumbens, 

caudate putamen, parafascicular nucleus of the thalamus, medial mammillary nucleus, 

the CA3 region of the hippocampus, subiculum, and several amygdaloid nuclei. In 

guinea pig brain, the binding sites were found at highest density in claustrum, but also 

in a layer of the cortex, caudate putamen, nucleus accumbens, thalamus, and medial 

mammillary nucleus (Lucaites et al., 2005). This receptor has been proposed to play a 

role in the aetiology of migraine although the exact mechanism is still unknown (Hamel, 

1999). 

 

1.4.1.1.2 5-HT5 receptors 

The least characterized receptor for 5-HT is the 5-HT5R. Two subtypes of this receptor, 

5-HT5A and 5-HT5B, have been identified (Erlander et al., 1993; Matthes et al., 1993). 

The physiological effector system for 5-HT5A,BRs remains elusive, although a negative 

coupling to cAMP has been implicated in transfected cells (Francken et al., 2000). To 

date the 5-HT5AR has been identified in the mouse, rat, and human. The 5-HT5BR also 

is expressed in the mouse and rat, but not in the human where the coding sequence is 

interrupted by stop codons. Within the CNS the 5-HT5AR shows a relatively broad 

distribution, while the 5-HT5BR has a very restricted distribution (Nelson, 2004).  The 

5-HT5AR KO mice displayed increased exploratory activity but no change in anxiety-

related behaviours when exposed to novel environments. In addition, the stimulatory 

effect of the hallucinogenic drug LSD on exploratory activity was attenuated in 5-

HT5AR KO mice. These results suggest that 5-HT5ARs modulate the activity of neural 

circuits involved specifically in exploratory behaviour and suggest that some of the 

psychotropic effects of LSD may be mediated by 5-HT5ARs (Grailhe et al., 1999). 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lucaites%20VL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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1.4.1.2 Gq-coupled 5-HT receptors 

1.4.1.2.1 5-HT2 receptors 

The 5-HT2Rs include three subtypes, 5-HT2A, 5-HT2B and 5-HT2C receptors. These are 

all Gq-coupled and activation of 5-HT2Rs results in the activation of phospholipase C, 

leading to subsequent Ca2+ release from the ER (Barnes and Sharp, 1999). They also 

activate PLA2 and arachidonic acid-mediated signalling (Barnes and Sharp, 1999). 

The 5-HT2ARs are widely distributed, both in central and peripheral tissues. In the 

brain the 5-HT2ARs are located in the cortex and regions of the basal ganglia. 5-HT2ARs 

are a major target for the treatment of schizophrenia, indeed atypical antipsychotics, 

such as clozapine, olanzapine and risperidone, has high affinities for the 5-HT2ARs 

(Hoyer et al., 2002). Furthermore, ACP-103, a 5-HT2AR inverse agonist, is being 

developed as a treatment against L-DOPA-induced hallucinations (Gardell et al., 2007). 

Moreover, ACP103 reduced LID and tacrine-induced tremor (Vanover et al., 2008). 

The distribution of 5-HT2BRs mRNA and the corresponding protein is restricted in 

the brain to cerebellum, lateral septum, dorsal hypothalamus and medial amygdala 

(Duxon et al., 1997). There is still much to be discovered regarding the physiological 

functions mediated via 5-HT2BRs. Agonism at the 5-HT2BRs can cause valvular heart 

disease as demonstrated by the recent withdrawal of the anti-obesity drug fenfluramine 

and the dopamine receptor agonists pergolide and cabergoline, used in the treatment of 

Parkinson’s disease, as they were both shown to be potent agonists at 5-HT2BRs (Roth, 

2007). 

5-HT2CRs are widely distributed throughout the brain, for instance in areas of cortex, 

basal ganglia and limbic structures, such as nucleus accumbens (NAc), hippocampus 

and amygdala. Unlike the other 5-HT2Rs, the 5-HT2CRs have not been detected outside 

the CNS (Barnes and Sharp, 1999). There are several physiological responses believed 

to be mediated via activation of 5-HT2CRs, such as hypolocomotion, anxiety and 

hyperthermia. Recently developed antidepressants, including agomelatine, are 

antagonists at 5-HT2CRs (Zupancic and Guilleminault, 2006). 5-HT2CRs have also been 

implicated in the regulation of food intake and weight control due to the fact that 5-

HT2CR antagonists can increase food intake in rats (Bonhaus et al., 1997). 

 

1.4.1.3 Gs-coupled 5-HT receptors 

1.4.1.3.1 5-HT4 receptors 

There are two isoforms of the 5-HT4R, 5-HT4S and 5-HT4L, later renamed 5-HT4(a) and 

5-HT4(b). The 5-HT4(a) isoform is widely distributed in the rat brain, except for the 
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cerebellum, whereas the 5-HT4(b) isoform is restricted to the striatum. Later studies 

have shown the presence of several other splice variants of the 5-HT4R that are 

abundantly expressed in rat, mouse and human and with some species-specific 

variations (Vilaro et al., 2002). Stimulation of 5-HT4Rs seems to enhance synaptic 

transmission by modulating other neurotransmitters, such as dopamine, Ach and 

GABA. By this mechanism, 5-HT4Rs are implicated in memory enhancement (Hoyer 

et al., 2002). Recently, it was proposed that agonists at the 5-HT4Rs could be putative 

antidepressants with a faster onset than traditional treatments, such as SSRI’s (Lucas et 

al., 2007). It was found that traditional antidepressant effects, such as desensitization of 

5-HT1A autoreceptors and hippocampal neurogenesis appeared in rats after only three 

days of treatment with a 5-HT4R agonist, compared to 2-3 weeks for the SSRI 

citalopram. 

 

1.4.1.3.2 5-HT6 receptors 

5-HT6Rs are another Gs-coupled receptor that stimulates cAMP production and have 

been cloned in rats (Monsma et al., 1993; Ruat et al., 1993a), humans (Kohen et al., 

1996) and mice (Bonasera et al., 2006). 5-HT6Rs have been found to be restricted to 

the brain with high levels in the caudate-putamen, nucleus accumbens, olfactory 

tubercle and moderate levels in the cerebral cortex, hippocampus and amygdala 

(Monsma et al., 1993; Ruat et al., 1993a; Ward et al., 1995; Gérard et al., 1997; 

Hamon et al., 1999; Roberts et al., 2002). Real-time PCR experiments have 

demonstrated much lower 5-HT6R mRNA levels in mice than in humans (Hirst et al., 

2003). 

Treatment with 5-HT6Rs agonists increases immediate early gene expression and 

have antidepressant-like properties in mice (Svenningsson et al., 2007) and rats (de 

Foubert et al., 2007). However, paradoxically, 5-HT6Rs antagonists have also 

antidepressant-like effects in rats (Wesołowska et al., 2007; Wesołowska and 

Nikiforuk, 2007). Administration of 5-HT6Rs antagonists have also been reported to 

produce several other behavioural effects in rats, including feeding suppression 

(Caldirola and Svartengren, 2005), yawning and stretching (Sleight et al., 1998; 

Bentley et al., 1999) and improved performance in learning and memory tasks 

(Rogers and Hagan, 2001; Woolley et al., 2001; Lindner et al., 2003; Riemer et al., 

2003). 5-HT6Rs antagonists potentiate the stimulatory effects of amphetamine (Frantz 

et al., 2002), but inhibit the rotational behaviour of 6-OHDA-lesioned rats induced by 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TC2-3WV40YM-2&_user=650310&_coverDate=07%2F27%2F1999&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000034918&_version=1&_urlVersion=0&_userid=650310&md5=57b0e90975997eab418a1d957f23ae9c#b5#b5
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the muscarinic receptor antagonists scopolamine and atropine (Bourson et al., 1998). 

Several of the abovementioned behavioural findings, including yawning, stretching 

and memory improvements, have also been observed following central administration 

of antisense 5-HT6Rs oligonucleotides (Bourson et al., 1995; Sleight et al., 1996; 

Yoshioka et al., 1998). In addition, antisense oligonucleotide studies have indicated 

that reduced 5-HT6Rs levels causes an increase in anxiety-related behaviours (Hamon 

et al., 1999). More recently, 5-HT6Rs KO mice have been generated (Bonasera et al., 

2006). In contrast to the results obtained with 5-HT6Rs antagonists and antisense 5-

HT6R oligonucleotides, 5-HT6Rs KO mice perform normally in a wide variety of 

behavioural assays measuring cognition and anxiety (Bonasera et al., 2006). This 

difference may be explained by species differences in the pharmacology and levels of 

5-HT6Rs (Hirst et al., 2003). 

