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Abstract
Fridjonsdottir, E. 2021. Imaging neurochemical changes associated with Parkinson´s
disease and L-DOPA-induced dyskinesia using mass spectrometry. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Pharmacy 294. 85 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1158-6.

Parkinson’s disease (PD), caused by a loss of midbrain dopamine neurons, is the second
most common neurodegenerative disease worldwide after Alzheimer’s disease. The primary
treatment choice for PD is L-DOPA, the precursor for dopamine, which only affects symptoms
and does not inhibit disease progression. Most patients develop motor complications during
long-term L-DOPA treatment called L-DOPA-induced dyskinesia (LID), which are abnormal
involuntary movements. LID has been associated with biochemical alterations in a number of
signalling systems in the basal ganglia, including the dopaminergic, serotonergic, cholinergic
and opioidergic systems, among others. Defining region-specific alterations of these signalling
molecules and comprehensive metabolic pathways in the brain will help to improve our
understanding of their involvement in LID. In the work upon which this thesis is based, we
exploited the advantages of mass spectrometry imaging (MSI) to perform on-tissue mapping
of a large number of molecules in a single experiment for investigating biochemical changes
associated with LID. A novel matrix-assisted laser desorption/ionisation (MALDI) MSI on-
tissue chemical derivatisation approach was developed that enabled imaging of primary amine
and phenolic hydroxyl group containing neurotransmitters and their comprehensive metabolic
pathways. In addition, a tissue clean-up protocol which improved the limit of detection of
multiple neuropeptides involved in basal ganglia signalling was established. These methods
were applied to neurotoxin-based animal models of PD and LID, including the gold-standard
model, namely the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administered non-
human primate model. LID was found to be associated with extremely high levels of L-DOPA
throughout the brain, but no significant increase in striatal dopamine was observed, contradicting
the widely accepted hypothesis that LID is induced by elevated striatal dopamine levels.
Furthermore, LID was associated with increased levels of signalling neuropeptides throughout
the basal ganglia, where abnormally processed neuropeptides correlated with LID severity.
Untargeted multivariate analysis revealed that LID was associated with increased abundance
of the vasculature marker heme B in the striatum, suggesting angiogenesis and increased
blood flow to this region. Moreover, important methyl donors, including S-adenosylmethionine,
betaine and α-glycerophosphocholine were affected by MPTP exposure and LID. In conclusion,
the studies included in this thesis provide methods for investigating multiple signalling
molecules in single tissue sections and novel and comprehensive insights into the biochemical
changes that occur in LID.
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All we have to decide is what to do
with the time that is given us

 
J.R.R. Tolkien 
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Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative dis-
ease affecting society today [1]. With aging of the population and increased 
life expectancy, it is estimated that the prevalence of the disease will double 
from 2010 to 2050 [2-4], imposing an increased global burden on clinicians 
and the economy [5]. PD is clinically characterized by motor symptoms, in-
cluding tremor, abnormal posture, muscle rigidity and bradykinesia, and non-
motor symptoms, including sleep disorders, psychiatric symptoms, cognitive 
impairment and fatigue [6]. Currently, there is no cure available for PD.  

The primary choice of treatment for PD is dopamine replacement therapy 
by administering the dopamine precursor L-3,4-dihydroxyphenylalanine (L-
DOPA), which effectively alleviates PD motor symptoms [7]. However, with 
long-term treatment, hyperkinetic involuntary movements called L-DOPA-in-
duced dyskinesia (LID) develop as the disease progresses, impairing motor 
function in PD patients [8]. The underlying pathophysiological mechanism of 
LID is not fully understood, although alterations in a number of neurotrans-
mitter systems, neuropeptides and metabolites have been associated with this 
condition and detected in a number of motor and non-motor related brain areas 
[9]. 

Advances in the understanding of complex neurological disorders depend 
on development of novel analytical techniques allowing robust and accurate 
measurements of biological systems. Classical histochemical techniques are 
limited to one or a few specific targets. However, the ability to investigate 
multiple neurochemicals in the same analysis and quantify regional abun-
dances is beneficial when studying neurological disorders. Mass spectrometry 
imaging (MSI) enables analysis of a wide range of analytes, including small 
molecules, lipids, peptides and proteins [10], and has been established as a 
useful tool to investigate neurological processes [11-14].  

Matrix-assisted laser desorption/ionisation (MALDI) is currently one of the 
most frequently used ionisation methods for MSI of brain molecular histology 
but detection of low abundant neuroactive signalling molecules can be prob-
lematic [15-17]. In the work presented in the current thesis, these challenges 
are addressed by the development of on-tissue derivatisation strategies and 
tissue clean-up protocols prior to MSI analysis [11, 18]. These methods are 
applied to experimental animal models of PD and LID.  
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The thesis starts with an introduction to PD and the pathophysiological 
changes that occur in LID, including an overview of the most popular tech-
niques to study them, followed by a description of MALDI-MSI, the main 
analysis technique used in the papers on which this thesis is based. 

Parkinson´s disease  
PD was first described by James Parkinson in 1817 as the shaking palsy [19]. 
It is the most common motor related neurodegenerative disease, and as for 
other neurodegenerative diseases, aging is the main risk factor [3]. The median 
age of onset is 60 years, and the mean duration of disease until death is 15 
years [20]. The disease is diagnosed according to clinical symptoms and re-
sponse to pharmacological treatment. Imaging techniques such as magnetic 
resonance imaging (MRI) and single photon emission computed tomography 
(SPECT) can also be used for diagnosis and to exclude other diseases [1, 21]. 
However, there is a need for reliable and robust biomarkers to provide more 
accurate diagnosis and prognosis of PD [22, 23]. 

Pathological mechanisms of Parkinson’s disease 
The characteristic pathologies of PD are the progressive degeneration of do-
pamine neurons in the substantia nigra pars compacta (SNc) and intraneuronal 
inclusions called Lewy bodies, mainly consisting of aggregates of the synaptic 
protein α-synuclein [6]. A number of genetic mutations have been associated 
with PD, including SNCA, the protein encoding α-synuclein [24], and PINK1 
[25], GBA [26], LRRK2 [27] and Parkin [28], which encode proteins involved 
in mitochondrial function, lysosomal function, autophagy and protein degra-
dation, respectively. Moreover, there are environmental risk factors for PD, 
such as exposure to toxins [29], and another risk factor is head trauma [30].  

Although it is not fully understood what triggers the onset of the disease, 
several molecular mechanisms have been linked to the neurodegeneration, 
such as protein misfolding [31], neuroinflammation [32], mitochondrial dys-
function [33] and oxidative stress [34]. These mechanisms share similarities 
with those of other neurodegenerative disorders [32, 35, 36], but finding the 
cause for the selective loss of SNc dopamine neurons has been in focus over 
the past few years. Recent studies have shown that there are biochemical, an-
atomical and physiological explanations for the selective vulnerability of SNc 
dopamine neurons [37]. For example, the nigrostriatal dopaminergic neurons 
are long and possess highly branched unmyelinated axons that arborize 
densely in the whole striatum, requiring high mitochondrial activity and effi-
cient axonal transport of mitochondria, making them vulnerable to mitochon-
drial dysfunction [38]. In addition, lysosomal dysfunction is associated with 
neurodegeneration [39]. Mitochondrial stress in dopamine neurons leads to 
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accumulation of oxidized dopamine species in the cytosol, which can cause 
lysosomal dysfunction [40]. Also, α-synuclein is an abundant presynaptic pro-
tein that can induce lysosomal dysfunction through disruption of protein traf-
ficking [41-44]. Explaining the selective vulnerability of dopamine neurons is 
important to understand the disease. However, not only dopamine neurons are 
affected. In later stages of the disease, other neurotransmitter systems are im-
paired, including the cholinergic, serotonergic and noradrenergic systems 
[45].  

Treatment 
There are a number of pharmacological options available for PD, which are 
mainly targeted at enhancing dopaminergic transmission (Figure 1). L-DOPA 
is the most efficient therapy, but long-term treatment leads to dyskinesia, 
which remains one of the major clinical limitations of PD treatment [6, 46]. 
The effectiveness of L-DOPA is assumed to rely upon the conversion of L-
DOPA to dopamine through the enzyme aromatic amino acid decarboxylase 
(AADC) in the remaining dopaminergic terminals in the striatum, counteract-
ing the loss of dopamine. After administration of L-DOPA, the patient has a 
period with relief of PD symptoms, referred to as the “on-phase” [7, 47]. When 
the patient starts to experience PD symptoms again, they are in the so called 
“off-phase”. With long-term treatment and disease progression, the dyskinetic 
phase starts to appear, the window of the beneficial on-phase shortens and the 
dyskinetic and off-phases become longer and more troublesome [7, 47].  

L-DOPA is administered together with a peripheral AADC inhibitor, ben-
serazide or carbidopa, that inhibits the peripheral formation of dopamine and 
increases the bioavailability of L-DOPA in the central nervous system (CNS) 
[48]. Other treatments, often used in combination with L-DOPA, include do-
pamine agonists, monoamine oxidase-B (MAO-B) inhibitors and catechol-O-
methyl transferase (COMT) inhibitors [6, 20]. These can stabilise the dopa-
minergic stimulation, allowing a decrease in L-DOPA dose and reducing dys-
kinesia [49].  

Continuous administration approaches of L-DOPA aimed at stabilizing its 
delivery and the dopaminergic stimulation have been developed [47]. New 
treatments include different administration routes, such as infusion pumps, in-
testinal gel, transcutaneous or inhaled L-DOPA [50]. It has been shown that 
intestinal gel formulations can increase the duration of the on-phase and re-
duce that of the off-phase without increasing dyskinesia [50, 51].  

In addition to approaches enhancing dopaminergic transmission, anticho-
linergic drugs, mainly M1 muscarinic antagonists, have been shown to be ben-
eficial for alleviating motor symptoms, especially to reduce tremor [52, 53]. 
The N-methyl-D-aspartate glutamate (NMDA) receptor antagonist aman-
tadine is currently the only add-on pharmacological agent used to reduce 
symptoms of LID [54, 55]. 
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Deep brain stimulation (DBS) can remarkably improve PD symptoms and 
dyskinesia [56, 57]. DBS requires surgical implantation of one or more elec-
trodes that stimulate the surrounding neurons. The electrodes are implanted in 
the subthalamic nucleus (STN) or internal globus pallidus (GPi) [57]. Studies 
have shown that DBS improves the quality of life of patients and seems to be 
especially effective in early-stage PD as it decreases the need for medication 
and may improve life expectancy [58-60]. However, currently DBS is mainly 
used in PD patients in late stages of the disease whose symptoms cannot be 
controlled by other medications and not in early stages due to the invasiveness 
of the procedure and lack of experienced surgical teams [6, 61]. Further clin-
ical evidence is needed to confirm the disease modifying effects of DBS.  

 
Figure 1. Dopaminergic pharmacological treatment targets for PD. Peripheral 
AADC inhibitors reduce peripheral L-DOPA metabolism and increase 
bioavailability to the CNS. L-DOPA is metabolised to dopamine in the CNS. MAO-
B and COMT inhibitors reduce the breakdown of dopamine to DOPAC and 3-MT, 
resulting in increased dopamine stimulation. Dopamine receptor agonists provide 
direct stimulation of dopamine receptors. 3-MT, 3-methoxytyramine; 3-OMD, 3-O-
methyldopa; AADC, aromatic amino acid decarboxylase; CNS, central nervous 
system; COMT, catechol-O-methyltransferase; DOPAC, 3,4-dihydroxyphenylacetic 
acid; MAO-B, monoamine oxidase isoform B. 

L-DOPA-induced dyskinesia  
Dyskinesia is hyperkinetic involuntary movement of the limbs and torso, 
called chorea and dystonia in medical terms. These involuntary movements 
are estimated to appear in 40% of cases following 4-6 years of treatment with 
L-DOPA [8].  
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Figure 2. Functional organisation of the basal ganglia circuit in normal and 
pathological states. A) The striatum receives dopaminergic (blue neurons) input 
from the SNc, which activates D1 receptor expressing dSPNs and inhibits D2 recep-
tor expressing iSPNs. The dSPNs project inhibitory GABAergic input to the GPi 
and SNr, which further project GABA to the thalamus. The iSPNs project GABA to 
GPe, which gives further GABAergic signalling to the STN. Afterwards, the STN 
projects excitatory glutamate to the GPi. According to the classical rate model of the 
basal ganglia, the balance between the direct (green neurons) and indirect (red neu-
rons) pathways determines the amount of inhibitory output to the thalamus, which 
further projects excitatory glutamate to the motor cortex, modulating movement. 
The dSPNs co-release DYNs and TKNs, and the iSPNs co-release ENKs. B) Striatal 
dopamine loss reduces the activity of the direct pathway and increases the activity of 
the indirect pathway, resulting in increased inhibition of the thalamus, and therefore 
less excitatory output to the motor cortex, leading to a reduction in movement. C) 
Hyperactivation of dopamine receptors, as proposed to occur during LID, results in 
reduced inhibition of the thalamus, increased excitatory output to the motor cortex 
and hyperkinesia [62-64]. D) Updated view of the intrinsic basal ganglia connectiv-
ity (grey neurons) showing that the basal ganglia is more complex than stated in the 
classical rate model and the direct and indirect pathways are not as segregated as 
previously thought [65]. Activated neurons are illustrated thicker and inhibited neu-
rons are thinner. dSPN, spiny projection neurons of the direct pathway; DYN, dy-
norphin; ENK, enkephalin; GPe, external globus pallidus; GPi, internal globus palli-
dus; iSPN, spiny projection neurons of the indirect pathway; SNc, substantia nigra 
pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; 
TKN, tachykinins.  
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Functional organisation of the basal ganglia  
Before describing the pathophysiological mechanisms of LID, it is necessary 
to outline the functional and anatomical organisation of the basal ganglia. In 
the 1980’s, a model was proposed to explain how each basal ganglia region 
contributes to movement [62-64]. The model is often referred to as the rate 
model of basal ganglia, according to which the output of the basal ganglia is 
determined by the balance between the direct and indirect pathways. The 
model states that striatal spiny projection neurons (SPNs) of the direct path-
way (dSPNs) express D1 dopamine receptors, activation of which promotes 
movement, and the SPNs of the indirect pathway (iSPNs) express D2 dopa-
mine receptors, stimulation of which inhibits activity of the indirect pathway, 
promoting movement (Figure 2A). Therefore, stimulation of dopamine recep-
tors results in basal ganglia output that promotes movement. In a dopamine 
depleted striatum, the balance shifts towards increased activity of the indirect 
pathway and decreased activity of the direct pathway, leading to less excita-
tory output of the basal ganglia and reduced movement (Figure 2B). However, 
in the dyskinetic state, the balance shifts in the opposite way as striatal dopa-
mine receptors are hyperstimulated, resulting in excessive excitatory output, 
causing hyperkinetic movements (Figure 2C). 

This model has served as a basis for basal ganglia physiology and connec-
tivity and has enabled generation of testable hypotheses in healthy and dis-
eased states [65]. Although recent evidence supports the basis of the model, it 
has been revealed that the anatomy of the basal ganglia is more complex with 
more intrinsic connections, indicating that the direct and indirect pathways are 
not as segregated as initially suggested (Figure 2D) [66-70].  

Pathophysiological mechanisms of LID 
Based on extensive investigations conducted over the past 50 years, there is a 
general agreement that LID is a consequence of network signalling abnormal-
ities, aberrant synaptic plasticity and biochemical changes occurring in the 
basal ganglia. As a significant number of different biochemical changes can 
be a consequence of the either loss of striatal dopamine, initial or chronic ex-
posure of L-DOPA and pulsatile dopamine receptor stimulation, a major chal-
lenge has been to identify the causal biochemical changes that underlie dyski-
nesia. Increased knowledge of LID pathophysiology will help to identify caus-
ative processes and justify novel treatments for managing LID [71].  