 

1.4.1.3.3 5-HT7 receptors 

The 5-HT7Rs are the most recent addition to the 5-HTR family and the human, rat and 

mouse receptors were cloned in parallel by several groups (Bard et al., 1993; 

Lovenberg et al., 1993; Ruat et al., 1993b; Shen et al., 1993; Tsou et al., 1994). Like 5-

HT4 and 5-HT6 receptors, 5-HT7Rs stimulate cAMP production via Gs proteins. Shortly 

after the receptor was cloned it was also discovered that there are four isoforms of the 

5-HT7R. The 5-HT7(a), 5-HT7(b) and  5-HT7(d) isoforms are expressed in human, whereas 

the 5-HT7(a),  5-HT7(b) and  5-HT7(c) are expressed in rodents. These isoforms differ in 

the length and amino acid composition of the predicted intracellular C-terminal 

(Heidmann et al., 1997; Heidmann et al., 1998; Krobert and Levy, 2002). 

The highest levels of 5-HT7Rs mRNA in the brain are found in the thalamus, 

hypothalamus and hippocampus and moderate to low levels in cortical regions 

(Hedlund and Sutcliffe, 2004; Varnas et al., 2004). This distribution correlates well 

with the proposed functions of 5-HT7Rs. Genetic and pharmacological studies have 

provided evidence that 5-HT7Rs may be involved in regulation of emotions, 

thermoregulation, circadian rhythmicity and memory processes (Hedlund and Sutcliffe, 

2004; Vanhoenacker et al., 2000). Furthermore, 5-HT7R knockout mice display a 

shifted circadian rhythm, a phenomenon that can be mimicked by using 5-HT7R 

antagonists (Guscott et al., 2005). 
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1.4.1.4 Ligand-gated 5-HT receptor ion channel 

1.4.1.4.1 5-HT3 receptors 

In the late 1980’s it was discovered that 5-HT exerted effects via a ligand gated ion 

channel, that shared common features of other ion channels of this type, such as 

nicotine receptors (Derkach et al., 1989). The 5-HT3Rs were later cloned (Maricq et al., 

1991) and five subunits have now been identified, 5-HT3A-E (Niesler et al., 2008). It is 

permeable to cations and has allosteric sites for several compounds. The highest 

expression of 5-HT3Rs is found in the dorsal vagal complex in the brainstem. This 

could explain the proposed involvement in chemotherapy- and radiotherapy-induced 

vomiting and nausea. 5-HT3Rs are also expressed in lower levels in forebrain regions, 

such as hippocampus, amygdala and superficial layers of the cortex, but there are 

substantial differences in expression pattern between human and rodent, leading to 

discrepancies in pharmacological properties (Barnes and Sharp, 1999). It has been 

shown that activation of 5-HT3Rs causes increased dopamine release. It is also 

proposed that antagonists for the 5-HT3R cause similar effects as known antipsychotics 

and anxiolytics, and that this receptor is involved in cognitive enhancement. However 

both of these notions still remain to be confirmed clinically (Hoyer et al., 2002). 

 

1.5 NEUROPEPTIDES 

In many substantia nigra neurons dopamine co-exists with neuropeptides, e.g. 

cholecystokinin (CCK), and neurotensin. Likewise, striatal medium-sized spiny 

GABAergic neurons contain different types of neuropeptides. Indeed, substance P 

and dynorphin are coexpressed in neurons of the direct pathway projecting to 

GPi/SNr (i.e. striatonigral neurons) while enkephalin is expressed in neurons of the 

indirect pathway projecting to the GPe (striatopallidal neurons). 

 
1.5.1 Enkephalin and Dynorphin 

There have been numerous studies over the years reporting changes in neuropeptide 

levels in experimental models of PD or post-mortem material from PD patients 

(Graybiel, 1990). Many of these studies involve the opioid peptide systems (i.e. 

peptides derived from proenkephalin or prodynorphin) and/or the tachykinins 

(substance P, neurokinin A and B). As mentioned above, the opioid neuropeptides, 

dynorphin and enkephalin are enriched in striatum, but in distinct neuronal sub-

populations, with dynorphin being enriched in D1R-containing striatonigral neurons 

and enkephalin in D2R-containing striatopallidal neurons (Gerfen et al., 1990). 
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Overall the current literature suggests that there is an increased expression of 

enkephalin and a decrease in dynorphin and substance P expression associated with PD 

(Gerfen et al., 1990; Gresch and Walker, 1999; Westin et al., 2001). L-DOPA 

treatment potently increases dynorphin mRNA in a 6-OHDA-lesioned hemisphere 

(Henry et al., 1999; Schapira et al., 2006; Cenci, 2007). The levels of dynorphin 

correlate with the incidence of L-DOPA-induced dyskinesia (Cenci, 2007). In 

contrast, enkephalin mRNA remains unaffected or only slightly elevated by L-DOPA 

(Henry et al., 1999; Cenci, 2007). 

 

1.5.2 Neurokinin B and Substance P  

The tachykinin neuropeptides, substance P (SP) and neurokinin B (NKB), derived 

from the preprotachykinin (PPT) A and B genes, are expressed in D1R-containing 

striatal neurons (Bonner et al., 1987; Krause et al., 1987; Gerfen et al., 1990; 

Sonomura et al., 2007). SP is co-localized with dynorphin and D1Rs in striatonigral 

neurons (Gerfen et al., 1990), whereas NKB is co-localized with D1Rs in a unique 

population of striatal projection neurons (Furuta et al., 2000; Sonomura et al., 2007). 

There are three tachykinin receptors: NK1R, NK2R and NK3R (Nakanishi, 1991). SP 

binds preferentially to NK1Rs and NKB to NK3Rs. NK1Rs are highly expressed in 

many brain regions, including striatum and, at least in humans, in dopamine neurons 

(Sivam and Krause, 1992; Whitty et al., 1997). NK3Rs are moderately expressed in 

the brain, but enriched in GABA interneurons in striatum and in dopamine neurons of 

substantia nigra (Shughrue et al., 1996; Chen et al., 1998; Preston et al., 2000; Furuta 

et al., 2004). The recent development of NK3R antagonists as putative neuroleptics 

(Spooren et al., 2005; Dawson et al., 2008), emphasizes the importance of 

understanding mechanism(s) whereby NKB interacts with the dopamine system. 

However, not much is known about the role of NKB in PD models. 

 
1.5.3 Secretogranin, Somatostatin and Cholecystokinin  

Secretogranins (Sgs), also called chromogranins, are a class of acidic secretory proteins 

that occur in endocrine, neuroendocrine, and neuronal cells. Several known bioactive 

peptides are derived from this class of proteins (Montero-Hadjadje et al., 2008). 

Previous study has shown that 6-OHDA lesioning caused an up-regulation of Sg-2 

mRNA levels and chronic L-DOPA treatment could further increase its expression in 

striatum (Medhurst et al., 2001). Somatostatin (SS) defines a specific population of 

GABAergic interneurons in striatum (Vincent et al., 1982). SS is classified as an 
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inhibitory neurotransmitter which suppresses the release of a range of different 

hormones such as the gastrointestinal hormones, gastrin, CCK and secretin. Following 

dopamine denervation, the SS mRNA was almost doubled in neurons producing this 

neuropeptide in the lesioned striatum (Lindefors et al., 1990). CCK is widespread 

throughout the CNS. Interestingly, dopamine and CCK co-exist in nigral neurons 

(Hökfelt et al., 1980). CCK has been largely implicated in anxiety conditions (Radu et 

al., 2002). 

 

1.6 SMALL NEUROIMMUNOPHILIN OR NEUROTROPHIC PROTEINS 

Several neuroimmunophilins and neurotrophic proteins exert neuroprotection in animal 

models of PD. For example, intraventricular or striatal infusions of glial-derived nerve 

growth factor (GDNF) in MPTP monkeys produced restoration of the nigrostriatal 

system and improvement in motor function without dyskinesias (Grondin et al., 2002). 

Based on extensive work in animals, clinical studies have recently begun. An early 

study of low-dose, monthly intraventricular injections of GDNF into PD patients did 

not produce any clinical benefit, or any evidence of dopaminergic regeneration in the 

one patient that underwent autopsy (Kordower et al., 1999, 2000). In contrast to 

intraventricular delivery of GDNF, putaminal infusion was well tolerated and 

produced significant clinical improvement and a reduction in dyskinesias (Nutt et al., 

2003).  

 

1.6.1 FKBP-12 

The immunophilin protein FKBP-12, the 12-kDa FK506-binding protein, is a 

ubiquitous protein with particular high density in the brain (Snyder et al., 1998). 

FKBP-12 acts as a receptor for the immunosuppressant drug FK506 (Liu et al., 1991). 

The FK506 class of neuroimmunophilin compounds has been shown to elicit both 

neuroprotection and neuroregeneration in neurotoxic chemical models of PD 

(Costantini et al., 1998). Further, FK506 has also been shown to enhance nerve 

regeneration in a variety of experimental situations including nerve crush (Gold et al., 

1995) and transection, and spinal cord injury (Madsen et al., 1998; Bavetta et al., 

1999). In the presence of FK506, FKBP-12 binds calcineurin (Hemenway and 

Heitman, 1999). FKBP-12 interacts, also with two intracellular calcium channels, the 

inositol 1,4,5-triphosphate (IP3) receptor and the ryanodine receptor  (Aghdasi et al., 

2001). FKBP-12 is responsible, in complex with calcineurin and calmodulin, for 

stabilizing these calcium channels by a calcineurin-mediated action. A recent report 
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showed increased levels of FKBP-12 in the caudate, putamen, and globus pallidus in 

clinical samples from patients with PD (Avramut and Achim, 2002). In clinical PD 

cases, FKBP-12 was also shown to be colocalized in synuclein positive Lewy bodies 

(Avramut and Achim, 2002). Thus, it may be speculated that FKBP-12 is involved in 

the biochemistry of the proteasome complex that is responsible for degradation of 

misfolded and damaged proteins (Leroy et al., 1998). Further, FKBP-12, together 

with growth associated protein-43, a major neuronal phosphoprotein implicated in 

neuronal regeneration (Skene et al., 1986), is also up-regulated in PC12 cells 

subjected to 6-OHDA treatment (Seth et al., 2002).  

 

1.6.2 Brain-derived neurotrophic factor (BDNF) 

BDNF is a member of the "neurotrophin" family of growth factors – which are related 

to the canonical "Nerve Growth Factor", NGF. BDNF is an early response gene 

modulating cell plasticity, neuronal proliferation, differentiation and survival (Murer 

et al., 2001). In addition, BDNF is released upon neuronal depolarization, triggers 

rapid intracellular signals and action potentials via stimulation of its high-affinity 

receptor TrkB. BDNF can thus alter synaptic transmission both by regulating 

synaptogenesis and by modulating synaptic plasticity and efficacy. The localization 

of BDNF and TrkB receptors in dopaminergic neurons in SNc and the trophic effects 

of BDNF on dopamine neurons have implicated BDNF in the pathophysiology of PD 

(Fumagalli et al., 2006; Murer et al., 2001). Furthermore, repeated L-DOPA treatment 

increases the levels of cortically derived BDNF, and this increase plays a critical role 

in the emergence of LID (Guillin et al., 2001). These effects have been attributed to 

alterations in the levels of BDNF in SNc and cerebral cortex.  

http://en.wikipedia.org/wiki/Neurotrophin
http://en.wikipedia.org/wiki/NGF
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2 GENERAL AIMS 
Based on the need to develop novel therapies for PD, studies were undertaken to 

identify non-dopaminergic pharmacological targets for improved treatments of PD. 

 

1. To examine adaptive changes in serotonin receptors in the unilateral 6-OHDA 

lesion animal model of Parkinson’s disease with or without by L-DOPA treatment. 

 

2. To examine behavioural effects of serotonin receptor agonists on L-DOPA-induced 

rotation or dyskinesias. 

 

3.  To examine histological effects of serotonin receptor agonists on cell proliferation, 

neuropeptides or immediate early genes. 

 

4. To examine the regulation of neuropeptides in the unilateral 6-OHDA lesion 

animal model of Parkinson’s disease with or without L-DOPA treatment. 

 

5. To examine the regulation of small neuroimmunophilin or neurotrophic proteins 

in the unilateral 6-OHDA lesion animal model of Parkinson’s disease with or 

without L-DOPA treatment. 
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3 METHODOLOGY 
The methods used in this work are described in detail in the accompanying papers and 

are listed below (Table 1). 

 
Table 1. Methods used in the present work. 

METHOD PAPER 

6-hydroxydopamine lesioning I, II,III,IV,V, VI, VII, VIII

In situ hybridyzation I, III, IV, V, VI, VIII 

SDS-PAGE and Western blotting I, IV, V, VI, VII 

Autoradiographic radioligand binding  I, IV, V, VIII 

Immunohistochemistry I, III 
35S GTPγS autoradiography I 

BrdU labeling and Tissure Processing III 

Studies of intracellular protein phosphorylation V 

Pharmacological stimulation of striatal slices V 

Amperometric detection of dopamine release V 

Rotation  I, III, V, VI, VIII 

Abnormal involuntary movements I, III 

Open field locomotion III 

Surface plasmon resonance VI 

Two-Dimensional Gel Electrophoresis VI 

Liquid chromatography VI, VII 

Mass spectrometry VI, VII 

Profiling MALDI MS  VI, VII 

 
Table 2. Agonists and antagonists used in the present work. 

NAME MODE OF ACTION 

CP93139 5- HT1B receptor agonist 

CP94253 5- HT1B receptor agonist 

sarizotan 5-HT1A, D2,3,4 receptor partial agonist 

EMDT 5-HT6 receptor agonist 

senktide NK3 receptor agonist 

SB222200 NK3 receptor antagonist 
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4 RESULTS 
 
4.1 ADAPTIVE CHANGES IN SEROTONIN RECEPTORS IN THE 

UNILATERAL 6-OHDA LESION ANIMAL MODEL OF PD WITH OR 

WITHOUT L-DOPA TREATMENT (PAPERS I, II, AND IV) 

 
4.1.1 Regulation of 5-HT1BR and its adaptor protein, p11, in striatum (Paper I) 

In Paper I, we found that the unilateral 6-OHDA lesion had no significant effects on 

5-HT1BR mRNA or p11 mRNA in saline-treated mice or rats. However, chronic 

treatments with L-DOPA (50mg/kg, i.p.; once daily for 28 days) to the mice increased 

levels of both 5-HT1BR mRNA and p11 mRNA in striatum of the lesioned hemisphere. 

For the rats, both subchronic administration (twice daily for 5 days) of a high 

concentration of L-DOPA (100 mg/kg, i.p.) and chronic administration (once daily 

for 28 days) of a low concentration of L-DOPA (10 mg/kg, i.p.) treatments caused a 

significant increase in the levels of 5-HT1BR mRNA and p11 mRNA in the lesioned 

hemisphere compared with the intact hemisphere or saline-treated rats (Fig. 2). 

 
Fig. 2. Regulation of 5-HT1BR 

and p11 mRNAs in response 

to L-DOPA in unilateral 6-

OHDA lesion mice and rats. 

(Left) Bright field 

autoradiograms showing the 

expression of 5-HT1BR and p11 

in unilateral 6-OHDA lesion 

mice treated with L-DOPA (a), 

unilateral 6-OHDA lesion rats 

subchronic treated with a high 

concentration of L-DOPA (b), 

and unilateral 6-OHDA lesion 

rats chronic treated with a low 

concentration of L-DOPA (c). 

(Right) Quantification from 

mice (a) and rats (b and c) in 

the dorsolateral striatum. *, 

P<0.05; **, P<0.01; ***, P< 

0.001 between indicated 

treatments; one-way ANOVA 

followed by Newman–Keuls 

test. 
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Consistent with the results on mRNA levels, dopamine denervation had no 

significant effects on the levels of 5-HT1BR protein or p11 protein in saline-treated 

mice or rats using Western blotting. However, treatment with L-DOPA caused 

significant increases of 5-HT1BR protein and p11 protein levels in the dopamine-

denervated hemisphere in both mice and rats (Fig. 3).  

 

 
 

 

Fig. 3. Regulation of 5-HT1BR protein and p11 protein in striatum in response to L-DOPA in unilateral 6-

OHDA lesion mice and rats. (a–c) (Upper) Western blots of 5-HT1BR, p11, TH, and actin in unilateral 6-OHDA 

lesion mice treated with 50 mg/kg L-DOPA (i.p., once daily) for 28 days (a), unilateral 6-OHDA lesion rats 

treated with 100 mg/kg L-DOPA (i.p., twice daily) for 5 days (b), and unilateral 6-OHDA lesion rats treated with 

10 mg/kg L-DOPA (i.p., once daily) for 28 days (c). Note the near-complete absence of TH in the 6-OHDA-

lesioned hemispheres. (Lower) Quantification of striatal 5-HT1BR and p11 proteins from mice (a) and rats (b and 

c). The 5-HT1BR and p11 levels were normalized to actin. *, P < 0.05; **, P < 0.01; ***, P < 0.001 between 

indicated treatments; one-way ANOVA followed by Newman–Keuls test. 

 

To further examine the regulation of 5-HT1BR protein levels by L-DOPA, we also 

examined autoradiographic binding of the selective 5-HT1BR radioligand, [125I]-

cyanopindolol, in striatum and its projection areas, SNr and GP. In saline-treated 

mice and rats, the unilateral 6-OHDA lesion had no significant effects on [125I]-

cyanopindolol binding in any of the regions studied (Fig. 4). After chronic treatment 

with L-DOPA in mice and rats, there was increased binding of [125I]-cyanopindolol in 

striatum and SNr, but not in GP (Fig. 4). In rats subchronically treated with a high 
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PA, [125I]-cyanopindolol binding was increased in striatum, SNr, and 

P (Fig. 4). 