Presynaptic mechanisms 
Presynaptic mechanisms refer to processes where L-DOPA is converted to 
dopamine in terminals of neurons and released in an unregulated manner lack-
ing appropriate reuptake mechanisms, causing fluctuations in the extracellular 
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concentrations of dopamine [72]. Multiple studies have shown that sero-
tonergic neurons are the major conversion site of L-DOPA to dopamine during 
L-DOPA treatment [73-75]. Studies in animal models have shown that selec-
tive destruction of serotonergic neurons reduces dyskinesia [76, 77]. This 
mechanism can explain the large fluctuation of dopamine causing pulsatile 
stimulation of dopamine receptors. However, it does not fully explain the oc-
currence of dyskinesia as it is relevant mainly in situations where the seroto-
ninergic innervation density in the striatum is high [78-80] and there are no 
significant differences in the density of serotonin (5-HT) neurons between PD 
patients with and without LID [81, 82]. In addition, several studies, including 
Paper II in the present thesis, have shown that dyskinesia can occur without 
significant elevation of striatal dopamine [83, 84]. 

Postsynaptic mechanisms and synaptic plasticity 
Striatal dopamine input regulates neuronal processes called long term poten-
tiation (LTP) and long term depression (LTD), which are important for main-
taining motor memory and are the basis for synaptic plasticity changes, i.e. 
strengthening and weakening synapses [85]. Loss of dopamine results in LTD 
of dSPNs and LTP of iSPNs [85, 86]. This process is normalized by L-DOPA 
treatment at stages of the disease where the treatment is still effective and does 
not induce dyskinesia. When dyskinesia appears, a sustained LTP of the 
dSPNs is observed due to failure of the neurons to depotentiate [86-88]. LTP 
is induced through glutamate signalling, introducing an important role of the 
corticostriatal glutamatergic signalling pathway in the production of LID [85, 
87-89]. 

D1 dopamine receptor activation on striatal dSPNs seems to be a key step 
in the induction of dyskinesia as activation of this receptor triggers down-
stream intracellular signalling cascades that are strongly associated with LID 
[7, 90, 91]. A study in 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) 
exposed primates showed that striatal D1 receptor expression was not affected 
in dyskinesia [92]. However, the sensitivity of the D1 receptor was linearly 
correlated with dyskinesia [92]. D1 receptor activation in LID has been asso-
ciated with several intracellular signalling pathways, including activation of 
dopamine- and cAMP-regulated phosphoprotein of 32 kDa, adenylyl cyclase 
protein kinase A, mitogen activated protein kinase, extracellular signal-regu-
lated kinase 1/2 phosphorylation and increased expression of FosB [87, 92-
97]. These observations suggest that D1 receptor expressing striatal dSPNs 
play a central role in the production of LID as well as striatal synaptic plastic-
ity changes.  

Identifying a promotor for LTD of dSPNs to counteract the LTP associated 
with dyskinesia would be a reasonable target for LID pharmacological modu-
lation. As a potential target, cholinergic signalling through M4 muscarinic re-
ceptors has been shown to promote LTD in dSPNs by suppressing a regulator 
of G protein signalling type 4 and blocking the D1 receptor dependent LTP 
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[98]. Increasing M4 receptor signalling blocked LTP in dSPNs and decreased 
dyskinesia in both rodent and primate models of LID [98]. Several studies 
have shown that the muscarinic receptor may be a promising target for LID 
modulation [99-101].  

Network changes 
Neurophysiological and neuroimaging methods have been used to investigate 
the mechanisms of LID at the brain network level. In line with the classical 
rate model of the basal ganglia, LID is associated with decreased firing rate in 
basal ganglia output structures, mainly the GPi, in primates [102-104] and hu-
mans [105, 106]. A problem with the rate model is that it does not account for 
input from the motor cortex, which has been shown to be affected by L-DOPA 
treatment [107, 108]. Evidence suggests that motor impairments are related to 
abnormal oscillatory neuronal network synchrony in the basal ganglia and mo-
tor cortex in animal models and in PD patients [109-111]. Therefore, changes 
in synchronisation rather than changes in firing rates may be more relevant. In 
addition, cortical areas, such as the supplementary motor cortex and frontal 
cortices, display functional and structural abnormalities associated with LID 
[112-115]. 

Non-dopaminergic signalling systems 
Opioid signalling 
LID is associated with increased level of prodynorphin (PDYN) mRNA in the 
striatum and a decrease in κ- and µ-opioid receptor binding in the GPi [116-
119]. Furthermore, alterations in levels of the actual peptides have been found, 
indicating abnormal processing of neuropeptides in LID (see Paper III and IV 
of this thesis) [18, 120, 121]. The opioid system has been investigated as a 
possible target for pharmacological interventions. However, so far, the results 
are conflicting regarding whether agonism or antagonism of the receptors is 
the most appropriate treatment [122]. In light of increased opioid tone, antag-
onism of opioid receptors would be logical and has been reported to ameliorate 
dyskinesia. However, one of our recent studies showed that agonism and not 
antagonism ameliorated dyskinesia in the primate model of PD [123]. Evalu-
ation of the biological activities of processed neuropeptides and receptor states 
is needed to shed further light on the impact of opioid transmission in LID. 

GABAergic signalling 
L-DOPA treatment has been shown to induce increased mRNA of the γ-ami-
nobutyric acid (GABA) synthesising enzymes glutamate decarboxylase 
(GAD) 65 and 67 in the lesioned striatum of 6-hydroxydopamine (6-OHDA) 
unilaterally lesioned rats [116, 124-126]. In accordance with these results, a 
striatal increase in GABA was found using chemical derivatisation MALDI- 
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MSI, e.g. in Paper I of this thesis [11, 127]. However, in the non-human pri-
mate (NHP), MPTP administration resulted in an increase in GAD expression 
in the globus pallidus (GP) which was not affected by L-DOPA treatment 
[128], illustrating a species difference in the neurochemical response to nigro-
striatal lesioning and L-DOPA, complicating interpretation of the data and 
translation to humans.  

Cholinergic signalling  
The striatal cholinergic interneurons are important regulators of dopamine ac-
tivity, and a reduction in dopamine causes an imbalance between dopamine 
and acetylcholine [129]. Modulation of nicotinic receptors, located on termi-
nals of monoaminergic neurons, and muscarinic receptors, located on SPNs, 
has been shown to have beneficial effects on LIDs in animal models [100]. 
Nicotinic receptor  agonism has been shown to be effective in reducing LID, 
probably through a receptor desensitisation mechanism [130-134]. Targeting 
muscarinic receptors, especially M1 and M4, has been demonstrated to be 
beneficial through modification of LTP of the SPNs [98, 99], as described in 
the previous section entitled Postsynaptic mechanisms and synaptic plasticity. 

Glutamatergic signalling 
As described previously, changes in glutamate signalling seem to be central 
to the production of LID. Maladaptive corticostriatal plasticity changes are 
driven by over-activation of glutamate synapses and accompanied by altera-
tions in the synaptic localisation and expression of glutamatergic receptors 
[135]. The glutamate antagonist amantadine, a low-affinity, non-competitive 
NMDA receptor antagonist, can effectively alleviate LID in PD patients [136]. 
Furthermore, modulation of the metabotropic glutamate receptor is a promis-
ing target for LID treatment [137-139].  

Adenosine receptors 
Adenosine A2A receptors are involved in dopamine signalling. They are spe-
cifically expressed in dopaminergic innervated areas and regulate dopamine 
receptors [140, 141]. Adenosine A2A receptors interact with dopamine and 
glutamate receptors, and antagonism of the adenosine A2A receptor can re-
duce the occurrence of LID [142-146].  

Blood flow and blood-brain barrier modifications 
Structural changes in the blood-brain barrier (BBB) have been shown to occur 
in the basal ganglia of PD patients and models of PD [147-149]. These were 
thought to be an effect from the neurodegenerative process occurring in PD. 
However, LID expressing rats display increased endothelial proliferation and 
angiogenesis compared with non-LID rats, which affect the permeability of 
the BBB [150]. A more recent study showed that dyskinesia scores correlated 
with altered permeability of the BBB [151]. Moreover, LID was found to be 
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associated with increased cerebral blood flow in the basal ganglia and motor 
cortex at peak dose dyskinesia [152]. A leaky BBB may affect the uptake of 
L-DOPA in the brain and cause large fluctuation of extracellular L-DOPA 
[150, 151]. 

Experimental models of Parkinson’s disease and L-
DOPA-induced dyskinesia 
The ideal experimental model for PD and LID would recapitulate behavioural, 
physiological and biochemical changes associated with these disorders. Sev-
eral biological experimental models have been developed to study PD and 
LID, providing valuable opportunities for physiological and biochemical in-
vestigations. Discovery of the selective neurotoxin 6-OHDA (Figure 3A) en-
abled investigation of the effects of dopaminergic neurodegeneration and L-
DOPA treatment in rodent models [153, 154]. After injection, 6-OHDA is 
taken up into the dopamine neurons through the dopamine transporter (DAT), 
where it causes the formation of reactive oxygen species, oxidative stress and 
mitochondrial dysfunction, leading to cell death [155]. Currently, the 6-
OHDA unilaterally lesioned rodent model is one of the most commonly used 
models to study the pathophysiology of LID and evaluate new pharmacologi-
cal treatments for PD [156]. 6-OHDA is usually injected unilaterally, creating 
a hemiparkinsonian syndrome that offers the opportunity for behavioural as-
sessments involving deficits in the movement of the limb contralateral to the 
lesion. The intact, non-impaired side can serve as an internal control both in 
in situ biochemical assessments and in behavioural assessment [157]. Admin-
istration of L-DOPA to the 6-OHDA lesioned rodent model usually relieves 
behavioural parkinsonism, but chronic administration, usually between 1-4 
weeks, often leads to abnormal involuntary movements or dyskinesia [116, 
157, 158], allowing pathophysiological investigations.  

The selective dopamine neuron toxin MPTP (Figure 3B) was discovered 
after it caused parkinsonism in a group of drug addicts [159]. MPTP crosses 
the BBB and is metabolised to 1-methyl-4-phenylpyridinium (MPP+), which 
can then be transported into dopamine neurons through DAT, where it inhibits 
complex 1 of the electron transport chain in mitochondria, resulting in oxida-
tive stress and cell death [160]. The discovery of MPTP led to the development 
of the NHP model, which remains the gold standard for modelling PD and 
LID [161-164]. The MPTP induced NHP model mimics the clinical features 
of PD and LID more closely than the rodent model, and its brain anatomy is 
more similar to human anatomy [162-165]. Figure 3C shows the comparable 
size and brain anatomy of a rat, mouse and NHP coronal brain tissue section 
at striatal level, illustrating the different anatomy of the striatum.  
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Figure 3. Neurotoxin-based animal models for PD. A) Chemical structure of 6-
OHDA. B) Chemical structure of MPTP and its activated form MPP+. C) Coronal 
sections of non-human primate (Macaca mulatta), mouse and rat brains illustrating 
differences in size and anatomy between the rodent and primate brains. In the pri-
mate brain, the putamen and caudate are segregated, whereas in rodents, they are 
merged into the CPu. The caudate, putamen and nucleus accumbens comprise the 
striatum. 6-OHDA, 6-hydroxydopamine; BCd, body of the caudate; CPu, caudate-
putamen; MAO, monoamine oxidase; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NAc, nucleus accumbens; Put, puta-
men; TCd, tail of the caudate. 

Introducing parkinsonism to the NHP model using low doses of MPTP injec-
tions mimics the neurodegeneration occurring in PD, and behavioural symp-
toms correlate with the degree of nigrostriatal lesioning [163, 166]. Further-
more, chronic L-DOPA treatment leads to the establishment of dyskinesia 
over a long time course (3-8 months), and the dyskinesia severity is not de-
pendent on the extent of dopamine neuron loss [167-169]. Both, the rodent 
and NHP neurotoxin based models have been proven to be very useful and 
have translational value for studying LID. A disadvantage of the neurotoxin 
models is that they do not simulate the slowly progression neurodegeneration 
and α-synuclein pathology that occurs in PD.  

Genetic models based on rodents, non-vertebrates and cells have been de-
veloped by knocking out or overexpressing PD-related genes, such as Parkin, 
LRRK2, SNCA and PINK1 [170]. Most of the genetic models fail to induce 
significant dopaminergic cell loss, but they seem to be more sensitive towards 
toxic insults, such as from neurotoxins, including 6-OHDA and MPTP [170]. 
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Cellular based systems are useful to investigate molecular mechanisms of neu-
rodegeneration and effects of α-synuclein aggregates on cellular function 
[171]. However, the complicated network changes that occur in PD are not 
possible to study in cellular systems, making animal models necessary for 
these kind of investigations.  

Methods to study the brain neurochemistry 
Numerous methodologies have been developed for use in neuroscience from 
the mid-twentieth century up to the present day. Many of these have been used 
to investigate PD and have revealed important mechanistic and biochemical 
findings on the disease and side effects related to treatment. The purpose of 
the following section is to briefly describe a selection of these methods and 
comment on their strengths and weaknesses. 

In situ histochemical methods 
Histological methods are based on treating tissue sections with stains or mark-
ers that enable visualisation of the location of specific target molecules or cel-
lular components. Falk and Hillarp were the first to identify the exact location 
of monoaminergic neurons in the mammalian brain using fluorescent imaging 
in 1962 [172]. A few years later, Geffen et al. presented immunofluorescent 
histology using antibodies against specific target proteins in the catecholamine 
storage vesicles [173]. Since then, fluorescent immunohistochemically based 
methods have been frequently used to study numerous neurotransmitter sys-
tems, including the monoamine, GABA and acetylcholine systems. In addi-
tion, immunohistochemistry has been used to identify protein aggregations in 
brain tissues, such as Lewy bodies in the post-mortem brain tissue of PD pa-
tients [174].  Immunohistochemistry provides high spatial resolution and sen-
sitivity [175]. However, major challenges for immunohistochemical methods 
are the development of a highly specific antibody towards the target molecule 
and the limited number of targets that can be analysed in a single tissue section 
[176, 177].  

Autoradiography is an alternative in situ labelling method that has brought 
significant advances in neuroscience [178]. Autoradiographic methods are 
based on measuring the distribution of DNA, RNA, proteins or lipids using a 
radioactive label. Usually autoradiograpic images are resolved at 100-200 µm, 
but technical improvements have allowed 10 µm resolution imaging in fairly 
large tissue sections, including whole-body section autoradiography in rat 
[179]. A drawback of autoradiography is the lack of standardised methods 
available for evaluating the specificity of radiotracer binding. It can also be 
time-consuming as developing images may require a long exposure time.  
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In combination with electron microscopy, fluorescent labelling, immunohisto-
chemistry and/or autoradiography can reach sub-nanometer spatial resolutions 
[178]. This has enabled the precise cellular and subcellular localisation of sub-
types of dopamine and muscarinic receptors in the striatum [180, 181], which 
is crucial for understanding the function and role of each receptor in striatal 
signalling. 

Time-resolved techniques for measuring neurotransmitter release 
The objective of time-resolved analyses is usually to investigate the release of 
neurotransmitters in response to a stimulus or pharmacological intervention. 
Examples of popular techniques to use for this purpose are microdialysis and 
electrochemistry, which can both be used in vivo for measuring monoamine 
neurotransmitter release [182, 183]. Both techniques require implantation of 
a probe into a target area of the brain, where it samples from the extracellular 
fluid. Microdialysis is usually combined with chromatographic separation and 
detection is achieved with mass spectrometry (MS), enabling high chemical 
selectivity for multiple analytes. Cenci and co-workers made important dis-
coveries of LID in the unilateral 6-OHDA lesioned rat model using intracere-
bral microdialysis, where they found that LID was paralleled with striatal el-
evation of L-DOPA and dopamine [184, 185]. Electrochemistry can be used 
to detect neurotransmitters, including glutamate, catecholamines, 5-HT and 
their metabolites, based on potentials or currents evoked by charge-transfer 
processes that are initiated when these molecules come into contact with the 
surface of a carbon microelectrode [183]. While microdialysis can achieve 
high selectivity for multiple molecules when combined with MS, selectivity 
remains a limitation of electrochemical methods. However, electrochemical 
analysis offers better spatial and temporal resolution than microdialysis [183].  