5; **, P 

 0.01; ***, P < 0.001 between indicated treatments; one-way ANOVA followed by Newman–Keuls test. 

arts of cortex, 

but it remained unaffected by the dopaminergic manipulations (Fig. 5). 

dose of L-DO

G
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Regulation of [125I]-cyanopindolol binding to 5-HT1BRs in response to L-DOPA in unilaterally 6-

OHDA-lesioned mice and rats. (a–c) (Left) Bright field autoradiograms showing [125I]-cyanopindolol binding in 

striatum (Str), GP, and SNr in unilaterally 6-OHDA-lesioned mice treated with 50 mg/kg L-DOPA (i.p., once 

daily) for 28 days (a), unilaterally 6-OHDA-lesioned rats treated with 100 mg/kg L-DOPA (i.p., twice daily) for 5 

days (b), and unilaterally 6-OHDA-lesioned rats treated with 10 mg/kg L-DOPA (i.p., once daily) for 28 days (c). 

(Right) Quantification from mice (a) and rats (b and c) in the dorsolateral striatum, GP, and SNr. *, P < 0.0

<

 
4.1.2 Regulation of 5-HT2AR and 5-HT2CR mRNAs in striatum (Paper II) 

In Paper II, we found that the unilateral 6-OHDA lesion increased the levels of 5-

HT2AR mRNA in striatum. Subchronic treatment with L-DOPA not only reversed the 

up-regulation of 5-HT2AR mRNA in striatum, but caused a significant reduction in its 

expression. There is also an abundant expression of 5-HT2AR in most p
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ne-way ANOVA 

st for pairwise comparisons. 

 

re, but no changes in 

5-HT2C

 

ersus the intact hemisphere. One-way ANOVA followed by Newman-Keul's test for pairwise 

omparisons. 

 

 

 

Fig. 5. Regulation of 5-HT2AR mRNA in striatum in response to L-DOPA 

in unilaterally 6-OHDA-lesioned rats. (A) Photomicrograph illustrating the 

expression of tyrosine hydroxylase mRNA at the level of substantia nigra pars 

compacta (SNc) in a rat with a 6-OHDA-lesion in the right hemisphere. (B, C) 

Photomicrographs illustrating the expression of 5-HT2AR mRNA at the level 

of striatum (Str) in rats with a 6-OHDA-lesion in the right hemisphere that has 

not been treated (B) or that has received replacement treatment with L-

DOPA/benserazide (C). (D) Histogram showing the quantification of 5-HT2A 

mRNA levels in striatum from non- or L-DOPA/benserazide-treated animals. 

* p < 0.05, *** p < 0.001, versus the intact hemisphere. O

followed by Newman-Keul's te

 
 
 

In contrast, the unilateral 6-OHDA lesion caused reduction of 5-HT2CR mRNA in 

striatum which were not affected by treatment with L-DOPA. 5-HT2CR, but not 5-

HT2AR, are highly expressed in nucleus subthalamicus, a region know to be 

dysfunctional in PD. We therefore examined the effects of 6-OHDA-lesioning, and 

subsequent L-DOPA, on 5-HT2CR mRNA levels in this structu

R mRNA in nucleus subthalamicus were found (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Regulation of 5-HT2CR mRNA in striatum in response to L-DOPA in unilaterally 6-OHDA-lesioned 

rats. Photomicrographs illustrating 5-HT2CR mRNA expression in striatum (Str) (A, C) or nucleus subthalamicus 

(STN) (B, D) in animals with 6-OHDA lesion in the right hemisphere that have not been treated (A, B) or that 

have received treatment with L-DOPA/benserazide (C, D). (E, F) Histograms showing the quantification of 5-

HT2CR mRNA levels in striatum (E) and nucleus subthalamicus (F) from non-or L-DOPA/benserazide-treated rats. 

* p < 0.05, v

c
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258585 binding between the intact and dopamine-

epleted hemispheres was found. 

ning on [125I]SB-258585 

inding (D, H and L).  ***P<0.0001 vs intact hemisphere; Student’s t-test. Scale bar: 1mm 

 

 

4.1.3 Regulation of [125I]SB-258585-binding to 5-HT6R (Paper IV) 

In Paper IV, the efficacy of the unilateral 6-OHDA lesions was evaluated by [3H]-CFT 

and/or [125I]RTI-55 binding in caudate-putamen (Fig. 7). In marmosets, the 6-OHDA 

lesions caused 94 % reduction of [3H]-CFT binding. In rats and mice, the 6-OHDA 

lesions caused 94% and 82 % reduction of [125I]RTI-55 binding, respectively. Using the 

same animals, autoradiography binding with the 5-HT6R selective radioligand 

[125I]SB-258585 was studied at the level of caudate-putamen. As shown in figure 7, 

there were 40% and 20% reduction of [125I]SB-258585 binding detected in nucleus 

caudatus-putamen in the dopamine depleted hemisphere compared to the intact 

hemisphere in marmosets and rats, respectively. In contrast, in the mice brains no 

significant difference in [125I]SB-

d

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Regulation of [3H]-CFT or [125I]RTI-55 and [125I]SB-258585 by 6-OHDA-mediated dopamine depletion 

in mouse, rat and marmoset brains. Autoradiograms showing [3H]-CFT and [125I]SB-258585 binding in a 6-

OHDA-lesioned marmoset (A and B) and [125I]RTI-55 and [125I]SB-258585 binding in a 6-OHDA-lesioned rat (E 

and F) and mouse (I and J). Histograms show the quantification of the efficacy of 6-OHDA lesioning in terms of 

reduction of dopamine transporter binding (C, G and K) and the effect of 6-OHDA-lesio

b

 



 

  25 

4.2 BEHAVIOURAL EFFECTS OF SEROTONIN RECEPTOR AGONISTS 
ON L-DOPA-INDUCED ROTATION OR DYSKINESIA IN THE 
UNILATERAL 6-OHDA LESION ANIMALS (PAPERS I AND III) 

 
4.2.1 Effects of a 5-HT1BR agonist, CP94253, in p11 WT and KO Mice (Paper I) 

In Paper I, we found that co-treatment with a 5-HT1B agonist, CP94253 and L-DOPA 

significantly decreased the number of rotations compared with treatment with L-

DOPA alone (i.e., day 7 vs. day 8 or 15) in p11 WT mice (Fig. 8). Moreover, on day 

16, when mice were treated with L-DOPA alone again, the number of rotations in p11 

WT mice significantly increased compared to the mice co-treated with CP94253 and 

L-DOPA. In contrast, in p11 KO mice, these effects on motor activity by CP94253 

were abolished (Fig. 8). Co-treatment with CP94253 and L-DOPA also counteracted 

L-DOPA-induced abnormal involuntary movements (AIMs) (i.e., day 7 vs. 15) in p11 

WT mice (Fig. 8) but not in p11 KO mice (Fig. 8). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 5-HT1BR agonist-mediated inhibition of L-DOPA-induced rotations and AIMs in p11 WT versus KO 

mice. p11 WT and KO mice were treated with 50 mg/kg L-DOPA (i.p.) alone or together with the 5-HT1BR 

agonist, CP94253 (2.5 mg/kg, i.p.) as indicated. (a and b) Effects of L-DOPA alone (days 1, 7, and 16) or together 

with CP94253 (days 8 and 15) on contralateral turns in p11 WT mice (filled bars) (a) and p11 KO mice (open bars) 

(b). (c and d) Effects of L-DOPA alone (day 7) and CP94253+L-DOPA (day 15) on AIMs in p11 WT mice (filled 

bars) (c) or p11 KO mice (open bars) (d). *, P < 0.05 between indicated treatments; one-way ANOVA, followed 

by Newman–Keuls test. ##, P<0.01 between L-DOPA- and CP94253 plus L-DOPA-treated mice; Student’s t test. 
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4.2.2 Effects of a 5-HT1AR agonist, sarizotan, in rats (Paper III) 

In Paper III, unilaterally 6-OHDA-lesioned rats were treated with saline, sarizotan (2.5 

mg/kg, i.p.), L-DOPA (10 mg/kg; i.p.) alone or in combination for 24 days. As shown 

in figure 9, rotational behaviours were measured on days 1, 17 and 24. Sarizotan had no 

effect on the rotation by itself. L-DOPA treatment significantly increased the number of 

rotations on day 17 and day 24. Following co-treatment with sarizotan and L-DOPA for 

17 days or 24 days, there were significantly fewer rotations compared to treatment with 

L-DOPA alone although there was no difference on the first day. To better characterize 

the supersensitive responsivity and possible disadvantageous effects of L-DOPA and its 

reversal by sarizotan, we also measured AIMs on day 24. In agreement with previous 

studies (Lundblad et al., 2004), repeated L-DOPA treatment increased AIMs (Fig. 9). 

Co-treatment with sarizotan, reduced L-DOPA-induced AIMs (Fig. 9), but did not 

affect L-DOPA’s action on horizontal activity (Fig. 9).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Effects of sarizotan on L-DOPA-induced rotations, abnormal involuntary movements and motor 

activity in unilaterally 6-OHDA-lesioned rats. (A) The effect of sarizotan on L-DOPA-induced contralateral 

rotations in unilaterally 6-OHDA-lesioned rat on days 1, 17 and 24. (B) The effect of sarizotan on L-DOPA-induced 

abnormal involuntary movements in unilaterally 6-OHDA-lesioned rats on day 24. (C) The effect of sarizotan on L-

DOPA-induced horizontal activity in unilaterally 6-OHDA-lesioned rat on days 1 and 24. *P<0.05, **P<0.01, 

***P<0.001 versus saline from the same day; ##P<0.01, ###P<0.001 versus sarizotan from the same day; +P<0.05, 

+++P<0.001 versus L-DOPA+sarizotan from the same day; §P<0.05, §§P<0.01, §§§P<0.001 versus L-DOPA on 

Day 1. One-way analysis of variance (ANOVA) followed by Bonferroni's Multiple Comparison Test for pairwise 

comparisons. 
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4.3 HISTOLOGICAL EFFECTS OF SEROTONIN RECEPTOR AGONISTS 

ON CELL PROLIFERATION, NEUROPEPTIDES OR IMMEDIATE 

EARLY GENES IN THE UNILATERAL 6-OHDA LESION RATS 

(PAPERS III AND IV) 

 
4.3.1 Sarizotan treatment increases cell proliferation in the subgranular zone 

of the dentate gyrus (Paper III) 

In Paper III, the unilaterally 6-OHDA-lesioned rats were chronically treated with saline, 

sarizotan or L-DOPA alone or in combination for 24 days and tested behaviourally as 

described above. The animals were thereafter perfused and analyzed for measures of 

cell proliferation. Immunohistochemical visualization of Ki67 cell revealed that either 

sarizotan or L-DOPA alone significantly increased cell proliferation in the 6-OHDA 

lesioned side in the subgranular zone (SGZ) of dentate gyrus comparison to controls 

(Fig. 10). Furthermore, the combined chronic treatment of sarizotan and L-DOPA also 

produced increases in cell proliferation in the lesioned side in the SGZ (Fig. 10). To 

examine neurogenesis in the SGZ, measurements of DCX were also made. While 

neither sarizotan nor L-DOPA had any significant actions by themselves, combined 

treatment with sarizotan and L-DOPA increased DCX levels in the 6-OHDA lesioned 

side (Fig. 10). 

 

 

 

 

 

 

 

 

 

 
Fig. 10. The effects of sarizotan and L-DOPA on Ki67 and DCX staining in the SGZ. Histograms (Left part) 

showing effects of saline, sarizotan and L-DOPA alone or in combination on the levels of (A) Ki67 staining cells or 

(B) DCX immunoreactivity in the SGZ. *P<0.05, **P<0.01  versus saline lesioned side; One-way analysis of  

variance (ANOVA) followed by Bonferroni's Multiple Comparison Test. Representative images (Right part) from 

immunohistochemistry experiments showing the effects of saline, sarizotan and L-DOPA alone or in combination on 

the levels of Ki67 and DCX staining cells in the SGZ of the 6-OHDA-lesioned hemisphere. The Ki67 staining is 

shown at the cellular level (inserts in upper left corners) and from an entire hippocampal section. The DCX staining is 

shown at the cellular level. 
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4.3.2 Regulation of the neuropeptides and immediate early genes in striatum 

by the 5-HT6R agonist 2-ethyl-5-methoxy-N,N-dimethyltryptamine 

(EMDT) (Paper IV) 

In Paper IV, we found in agreement with previous reports (e.g. Gerfen et al. 1990), 

that the level of enkephalin mRNA was increased, whereas the levels of substance P 

and dynorphin mRNAs were decreased, in the dopamine-depleted striatum (Fig. 11). 

Administration of the 5-HT6R agonist EMDT (5 mg/kg, i.p.) increased enkephalin 

mRNA in striatum of the dopamine-depleted hemisphere (Fig. 11). In contrast, no 

significant effects of EMDT on substance P and dynorphin mRNAs were found in the 

intact or in the dopamine-depleted striatum (Fig. 11). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Regulation of enkephalin, dynorphin and substance P mRNAs by EMDT in unilaterally 6-OHDA-

lesioned rats. Left panels show autoradiograms from in situ hybridization experiments against enkephalin (A), 

dynorphin (C) and substance P (E) mRNAs in unilaterally 6-OHDA lesioned rats treated with saline or EMDT (5 

mg/kg, i.p.) for 3 hrs. Right panels show histograms of the quantification of the effect of saline or EMDT on 

enkephalin (B), dynorphin (D) and substance P (F) mRNAs in the intact and lesioned hemispheres. *P<0.05, 

***P<0.001; One-way analysis of variance (ANOVA) followed by Newman-Keuls pairwise comparisons. Scale bar: 

1mm. 
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The immediate early genes, egr-1 and homer, are known to be regulated by L-DOPA 

and dopamine receptor agonists in the dopamine-depleted striatum (Berke et al., 1998). 

Administration of EMDT (5 mg/kg, i.p.) caused an induction of egr-1 and homer, in the 

striatum of the dopamine-depleted hemisphere (Fig. 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 12. Regulation of egr-1 and homer mRNAs by EMDT in unilaterally 6-OHDA-lesioned rats. Left panels 

show autoradiograms from in situ hybridization experiments against egr-1 (A) and homer (C) mRNAs in unilaterally 

6-OHDA lesioned rats treated with saline or EMDT (5 mg/kg, i.p.) for 3 hrs. Right panels show histograms of the 

quantification of the effect of saline and EMDT on egr-1 (B) and homer (D) mRNAs in the intact and lesioned 

hemispheres. *P<0.05; One-way analysis of variance (ANOVA) followed by Newman-Keuls pairwise comparisons. 

Scale bar: 1mm 

 

4.4 REGULATION OF NEUROPEPTIDES IN THE UNILATERAL 6-OHDA 

LESION ANIMAL MODEL OF PD WITH OR WITHOUT L-DOPA 

TREATMENT (PAPER V AND VII) 

 
4.4.1 Regulation of NKB mRNA and SP mRNA in striatum (Paper V) 

In Paper V, we found that unilateral 6-OHDA lesion tended to increase NKB mRNA 

levels and significantly decreased SP mRNA expression. An acute injection of L-

DOPA (100 mg/kg) had no effect on NKB mRNA levels, but restored the decreased 

levels of SP in the 6-OHDA-lesioned hemisphere. Following subchronic 

administration of L-DOPA (100 mg/kg, twice daily for 5 days), a highly significant 

increase in NKB mRNA levels in the dopamine-depleted hemisphere was found when 
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compared to the intact hemisphere and to rats treated with single injections of saline 

or L-DOPA (Fig. 13). In contrast, there was no significant difference in SP mRNA 

levels between animals acutely or subchronically treated with L-DOPA (Fig. 13). To 

examine whether NKB and SP mRNA levels were also regulated by L-DOPA at a 

more clinically relevant dosing, we injected unilaterally 6-OHDA-lesioned rats with 

10 mg/kg of L-DOPA either acutely or chronically for 4 weeks. We found the similar 

results as with the higher dose of L-DOPA. 
Fig. 13. Effects of acute and subchronic 

administration of a high concentration 

of L-DOPA on NKB mRNA and SP 

mRNA expression. Left panels show 

autoradiograms from in situ hybridization 

experiments against NKB and SP mRNAs 

in unilaterally 6-OHDA-lesioned rats 

treated with saline, acute or subchronic L-

DOPA (100 mg/kg, twice daily for 5 days, 

i.p.). Right panels show histograms of the 

quantification of the effects of saline, 

acute or subchronic L-DOPA on NKB 

(upper) and SP (lower) mRNAs in the 

intact and lesioned hemispheres. *P < 

0.05, **P < 0.01, ***P < 0.001; One-way 

analysis of variance (ANOVA) followed 

by Newman–Keul’s test for pairwise 

comparisons. 

 
4.4.2 Biochemical effects of a NK3R agonist on evoked dopamine release and 

signal transduction (Paper V) 

In Paper V, using amperometric methodology, we found that a NK3R agonist, 

senktide significantly increased evoked dopamine release in the striatal slice and that 

this increase could be blocked by a NK3R antagonist, SB222200 (Fig.14). 