Chromatography and electrophoresis  
Chromatography and electrophoresis separation techniques are valuable tools 
to identify and quantify molecules from complex biological mixtures. Chro-
matography separates molecules based on their distribution between a station-
ary and mobile phase. Electrophoresis separates molecules based on their dif-
ferent migration rate in an electric field. These techniques are generally label-
free and can provide high specificity and sensitivity.  

High performance liquid chromatography coupled with electrochemical 
detection became a popular method in the 1980’s to measure the neurotrans-
mitter content in brain samples or dialysates and still remains a widely used 
approach [186-188]. More recently, multiple liquid chromatography (LC)-MS 
based approaches have been developed for the sensitive and selective analysis 
of endogenous, low abundant signalling molecules, such as neurotransmitters 
and neuropeptides [120, 189-191].  
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Capillary electrophoresis (CE) can be used for the separation of multiple neu-
rotransmitters in brain slices and can be used in very small volumes (approx. 
3 pl), allowing single cell analysis [192, 193].  

The introduction of highly sensitive, robust, label-free separation tech-
niques has increased the range of endogenous molecules that can be detected 
in small volumes of biological samples and enabled metabolic profiling. This 
is the basis for the rapidly emerging field of metabolomics, which aims to 
identify and quantify metabolites to provide information on the metabolic state 
of biological systems [194]. In a single experiment, thousands of metabolites 
can be quantified and reliably identified using tandem mass spectrometry 
(MS/MS). Metabolomics approaches have become a promising tool to iden-
tify biomarkers or metabolic pattern in biofluids associated with PD [23, 194-
196].  

In vivo imaging techniques 
In vivo imaging techniques, such as positron emission tomography (PET), 
SPECT and MRI are beneficial due to their non-invasive nature, temporal res-
olution and ability to generate 3D images [45, 197, 198]. In PET and SPECT, 
a radioactive tracer is injected intravenously and its distribution is recorded by 
detecting the radiation it emits [199].  

In MRI, a strong magnetic field is used to generate images across the stud-
ied subject. MRI is advantageous to use in neuroscience because it offers good 
visualisation of the regions of the brain and contrast between white and grey 
matter. Structural and functional MRI can determine brain atrophy and can be 
used to investigate and diagnose many neurological disorders, aiding early di-
agnosis of disease and selection of appropriate treatment. Recent advances in 
MRI offer improved image quality and higher spatial resolution, enabling 
monitoring of PD progression. However, standardized protocols need to be 
established before MRI can be used as a diagnostic tool for PD [198]. Func-
tional MRI can monitor blood flow to the brain and show the regions activated 
by a certain stimulus. Therefore, it is a valuable tool for studying the func-
tional organisation of the brain. MRI can be combined with magnetic reso-
nance spectroscopy to directly estimate the abundance of metabolites with 
high endogenous concentrations (> 100 µM), such as glutamate, GABA and 
glycine [200].  

Mass spectrometry imaging 
MSI visualizes the distribution of molecules across a sample section. In MSI, 
a surface area is sampled at discrete spatial points, or pixels, at which the mass 
spectrometer generates a mass spectrum. Then, a two-dimensional image rep-
resenting a molecule with a certain mass-to-charge (m/z) value is constructed, 
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usually represented as a heat map of its relative abundance (Figure 4A). The 
resulting lateral resolution is defined by the pixel size. A wide range of mole-
cules, including small molecules, lipids, peptides and proteins, can be imaged 
without requiring a label, and the regional abundances of thousands of mole-
cules can be obtained in a single experiment. It can be applied to different 
types of biological samples, such as cells, tissue sections from different organs 
and biological fluids. Many ionisation techniques are relatively non-destruc-
tive, enabling subsequent histological staining and immunohistochemistry 
[201, 202]. Recent developments in the field of MSI have focused on increas-
ing the coverage of detected metabolites, improving lateral resolution, 3D mo-
lecular imaging, multimodal imaging and spatial metabolomics. 

 
Figure 4. Principles of MALDI-MSI. A) In MSI, spectra are collected from prede-
fined points, i.e. pixels, across a sample surface. An ion distribution image can then 
be obtained for each measured ion present in a spectrum. B) Schematic illustration 
of the MALDI process. A laser beam induces desorption and ionisation of the matrix 
and co-crystallised analytes extracted from the sample, which are then accelerated 
into the mass analyser. 
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Ionisation techniques 
MSI instruments, as for other mass spectrometers, comprise three major parts: 
an ion source, a mass analyser and a detector. A number of different ionisation 
techniques have been developed for MSI, each of them having their own ad-
vantages and limitations in terms of sample preparation, spatial resolution, 
preservation of sample and ability to extract and ionize the analytes of interest 
from the sample surface [203].  

The most commonly used ionisation techniques in MSI today are MALDI, 
desorption electrospray ionisation (DESI) and secondary ion mass spectrom-
etry (SIMS) [204-208]. In the studies underlying this thesis, MALDI was used 
as the ion source. Therefore, it will be the main focus of this section.  

MALDI-MSI emerged in the 1990s [209, 210] and has been rapidly developed 
since then. Significant improvements in the limit of detection, range of detect-
able molecules and lateral resolution have made it a popular tool for investi-
gating biological processes [10]. MALDI requires the application of a matrix, 
i.e. a molecule that absorbs light at the wavelength of the applied laser. The 
matrix is usually sprayed or deposited over the sample surface and allowed to 
dry, leading to co-crystallisation of the matrix with analytes from the sample. 
Afterwards, the sample is irradiated with a laser in order to ionise and transfer 
sample material into the gas phase, i.e. desorption, which is a prerequisite for 
mass spectrometric analysis [211], Figure 4B shows a simplified scheme of 
the ionisation process in MALDI. The most commonly used lasers have wave-
lengths in the ultraviolet (UV) range, including nitrogen lasers (337 nm) and 
neodymium-doped yttrium aluminium garnet (Nd:YAG) lasers (355 nm) 
[212]. The matrices are usually small organic molecules capable of absorbing 
UV-light, often acids or bases, depending on the polarity that the mass spec-
trometer is operated at. The acids 2,5-dihydroxybenzoic acid (DHB) and α-
cyano-4-hydroxycinnamic acid (CHCA) are commonly used for MALDI-MSI 
in the positive mode, whereas the base 9-aminoacridine is suitable for the neg-
ative mode [213, 214]. The matrix crystal size can limit the lateral resolution. 
Therefore, matrix sublimation systems have been developed, which add a 
layer of small crystals suitable for 5-10 µm resolution experiments [215, 216]. 
The diameter of the laser beam is another factor determining the lateral reso-
lution in MALDI-MSI. The laser diameter can be reduced by focusing the 
laser on a smaller area, but the sampled area is then smaller, which often re-
sults in decreased detection of compounds [217]. Recent approaches address 
this problem by introducing transmission-mode MALDI-2 incorporating a la-
ser induced post ionisation, which enhances the sensitivity and enables imag-
ing at 600 nm lateral resolution [218], or an optimised setup for atmospheric 
pressure MALDI, enabling 1.4 µm resolution [219].  

DESI emerged in the 2000s and was developed by Takas and colleagues 
[220]. An electrospray emitter is used to direct charged micro-droplets of a 
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solvent onto a sample surface, and the impact of the charged ions results in 
desorption of ions of the material present on the surface. DESI works under 
ambient conditions and requires minimal sample preparation. However, the 
best lateral resolution that can be achieved using DESI is about 20 µm.  

SIMS is suitable for high spatial resolution MSI [208, 217]. In SIMS, ana-
lytes are ionized with an ion beam precisely focused on the sample, providing 
high lateral resolution images. It is suitable for detection of elemental ions, 
small molecules and lipids, but it is not feasible for detection of molecules 
with mass above 1000 Da. Nano-SIMS enables MSI at 50 nm spatial resolu-
tion, allowing nanoscale mapping of elements [221, 222]. High resolution 3D 
imaging (2 µm) of neurotransmitters and lipids has been achieved using SIMS 
coupled to an Orbitrap™ mass analyser, which also enabled single cell metab-
olomics profiling [223]. 

 
Figure 5. Mass spectra from TOF and FTICR analysers illustrating the ad-
vantage of high mass resolving power of FTICR-MS instruments. MALDI-MS 
images of the peaks indicated by arrows are shown. Low intensity signals from 
HVA and 5-HT overlap with high intensity signals from unknown ion species in 
TOF spectra but are resolved in FTICR spectra, enabling imaging of these mole-
cules. 5-HT, serotonin; FTICR, Fourier-transform ion cyclotron resonance; HVA, 
homovanillic acid; TOF, time-of-flight.  



 30 

Instrumentation 
The mass analyser is responsible for separating the ions according to their m/z 
ratios while travelling from the ion source to the detector. Several different 
analysers exist, each having their own strengths and limitations. In the papers 
underlying this thesis, time-of-flight (TOF), quadrupole-TOF (Q-TOF) and 
Fourier-transform ion cyclotron resonance (FTICR) mass spectrometers were 
used.  

TOF analysers determine the m/z of ions by measuring their flight time 
through a flight tube with a known distance. Ions are accelerated by an electric 
field so that ions with the same charge state achieve the same kinetic energy, 
resulting in lower mass ions having a greater velocity and shorter flight time. 
TOF is relatively fast and can be used to detect very large molecules. A Q-
TOF instrument is based on the same principles but with the addition of a 
quadrupole filter prior to the flight tube to enable selection of the m/z values 
of ions transmitted through the analyser. The TOF instruments used in the 
present work were MALDI-TOF for imaging peptides and neurotransmitters 
and electrospray ionisation (ESI)-Q-TOF coupled with LC for neuropeptide 
identification or CE for small metabolite identification.  

FTICR-MS is based on measuring the cyclotron frequency of ions that are 
trapped electrostatically in a magnetic field. The signal measured is a free in-
duction decay or transient, which is then transformed into a mass spectrum 
using the Fourier transform [224, 225]. FTICR-MS provides high mass reso-
lution and sub-ppm mass accuracy, which facilitates metabolite identification 
and separation of chemicals that have very similar masses [226]. MALDI-
FTICR-MSI was used in all papers of this thesis and provided a mass resolu-
tion necessary to resolve some small molecule neurotransmitters (Figure 5).  

Data evaluation and processing 
During MSI data acquisition, a large amount of data is collected, presenting 
challenges in data handling and analysis. A number of software tools have 
been developed for data processing, such as normalisation, data reduction, 
peak picking and peak alignment [227-230]. Moreover, tools enabling fast ac-
cess of data, quantification, 3D imaging and statistical analysis are now avail-
able [229, 231, 232].  

When analysing MSI data, several different approaches can be taken to ex-
tract biological information based on the research question of interest. Unsu-
pervised methods, such as principal component analysis (PCA) and spatial 
segmentation, can be used to reveal general data structure based on the mo-
lecular patterns of a tissue section [227]. Supervised classification methods 
require definition of at least two groups of spectra and define an algorithm to 
differentiate these groups. Such methods can be used to define the precise lo-
cation of diseased tissue, discriminating it from healthy tissue and, at the same 
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time, uncover molecular changes associated with the disease [233]. These 
methods are based on the assumption that the spectra being compared origi-
nate from the same tissue section. If the purpose of the analysis is to compare 
biological conditions from different tissue sections, this is not the case and 
regions of interest (ROIs) must be annotated, usually based on the anatomy of 
the sample. In the current work, ROIs were annotated manually using suitable 
software, but some studies have utilized automatic brain regional annotation 
using the Allen mouse brain atlas [234]. Following annotation, data from each 
region can be extracted and analysed using multivariate data analysis or tradi-
tional statistical methods for identifying biologically relevant changes in me-
tabolites.  

One of the biggest challenges in MSI today is to establish a standardised, 
unbiased procedure to evaluate the quality of MSI data [235]. A standardised 
quality measure would enable better comparison of results across laboratories 
and provide a standardised way to optimize experimental steps and evaluate 
instrument performance. In this thesis’ work, several measures were used to 
ensure the high quality and reproducibility of data, including the use of inter-
nal standards, quality control samples and deposited chemical standards.  

Quantitation with MALDI-MSI 
Determining absolute quantities of molecules across a tissue section is of in-
terest in pharmaceutical, toxicological and biological studies. Usually this is 
achieved by LC-MS following homogenisation and sample clean-up [236, 
237], where in turn the spatial information is lost. Absolute quantitation using 
MALDI-MSI is complicated because the measured analyte intensity may be 
affected by a number of factors, including ion suppression, analyte extraction 
and ionisation efficiency. In order to achieve absolute quantitative measure-
ments, the ion intensity and absolute quantities should show a good correla-
tion. Determining the optimal application of calibration curves is critical and 
should reproduce extraction and ionisation of the analyte of interest. Applica-
tion of calibration curves has been performed with a spotted dilution series, 
tissue extraction coefficients and mimetic tissue models [238-240]. The most 
common way is with a spotted dilution series [127, 237, 241, 242]. This ap-
proach in combination with internal standard normalisation can overcome 
suppression effects, giving good linear correlation between the spotted cali-
bration curve and measured ion intensities [229, 230, 237]. In Paper I, this 
approach was used to determine the linear response of measured intensities 
using the derivatisation matrix developed [11].  
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Method improvements for detection of low abundant 
endogenous signalling molecules 
MALDI-MSI is hampered by poor sensitivity towards some classes of mole-
cules and limited specificity for low mass molecules as their ion signals are 
often masked by matrix peaks or are not resolved by the mass spectrometer. 
To tackle these issues, several novel sample preparation approaches have been 
developed, such as novel matrix designs, on-tissue chemical derivatisation ap-
proaches and tissue washing protocols [243]. Novel matrices have been de-
signed to reduce matrix derived background signals and increase ionisation 
efficiency. These include a number of organic small molecules [243] and 
metal nanoparticles [244, 245].  

On-tissue chemical derivatisation can enhance sensitivity and overcome in-
terference by moving the analytes to a higher mass range with less isobaric 
interference. In addition, derivatisation agents can be designed to add a 
charged moiety to analytes, facilitating ionisation and detection [243]. Deri-
vatisation reagent compounds need to be selected based on their reactivity to-
wards the analytes of interest. Therefore, specific classes of molecules can be 
targeted in each experiment. In addition, if designed properly, derivatisation 
agents can act as a matrix as well (derivatisation matrix), simplifying the sam-
ple preparation. Chemical derivatisation also aids identification through reac-
tions with specific functional groups. However, obtaining optimal reaction 
conditions while maintaining compatibility with MALDI-MSI is a challenge 
for on-tissue derivatisation. For example, excess derivatisation agent may 
cause interference and incubation steps may lead to delocalisation. Recent 
derivatisation developments have targeted carbonyls [246-248], carboxylic 
acids [249, 250], thiols [251], amines [11, 127, 252, 253] and phenolic hy-
droxyl groups [11, 254, 255]. These have facilitated MALDI-MSI of steroids 
[247, 248], fatty acids [17, 249, 250], peptides with free thiol groups, such as 
insulin [251], neurotransmitters [11, 127, 255], amino acids [11, 127] and can-
nabinoids [254], among others. 