The rate-limiting step in dopamine synthesis is the conversion of tyrosine to L-

DOPA by tyrosine hydroxylase (TH). It has been shown that TH activity can be 

positively regulated by CaMKII and MEK/MAPK via phosphorylation of Ser19 and 

Ser31, respectively (Yamauchi et al., 1981; Haycock et al., 1992). Since the 6-OHDA 

lesion model causes a near-complete loss of TH, we could not use this model to study 

the influence of NK3R ligands on TH or dopamine release. Using normal slices, we 

found that senktide caused a significant increase in the phosphorylation of the 

CaMKII site, Ser19-TH and Thr286-CaMKII. Senktide reduced P-Ser217/221-MEK, but 

had no effects on P-Ser31-TH. All these effects could be blocked by SB222200 under 
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conditions where SB222200 had no effects by itself. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Effects of senktide and SB222200, alone or in combination, on evoked dopamine release in striatal 

slices. (A) Time course of the effect of senktide (0.5 mM) in the perfusion solution for 15 min as indicated by the 

horizontal bar on the amplitude of the evoked dopamine release (left) and example of amperometric recordings in 

one slice before and after senktide (right). (B) Effect of coapplication of SB222200 (100 nM) and senktide (0.5 

mM) in the perfusion solution as indicated by the horizontal bar on evoked dopamine release (left) and example of 

amperometric recordings in one slice before and after senktide (right). (Scale bars 10 pA, 100 ms) 1 and 2, time 

points chosen for illustration with records. 

 
4.4.3 Behavioural effect of a NK3R antagonist, SB222200 (Paper V) 

To study the influence of NKB/NK3R signalling in PD, we used the non-peptide, 

blood–brain penetrating and selective NK3R antagonist, SB222200 (Sarau et al., 

2000). In unilaterally 6-OHDA lesioned rats primed with L-DOPA (10 mg/kg for 13 

days), a single injection of the NK3R antagonist, SB222200 (5 mg/kg), had no effect 

on rotational behaviour by itself (Fig. 15). However, co-treatment with L-DOPA and 

SB222200 significantly increased the number of rotations when compared to L-

DOPA alone (Fig. 15). 
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Fig. 15. Effect of the NK3R antagonist, SB222200, on L-

DOPA-induced contralateral rotations. Number of 

contralateral rotations during 30 min in response to 

treatment with saline, SB222200 (5 mg/kg, i.p.), L-DOPA 

(10 mg/kg, i.p.) and combination of L-DOPA (10 mg/kg, 

i.p.) with SB222200 (5 mg/kg, i.p.). The saline-treated rats 

received only saline, whereas the SB222200 and L-DOPA-

treated rats were primed with L-DOPA. As indicated in the 

figure, the L-DOPA primed rats received treatments with 

SB222200 alone, L-DOPA alone, SB222200 combined with 

L-DOPA and L-DOPA alone on consequentive days. *P < 

0.05, **P < 0.01, Student’s t test. 

 
 
 

4.4.4 Regulation of peptides derived from genes encoding secretogranin, 

somatostatin, preproenkephalin and cholecystokinin (Paper VII) 

In Paper VII, fourteen peptides from secretogranin (Sg)-1, two from Sg-2 and one 

from Sg-3 were identified. From the ANOVA analyses, four of the peptides derived 

from the Sg-1 and the Sg-3 were found differentially expressed. The general pattern 

of expression for all the Sg-1 derived peptides is characterized by an increase on the 

lesioned side of the brain. The peptide derived from the Sg-3 precursor displayed a 

different expression pattern. The level of this peptide was lower on the lesioned side 

in saline-treated animals but higher following L-DOPA.  

Two peptides derived from somatostatin-28 were up-regulated on the lesioned side 

and following L-DOPA administration their levels were reduced. Another 

somatostatin derived peptide, AGCKNFFWKTFTSC, displayed a different regulation. 

However, this peptide was only identified by mass matching.  

There were in total four peptides identified from the PPE-B precursor. One of these 

was differentially expressed according to the ANOVA analysis. The peptide 

SSEMARDEDGGQDGDQVGHEDLY displayed an up-regulation on the lesioned 

side following L-DOPA treatment compared to the saline treated lesioned side. Also, 

in this case all peptides derived from the same precursor had similar expression 

profiles except for YGGFL (Leu-enkephalin) which is a peptide that derives from 

multiple precursors. The general trend is that L-DOPA treatment increases the 

expression of PPE-B peptides.  
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There were two peptides derived from the cholecystokinin precursor that were 

differentially expressed. These peptides were increased on the L-DOPA treated 

lesioned side compared to the intact side of the brain.  

In addition, significant differences in the levels of single peptides from the precursors 

of phosphatidylethanolamine binding protein 1, pro-opiomelanocortin-alpha and CART 

were found between the lesioned and intact tissue. In line with previous findings, our 

data indicated a down-regulation of SP on the lesioned side of the brain but this change 

did not reach significance. 

 

4.5 REGULATION OF SMALL NEUROIMMUNOPHILIN OR 

NEUROTROPHIC PROTEINS IN THE UNILATERAL 6-OHDA 

LESION ANIMAL MODEL OF PD WITH OR WITHOUT L-DOPA 

TREATMENT (PAPER VI AND VIII) 

 

4.5.1 Regulation of FKBP-12 in striatum (paper VI) 

In paper VI, a proteomic approach found that FKBP-12 is up-regulated in the 6-OHDA 

lesioned striatum. Western blotting confirmed a significant increase in FKBP-12 

protein levels in the dopamine-denervated lesioned hemisphere (Fig. 16). Moreover, 

using in situ hybridization, the dopamine denervated striatum showed elevated levels 

of FKBP-12 mRNA compared to the corresponding intact striatum (Fig 17). 

 

 
 

 

 

 

Fig. 16. Regulation of FKBP-12 and TH proteins in 

striatum in the 6-OHDA-lesioned mice. (A) Western blots 

showing elevated levels of FKBP-12 protein in striatum in 

the 6-OHDA-denervated hemisphere. (B and C) Histograms 

showing the quantification of FKBP-12 and TH protein 

levels in the intact and the denervated hemisphere. * p < 

0.05, Student’s t test. 
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Fig. 17.  Regulation of FKBP-12 mRNA in striatum in the 6-OHDA-

lesioned mice. (A) Autoradiogram showing that FKBP-12 mRNA levels are 

elevated in striatum in the 6-OHDA-denervated hemisphere. (B) Histogram 

showing the quantification of FKBP-12 mRNA levels in the intact and the 

denervated hemisphere. * p < 0.05, Student’s t test. 

 
 

 

 

4.5.2 Regulation of BDNF in the subthalamic nucleus (paper VIII) 

In Paper VIII, it was found that saline-treated and acutely L-DOPA-treated rats had 

no difference in the expression of BDNF mRNA between the lesioned and intact 

hemispheres either in striatum or in the STN. However, repeated L-DOPA treatment 

significantly increased BDNF expression in the dopamine-depleted STN but had no 

significant effect in striatum (Fig. 18). 

 

 

 

Fig. 18. Regulation of BDNF mRNA in 

STN in the 6-OHDA-lesioned mice. (A) 

[3H]CFT binding demonstrating the near-

complete unilateral dopamine lesioning. 

(B) 5-HT2CR mRNA confirming the 

presence of the STN (arrows) in the 

studied sections. (C, D) BDNF mRNA in 

(C) saline- and (D) repeatedly L-DOPA-

treated rats at the level of the STN.  
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5 GENERAL DISCUSSION 
 
Parkinson’s disease (PD) is a neurodegenerative disease. Clinical features include the 

asymmetric onset of bradykinesia, rigidity and tremor. These are the result of the loss 

of dopaminergic neurons in the substantia nigra pars compacta, which causes a 

consequent reduction of dopamine levels in striatum. However, additional 

neurotransmitter, neuromodulator and neuropeptide systems are also involved in PD, 

including the noradrenergic, serotonergic, adenosinergic, glutamatergic, cholinergic 

and opioid. The loss of these systems results in symptoms that include not only motor 

deficits but also cognitive decline, sleep abnormalities and depression. These “non-

motor” features progress and come to dominate the later stages of PD. Unfortunately 

it is difficult to measure depression in PD models, particularly as most behavioural 

animal tests for depression relies on intact motor function. The present study focuses 

on non-dopaminergic adaptive changes and identification of targets for non-

dopaminergic drugs for symptomatic improvement of motor functions. Below, some 

current non-dopaminergic drugs in drug development are presented, followed by a 

selection of the data obtained within this thesis that has identified additional novel drug 

targets. 

 

5.1 NON-DOPAMINERGIC DRUGS IN DRUG DEVELOPMENT AGAINST 

PD 

 
5.1.1 Adenosine A2A receptor antagonists 

There has been considerable interest in developing A2A receptor antagonists for the 

symptomatic treatment of PD. The A2A receptor is highly enriched in striatum. In fact, 

detailed anatomical studies have shown that this receptor is only expressed in 

striatopallidal neurons, where they are colocalized with dopamine D2 receptors 

(Schiffmann et al., 1991; Fink et al., 1992; Svenningsson et al., 1997). Selective A2A 

receptor antagonists potentiate contralateral rotation induced by L-DOPA and 

dopaminergic agonists in rats with unilateral 6-OHDA destruction of dopamine 

neurons (Jiang et al., 1993; Pinna et al., 1996, Fenu et al., 1997). Furthermore, oral 

administration of a selective A2A receptor antagonist, KW-6002, can counteract 

haloperidol-catalepsy in mice and reverse motor disabilities in MPTP-treated mice 

and primates in a dose-dependent manner, without inducing dyskinesia or nausea 
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(Kanda et al., 1998). KW-6002 has also been used clinical trials for efficacy in patients 

with PD. Results from the trials demonstrated that it provides a clinically meaningful 

reduction in 'off' time with no troublesome dyskinesia in L-DOPA-treated  PD patients 

with established motor complications (Jenner, 2003; Pinna et al., 2005; Hauser et al., 

2008; Salamone et al., 2008).   

 

5.1.2 Ionotropic/Metabotropic Glutamate receptors drugs 

The basal ganglia receive a very strong glutamatergic innervation that is the major 

excitatory drive of striatal neurons. Glutamate elicits its responses in the CNS by 

activating two families of receptors; ligand-gated cation channels termed ionotropic 

glutamate receptors (iGluRs) and G-protein-coupled receptors termed metabotropic 

glutamate receptors (mGluRs). iGluRs can be divided into three major classes; 

NMDA, AMPA and kainate receptors. Systemic administration of NMDA receptor 

antagonists causes a broad spectrum of psychotropic actions which includes an 

increased locomotor activity. The latter action of NMDA receptor antagonism is 

thought to underlie some of the beneficial actions of amantadine in PD. Recently, 

interest in pharmacologic treatments for PD has turned to memantine, a selective, 

uncompetitive antagonist at N-methyl-D-aspartate (NMDA) receptors (Lipton, 2005). 

Memantine may improve parkinsonian symptoms independently of dopaminergic 

drugs and may counteract drug-induced dyskinesias.  

Given the wide-spread distribution of metabotropic glutamate receptors in basal 

ganglia regions, it is anticipated that these receptors will have strong influence on the 

physiology and pathophysiology of basal ganglia function. To date, eight mGluR 

subtypes (designated mGluR1 to mGluR8) have been cloned from mammalian brain 

(Fagni et al., 2000). These mGluRs are classified into three main groups on the basis 

of sequence homology, coupling to second messenger systems, and selectivity for 

various agonists. Group I mGluRs include mGluR1 and mGluR5, which are linked to 

phospholipase C and couple primarily to increases in phosphoinositide hydrolysis. 

Group II mGluRs include mGluR2 and mGluR3, which couple to adenylyl-cyclase 

inhibition. Group III mGluRs also couple to adenylyl-cyclase inhibition, and include 

mGluR4, mGluR6, mGluR7 and mGluR8. It has been shown that stimulation of 

group I and II striatal mGluRs seems to play a role in diminution of parkinsonian 

symptoms and parkinsonian-like muscle rigidity (Kearney et al., 1997, 2000; 

Wolfarth et al., 2000).  
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5.1.3 Glial-derived nerve growth factor  

The use of daily intraventricular or striatal infusions of glial-derived nerve growth 

factor (GDNF) in MPTP monkeys produced restoration of the nigrostriatal system 

and improvement in motor function without dyskinesias (Grondin et al., 2002). There 

was a >20% increase in the number of tyrosine hydroxylase-positive nigral neurons, 

in dopamine levels and a fivefold increase in striatal tyrosine hydroxylase-positive 

fibre density. An early study of low-dose, monthly intraventricular injections of 

GDNF into PD patients did not produce any clinical benefit, or any evidence of 

dopaminergic regeneration in the one patient that underwent autopsy (Kordower et al., 

1999, 2000). Another study reported on direct putaminal infusion of GDNF in five 

PD patients with advanced disease (Nutt et al., 2003). In contrast to intraventricular 

delivery of GDNF, putaminal infusion was well tolerated and produced significant 

clinical improvement and a reduction in dyskinesias. Furthermore, fluorodopa PET 

scans showed a significant increase in uptake in the putamen and substantia nigra.  

 

5.2 SARIZOTAN, A 5-HT1AR AGONIST AGAINST MOTOR AND NON-

MOTOR SYMPTOMS IN PD 

There is a strong serotonin innervation of the striatum (Soghomonian et al., 1987) that 

is relatively preserved in PD patients (Kish et al., 2008). In contrast to the 

dopaminergic denervation, serotonin innervation of the caudate nucleus appears more 

affected than the putaminal innervation. In fact, studies in marmosets have shown a 

significant serotonin sprouting and hyperinnervation of the dopamine depleted 

putamen (Gasar et al., 1993). As mentioned above there are 14 cloned 5-HTRs and at 

least 5-HT1BRs, 5-HT1ERs, 5-HT1FRs, 5-HT2ARs, 5-HT2CRs, 5-HT4Rs and 5-HT6Rs 

are relatively abundant in dopamine innervated areas of the brain which are affected 

in PD. The 5-HT1ARs regulate the firing properties of serotonin neurons. Thus, 

modulation of 5-HT1ARs will indirectly affect the functioning through all 5-HTRs. 5-

HT1ARs are positioned to stabilize the entire 5-HT system and potentially normalize 

changes in 5-HTR subtypes occurring in PD. In table 3, we have indicated known 

changes in 5-HTRs in the 6-OHDA lesion animal model of PD with or without L-

DOPA treatment. 
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5-HTR 6-OHDA LESIONING L-DOPA 

5-HT1AR ↔8  

5-HT1BR ↔1↑8 ↑1 

5-HT2AR ↑2,3,4,5  ↓4 

5-HT2CR ↔2 ; ↓4,5 ↔4 

5-HT6R ↔ 7; ↓6  

 

Table 3. Regulation of subtypes of serotonin receptors in unilateral 6-OHDA lesion animal model of PD 

and followed by L-DOPA treatment. 

1. Paper I; 2. Basura and Walker, 1999; 3. Laprade et al., 1996; 4. Paper II; 5. Numan 

et al., 1995; 6. Paper IV; 7. Roberts et al., 2002; 8. Radja et al., 1993; 

 

Early studies suggested that the relatively intact serotonergic input to the basal 

ganglia may help conversion of L-DOPA to dopamine, as a false neurotransmitter 

(Ng et al., 1970, 1971; Carta et al., 2007) and that dopamine is released from 5-HT 

neurons (Tanaka et al., 1999). In some animal models of PD, there is actually a 

compensatory serotonergic hyperinnervation to striatum (e.g., Gaspar et al., 1993). 

Moreover, several serotonin receptors are highly expressed in striatum (Barnes and 

Sharp, 1999) and are, thus, positioned to modulate L-DOPA-mediated actions. 

Targeting the serotonin system may offer alternative approaches for the treatment of 

advanced Parkinsonism. 

5-HT1ARs are not only involved in control of 5-HT release via autoreceptors in the 

DRN, but also in modulation of dopamine, GABA and glutamate neurotransmission 

via postsynaptic receptors within the basal ganglia. 5-HT1ARs are up-regulated in 

striatum of MPTP-treated primates, particularly in the striosomes of the caudal 

putamen (Frechilla et al., 2001). However, changes in 5-HT1ARs after long-term L-

DOPA treatment and the development of LID are unknown. Previous behavioural 

studies have shown that systemic administration of R-(+)-8-OH-DPAT or the partial 

5-HT1AR agonist, buspirone, can reduce dyskinesia in the L-DOPA-treated 6-OHDA 

lesion rat model of PD (Carta et al., 2007; Dupre et al., 2007; Eskow et al., 2007). 

Initial clinical trials with sarizotan also demonstrated an antidyskinetic effect in PD 

patients (Bara-Jimenez et al., 2005). In Paper III, we studied the effects of sarizotan, 

on supersensitized L-DOPA induced rotation and LID. We found that co-

administration sarizotan with L-DOPA can decrease the number of supersensitized 

rotation and LID compared to L-DOPA alone. We also found that sarizotan increase 
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cell proliferation in the SGZ of the DG. Sarizotan´s actions on cell proliferation and 

neurogenesis are reminiscent of actions of several antidepressant agents and indicate 

that sarizotan could be useful for the treatment of non-motor symptoms of PD. 

Altogether, these data suggest that sarizotan may have restorative and neuroprotective 

properties in Parkinsonism. 