Pyrylium salts can be used to derivatise monoamines, converting them into 
charged quaternary amines [253]. 2,4-Diphenyl-pyranylium tetrafluoroborate 
(DPP-TFB) has the ability of self-assisted laser desorption and has been used 
for MALDI-MSI of several neurotransmitters, including dopamine, GABA 
and 5-HT, in brain tissue sections [127, 253]. Although being a significant 
improvement in terms of quantitative imaging of neurotransmitters in brain 
tissue sections, DPP-TFB does not enable imaging of the oxidised metabolites 
of monoamines neurotransmitters. In addition, an incubation step is needed, 
limiting the spatial resolution of the application. Therefore, in the work out-
lined in this thesis, we aimed to develop a derivatisation approach that targeted 
both primary amines and phenolic hydroxyl groups (see Paper I) [11]. A reac-
tive matrix was designed based on conjugated 2-fluoro-1-methylpyridinium 
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(FMP), which facilitated MALDI imaging of catecholamines, 5-HT and their 
comprehensive metabolic pathways [11].  

Tissue clean-up procedures, such as tissue washing in different solutions, 
can remove interfering components from the sample and enhance the signal 
from analytes of interest. Washing with organic solvents removes highly 
abundant lipids, enhancing signals from peptides and proteins [15]. Signals of 
low molecular weight drugs can be enhanced by washing in a pH optimized 
solution so that the target analytes have low solubility, retaining them in the 
sample while removing soluble interfering chemicals [16]. To obtain a clean 
mass spectrum for lipid imaging, samples can be desalted by washing in am-
monium acetate solution to remove alkali metal ions that complicate the mass 
spectra [256]. MALDI-MSI of neuropeptides in the basal ganglia is challeng-
ing due to their low endogenous concentrations. MALDI-MSI of several of 
these peptides has been achieved by using a series of tissue washings in 70% 
and 95% ethanol [121, 230, 257]. However, these studies did not report detec-
tion of the enkephalin (ENK) pentapeptides, methionine-ENK (Met-ENK), 
leucine-ENK (Leu-ENK). In Paper III, five different tissue washing proce-
dures were tested and their feasibility for neuropeptide MSI was investigated 
in terms of the delocalisation effect, signal enhancement and reproducibility. 
The results revealed that a simple chloroform wash was the optimal method 
for imaging multiple neuropeptides, including met-ENK and leu-ENK [18]. 

To summarise, MALDI-MSI is a promising technology that is developing 
rapidly. Its ability to provide quantitative tissue distributions of thousands of 
molecules in a single tissue section makes it an exciting and versatile tool for 
investigations in multiple fields, including neuroscience. Obtaining infor-
mation on the tissue distribution of multiple signalling molecules and metab-
olites is an advantage for studying complex neurological disorders such as PD 
and LID. In the work presented in this thesis, this was achieved by develop-
ment of new MALDI-MSI approaches to study neurochemical changes in the 
rodent and NHP model of LID to characterise the changes associated with this 
debilitating side effect of L-DOPA treatment.  
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Aims 

In the studies summarised in this thesis (reported in the appended Papers I-V), 
we utilised MALDI-MSI technology with the following aims:  

• To establish a method for simultaneous imaging of comprehensive 
neurotransmitter metabolic pathways in tissue sections by developing 
a derivatisation strategy targeting primary amines and phenolic hy-
droxyl groups of endogenous and exogenous molecules (Paper I).  

• To visualise and quantify L-DOPA and dopamine metabolism in mul-
tiple brain regions in tissue sections from the MPTP NHP model of 
PD and LID (Paper II). 

• To develop a reproducible and robust method to improve the number 
of detected neuropeptides involved in the basal ganglia circuit and in-
vestigate their distribution and abundance in the unilateral 6-OHDA 
lesioned rat model of PD and the effect of L-DOPA treatment (Paper 
III).  

• To investigate neuropeptide levels and processing states associated 
with LID in the basal ganglia of the MPTP NHP model of PD and 
LID (Paper VI).  

• To identify alterations in brain metabolites associated with MPTP ex-
posure and LID in the MPTP NHP PD model using an untargeted ap-
proach and compare acetylcholine levels and distributions associated 
with these conditions (Paper V). 
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Methods 

Ethical statement 
Primate tissue sections were obtained from a previously published biobank of 
Macaca mulatta monkeys [167, 169, 258]. The animal study was carried out 
in accordance with the European Communities Council Directive of Novem-
ber 24, 1986 (86/609/EEC) regarding care of laboratory animals in an Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care 
(AAALAC)-accredited facility after acceptance of the study design by the In-
stitutional Animal Care and Use Committee (IACUC, Chinese Academy of 
Science, Beijing, China). 

All rat experiments were carried out in accordance with the European Com-
munities Council Directive of November 24, 1986 (86/609/EEC) on the ethi-
cal use of animals and approved by the local ethics committee at the Karolin-
ska Institute (N350/08 and N105/16). 

Analysis of the human sample was approved by the local ethics committee 
at the Karolinska Institute (Dnr 2014/1366-31), and all experiments were per-
formed in compliance with relevant ethical regulations. 

Animal experiments 
In the primate study, female Macaca mulatta monkeys at 5±1 years were used. 
Control animals received the vehicle alone in the form of saline injections. 
Other animals were made parkinsonian with daily MPTP injections (0.2 
mg/kg intravenous, i.v.) until they displayed stable PD symptoms [166]. Ani-
mals in the MPTP group were not treated further. The control and MPTP ani-
mals were used in all the studies included in this thesis (n=6, for both groups). 
In the studies described in Papers II, IV and V, a group of MPTP treated ani-
mals received L-DOPA (20 mg/kg per os) twice per day, starting three months 
after the first MPTP injection. Parkinsonism was assessed using a standardised 
rating scale for macaque monkeys according to the following parameters: ri-
gidity of each upper limb, tremor, variations in the level of activity, flexion of 
spine (body posture), vocalisation, and freezing and frequency of arm move-
ments [259, 260]. The dyskinesia severity was rated using the Dyskinesia Dis-
ability Scale [261, 262]. The animals were assigned to one of the following 
stages of dyskinesia severity: 0, dyskinesia absent; 1, mild, fleeting and rare 
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dyskinetic movements and postures; 2, moderate, more prominent abnormal 
movements but not significantly affecting normal activity; 3, marked, frequent 
and, at times, continuous dyskinesia interfering with normal behaviour; 4, se-
vere, continuous, abnormal movement, disabling to the animal and preventing 
normal behaviour. Behavioural assessment was performed daily before and 
after L-DOPA administration. All observers were blinded to information 
about animal treatment. Animals scoring zero on the dyskinesia scale were 
assigned to the non-LID group, whereas those scoring above zero were as-
signed to the LID group (n=6, for both groups). After three months of L-
DOPA treatment, the animals were euthanised 1 h after receiving the last L-
DOPA dose (at peak of antiparkinsonian and/or dyskinetic behaviour). The 
brains were quickly removed, frozen in dry ice-cooled isopentane and stored 
at -80°C until further processing. The post-mortem time until freezing the 
brains was 10 min for all monkey samples. Figure 6A summarises the treat-
ment scheme for the primate study. 

 
Figure 6. Treatment schemes for the neurotoxin-based PD models. A) MPTP 
and L-DOPA administered NHP model. B) Unilateral 6-OHDA lesioned rat model 
with subsequent L-DOPA administration, where the last dose was L-DOPA-d3. 
MFB, medial forebrain bundle.  

Male Sprague-Dawley rats (150 g; Scanbur, Sollentuna, Sweden) were used 
for method optimisation experiments. They were housed in separate air-con-
ditioned rooms (with 12 h dark/12 h light cycles) at 20°C and 53% humidity. 
Urine samples were collected prior to euthanisation by decapitation, and the 
brains and adrenal glands were quickly collected, frozen by immersion in dry 
ice-cooled isopentane and stored at -80°C until further use.  