 

5.3 5-HT1BR AGONISTS AGAINST LID IN PD 

For the 5-HT1BRs, limited studies have investigated changes in PD to date. In paper I, 

we found that L-DOPA increases the levels of 5-HT1BRs and p11 in striatonigral 

neurons and that the 5-HT1BR agonist, CP94253, counteracts LID and also L-DOPA-

induced rotational behaviour in WT mice. Several mechanisms may underlie the 

ability of 5-HT1B agonists to reduce LID. 5-HT1BRs serve as autoreceptors on 

terminals of serotonin neurons originating from the raphe nuclei. Stimulation of 5-

HT1BRs within the striatum may reduce L-DOPA-metabolism to dopamine from 

serotonergic neurons and hence reduce dopamine release, and dyskinesia (Fig. 19) 

(Carta et al., 2007). Since L-DOPA increases the levels of 5-HT1BRs and p11 in 

striatonigral neurons, we also propose a postsynaptic mechanism whereby CP94253 

counteracts L-DOPA-induced rotations and LID (Fig. 19). Stimulation of 5-HT1BRs 

inhibits cAMP formation (Bouhelal et al., 1988) and reduces GABA release in 

striatum and SNr (Stanford and Lacey, 1996). In contrast, stimulation of D1Rs 

increases cAMP formation (Greengard, 2001) and GABA release in striatum and SNr 

(Aceves et al., 1992). Because D1R supersensitivity in striatonigral neurons appears 

to underlie L-DOPA-mediated rotations and LID, it is reasonable to believe that the 

inhibitory effects of a 5-HT1BR agonist on these behaviours involves an inhibitory 

influence on D1R-mediated cAMP formation and/or GABA release. The possibility 

that 5-HT1BR agonists may counteract L-DOPA-induced behaviours by diminishing 

D1R-mediated is in agreement with current knowledge on the role of GABA in L-

DOPA supersensitivity. Repeated treatment with L-DOPA to animal models of PD 

up-regulates genes for GABA synthesis in striatonigral neurons (Cenci et al., 1998) 

and increases GABA levels in the SNr (but not in the GP) (Mela et al., 2007). 

Furthermore, the inhibitory effects of CP94253 on L-DOPA-induced rotations and 

LID involve p11 because they are not found in p11 KO mice. The turnover of 

serotonin is increased in p11 KO mice (Svenningsson et al., 2006) presumably 

because of a decreased autoinhibition by 5-HT1BRs on the serotonergic nerve 

terminals. A decreased efficacy of 5-HT1B autoreceptors also may contribute to the 
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lack of inhibition of CP94253 on L-DOPA induced rotational behaviour in p11 KO 

mice. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.19. Schematic drawings of a speculative model on how 5-HT1A and 5-HT1B receptors exert function on 

L-DOPA induced effects.  Under normal or early PD, L-DOPA does not have much effect on dopaminergic and 

serotonergic neurons. In late PD, L-DOPA can be converted dopamine in serotonergic neurons. L-DOPA 

increases the levels of 5-HT1BRs and p11 in striatonigral neurons.  L-DOPA also stimulates D1R and increase 

GABA release. Red dots indicate dopamine; Green dots indicate 5-HT; Yellow dots indicate GABA. 
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5.4 ACP-103, A 5-HT2AR ANTAGONIST, AGAINST LID AND 

HALLUCINATIONS 

ACP-103 (pimavanserin), a 5-HT2A inverse agonist, is currently undergoing 

evaluation against hallucination in PD (Gardell et al., 2007). Moreover, a double-blind 

clinical trial in 12 PD patients with LID and motor complications demonstrated good 

tolerability and reduced dyskinesia, without worsening of parkinsonian symptoms 

(Roberts, 2006). 

5-HT2ARs are widely distributed in the basal ganglia. There are limited studies on 

changes in 5-HT2AR distribution and levels in PD or LID. In paper II, we found that 

6-OHDA lesioning increased levels of 5-HT2AR in striatum. Administration of L-

DOPA treatment not only reversed the up-regulation of 5-HT2AR, but caused a 

significant reduction in the lesioned hemisphere. Striatal 5-HT2AR levels may vary 

between untreated and treated Parkinsonian patients and this could complicate the 

usage of ACP-103 in PD. 

5-HT2C receptors are selectively localized within the output regions of the basal 

ganglia, SNr and GPi, with moderate levels in the STN and caudate (Hoyer et al., 

1986). This suggests a potential role in modulation of basal ganglia function, and 

possibly movement control. In paper II, we found that 6-OHDA lesioning decreased 

5-HT2CR in striatum. Replacement treatment with L-DOPA had no effect on striatal 

5-HT2C levels. These data indicate that anti-depressants that act as 5-HT2CR 

antagonists, such mianserin and agomelatine, could be efficient against co-morbid 

depression in PD.  
 

5.5 NK3R ANTAGONISTS POTENTIATE L-DOPA ACTIONS 

In paper V, we found that NKB gene expression is increased with repeated treatment 

with L-DOPA suggesting a role of this neuropeptide in long-time effects of L-DOPA. 

Behavioural, biochemical and amperometric data indicate that NKB/NK3R signalling 

provides a previously not described feedback inhibition mechanism on L-DOPA 

actions (Fig. 20). In normal condition, NKB/NK3R signalling stimulates dopamine 

transmission at the presynaptic site. In conditions with a disrupted dopamine 

transmission, such as Parkinson’s disease, we found that an inhibitory influence of 

NKB/NK3R signalling on dopamine transmission that becomes apparent. These 

discrepancies could possibly be explained by a differential regulation by NKB/NK3R 

of dopamine transmission at the pre- and postsynaptic sites (Fig. 20). 
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Fig. 21. Schematic drawings of a speculative model on how NKB/NK3 receptor signalling exerts a 

bidirectional regulation on dopamine transmission. Under normal conditions, NKB would stimulate 

presynaptic dopamine transmission at the presynaptic terminals and inhibit postsynaptic dopamine transmission 

exerted via D1R by activating NK3R and GABA release from GABAergic interneurons. In PD patients treated 

with L-DOPA (PD+L-DOPA), the levels of NKB are increased in striatum and the negative influence on 

postsynaptic dopamine transmission potentiated. Green arrows indicate excitatory effect. Red arrows indicate 

inhibitory effects. 

 

The mechanism(s) whereby NKB/NK3R activation has an inhibitory influence on 

dopamine transmission at its postsynaptic site are unknown. NK3Rs are 

predominantly expressed on GABAergic interneurons in striatum (Preston et al., 2000; 

Furuta et al., 2004). NK3Rs stimulate GABA release (Preston et al., 2000) and a 

hypothesis is therefore that increased NKB/NK3R activation in striatum by repeated 

L-DOPA treatment would lead to increased release of GABA that, in turn, would 

inhibit activation of dopaminoceptive medium-sized spiny projection neurons. Such 

inhibition would counteract the postsynaptic dopamine D1R-mediated actions in 

striatum that are known to be critical for the development of L-DOPA-induced 

behavioural sensitization in animal models of Parkinson’s disease. This hypothesis is 

consistent with our observation that the NK3R antagonist, SB222200, potentiates L-

DOPA-induced contralateral rotations. 
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6 CONCLUSIONS 
From the data presented in this thesis some general conclusions can be drawn: 

 

 Repeated L-DOPA treatment to unilaterally dopamine-denervated rodents 

increases the level of the 5-HT1BR and its adaptor protein, p11, in striatonigral 

neurons.  

 Administration of a selective 5-HT1BR agonist, CP94253, inhibits L-DOPA-

induced rotational behaviour and LID in a p11-dependent manner.  

 There is an imbalance between 5-HT2AR and 5-HT2CR levels in the 6-OHDA-

lesioned rat model of PD and 5-HT2AR, but not 5-HT2CR, respond to treatment 

with L-DOPA. 

 The 5-HT1AR agonist, sarizotan, counteracts L-DOPA-induced supersentitized 

rotational behaviour and LID in 6-OHDA-lesioned rats without having any 

significant effects on overall horizontal activity.  

 Sarizotan potentiates cell proliferation and neurogenesis in the subgranular zone of 

the dentate gyrus in the 6-OHDA-lesioned hemisphere.  

 Binding of the 5-HT6R ligand [125I]SB-258585 is down-regulated throughout 

striatum in the dopamine-depleted hemispheres of marmosets and rats, but not of 

mice.  

 The 5-HT6R agonist, EMDT, increases the expression of enkephalin mRNA, but 

not of substance P and dynorphin mRNAs, in the dopamine-depleted striatum.  

 There is a strong increase of NKB mRNA by chronic, but not acute, L-DOPA 

treatment in the dopamine-depleted striatum.  

 A NK3R antagonist increases L-DOPA-induced behaviour, suggesting an altered 

NKB/NK3R signalling in advanced Parkinson’s disease. 

 A peptidomic screen has identified multiple changes in the levels of 

neuropeptides including secretogranin-1, secretogranin-3, somatostatin, 

preproenkephalin B and cholecystokinin, in the 6-OHDA lesioned animal model of 

PD with or without L-DOPA treatment. 

 In the dopamine-denervated striatum, there is a significant increase of the 

immunophilin FKBP-12 mRNA and protein. 

 Subchronic treatment with L-DOPA causes a significant induction in the levels 

of BDNF mRNA in the subthalamic nucleus in a dopamine-depleted hemisphere. 
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