Female Sprague-Dawley rats were used to develop the unilateral 6-OHDA 
model, as previously described [263]. Rats were anaesthetised with ketamine 
(80 mg/kg, intraperitoneal, i.p.) and xylazine (5 mg/kg, i.p.), then pre-treated 
with pargyline (5 mg/kg, i.p.) and desipramine (25 mg/kg, i.p.). The rats were 
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placed in a stereotaxic instrument and 6-OHDA (2.5 μl of a 5 mg/ml solution) 
was injected into the medial forebrain bundle of the right hemisphere (AP = 
−2.8, ML = −2.0 mm, and V = −9.0 mm). Starting one month after surgery, 
L-DOPA/benserazide (10/7.5 mg/kg, i.p.) or saline was administered once 
daily for two weeks. The rats were euthanised by decapitation 30 min after the 
last i.p. injection, which was deuterated L-DOPA-d3. The brains were col-
lected and frozen by immersion in dry-ice-cooled isopentane and stored at         
-80°C. Figure 6B summarises the treatment scheme for the unilateral 6-OHDA 
lesioned rat model. 

The human striatal sample used in the work reported in Paper I was ob-
tained from the Harvard Brain Tissue Resource Center at the McLean Hospital 
(Belmont, MA, USA). The sample was from a man who had died from PD at 
94 years of age. Post-mortem time until the brain was frozen was 9.25 h.  

Design of reactive matrices 
In Paper I, the goal was to create a derivatisation agent that could readily react 
with neurotransmitter functional groups, add a stable charge to the molecules 
of interest and also act as a matrix so that no additional matrix application 
would be necessary. The reactive matrices were designed to incorporate two 
functional domains: a highly electrophilic FMP that can react with amines and 
phenolic hydroxyl groups, adding a stable charge to the target molecule, and 
a conjugated chromophore suitable for promoting UV laser absorption [264]. 
Ten different compounds were synthesised and their performances as reactive 
matrices were evaluated based on signal-to-noise values for model neurotrans-
mitter standards on a MALDI target plate and endogenous neurotransmitters 
in brain tissue. The matrix that performed best in terms of the number of neu-
rotransmitters/metabolites detected and quality of images was 4-(anthracen-9-
yl)-FMP iodide (referred to as FMP-10 in this thesis). This derivatisation ma-
trix was used to image multiple monoamines neurotransmitters and their me-
tabolites in the studies of Paper I and Paper II. 

Sample preparation and matrix application 
A general workflow for MALDI-MSI sample preparation is outlined in Figure 
7. This workflow was followed in all the MALDI-MSI experiments. Brain 
tissue samples were sectioned using a cryo-microtome (Leica CM3050S, 
Leica Microsystems, Wetzlar, Germany for primate tissue and Leica CM1900 
for rat tissue) at -20°C. Primate brains were sectioned at 12 μm thickness. Rat 
brains and adrenal glands were sectioned at thicknesses of 12 μm and 14 μm, 
respectively, except for the neuropeptide MSI analysis, where the rat brains 
were sectioned at 10 μm. The sections were thaw-mounted onto indium tin 
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oxide (ITO) coated glass slides (Bruker Daltonics, Bremen, Germany) for 
MALDI-MSI and stored at -80°C.  

 
Figure 7. MALDI-MSI workflow. Frozen brains were sectioned in a cryo-micro-
tome and mounted on ITO glass slides. For neuropeptide imaging, the samples were 
washed prior to matrix application, but for neurotransmitters and metabolites, no 
clean-up protocol was used and matrices were applied directly on the tissue sections. 
Coated sections were then analysed at a defined lateral resolution by MALDI-MSI. 

Throughout this work, different matrices, derivatisation agents and internal 
standards were applied over tissue sections using an automated matrix spray-
ing system (TM-sprayer, HTX Technologies, Chapel Hill, NC, USA). This 
enabled the even and reproducible application of compounds by controlling 
various parameters affecting the resulting areal density of the sprayed com-
pounds, i.e. the number of spraying passes, concentration of spraying solution, 
flow rate of the spraying solution, velocity of sprayer head and track spacing. 
The areal density (W) was calculated as 

  		 	 	 	 	 	 	 	 	 	 	 /	 / 	 	 	 	  

In Papers I and II, where reactive matrices were used, the sections were dried 
and allowed to reach room temperature in a desiccator. Reactive matrices were 
dissolved in 70% acetonitrile (ACN, 1.8 mg/ml) and applied over the tissue 
using the TM-sprayer with nozzle temperature at either 80°C or 90°C. In Paper 
II, all sections were prepared by spraying FMP-10 (1.8 mg/ml) in 70% ACN 
over the tissue using the TM-sprayer, with the following spraying parameters: 
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temperature 80°C; N2 pressure 6 psi; flow rate 80 μl/min; nozzle velocity 1100 
mm/min; track spacing 2.0 mm; number of spraying passes 30. All passes for 
the FMP-10 application were sprayed by horizontal movement of the sprayer 
head.  

In Paper III, several tissue washing protocols were investigated with the 
aim of improving the limit of detection for neuropeptides. Delocalisation was 
evaluated using five neuropeptide standards: substance P (SP) (1-7) and (1-
11), Met-ENK, Leu-ENK, and neurotensin. The standards were spotted onto 
brain sections prior to washing as 0.2 μl spots with concentration ranging from 
10 μg/ml to 16 ng/ml dissolved in 0.1% aqueous trifluoroacetic acid (TFA). 
Tissue washes were performed by fully immersing the slide in the washing 
solution in a petri dish that was swirled gently. The following five different 
tissue washes were compared to unwashed tissue sections: (1) 70%, 90%, 95% 
ethanol (10 s each), (2) 100% chloroform (30 s), (3) 70%, 90%, 95% isopro-
panol (10 s each), (4) 70%, 90%, 95% ethanol (10 s each), 100% xylene (10 
s), (5) 100% chloroform, 70%, 90%, 95% ethanol (10 s each). Based on the 
results for the different washes, in terms of the tendency to delocalise mole-
cules and enhance sensitivity, it was concluded that wash (2) was superior. 
Therefore, it was used for imaging endogenous peptides in rat and primate 
brain tissue sections in Paper III and imaging neuropeptides in control, MPTP, 
non-LID and LID primate brains in Paper IV. 

DHB was used as a matrix in all peptide imaging experiments. A solution 
of 25 mg/ml in 50% ACN and 0.2% TFA was applied onto tissue samples 
using the TM-sprayer. The spraying conditions were as follows: temperature 
85°C; N2 gas pressure 6 psi; flow rate 120 μl/min; nozzle velocity 1200 
mm/min; track spacing 2 mm, with four passes alternating between vertical 
and horizontal movement of the sprayer head. For high lateral resolution im-
aging of neuropeptides in Paper III, a drier matrix application was used, where 
all parameters were the same except for the concentration of DHB, tempera-
ture, flow rate, nozzle velocity and number of passes, which were 35 mg/ml, 
95°C, 70 μl/min, 1100 mm/min and six passes, respectively.  

For imaging acetylcholine and small molecule metabolites in NHP brain 
samples in Paper V, the sample preparation method was adapted from a pre-
viously published protocol [241, 265]. The TM-sprayer was used to first apply 
the internal standard acetylcholine-d9, (0.21 μM) over the tissue. Then, the 
matrix CHCA-d4 (5 mg/ml), was sprayed over the tissue. Both the internal 
standard and CHCA-d4 were dissolved in 70% ACN and 0.2% TFA, and 
sprayed with the following parameters: temperature 90°C; N2 gas pressure 6 
psi; flow rate 70 μl/min; nozzle velocity 1100 mm/min; track spacing 2 mm, 
with six passes alternating between vertical and horizontal movement of the 
sprayer head.  
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MALDI-MSI 
MALDI-MSI experiments were performed on MALDI-TOF/TOF (ultrafleX-
treme or rapifleX, Bruker Daltonics) or MALDI-FTICR (solariX 12T or 7T 
2ω, Bruker Daltonics) mass spectrometers equipped with a Smartbeam II 2 
kHz laser (ultrafleXtreme and solariX) or Smartbeam 3D 10 kHz laser (rapif-
leX). All experiments were performed in the positive ion mode. For neuro-
transmitter imaging in Papers I and II, data were acquired at mass range m/z 
150-1500, and for neuropeptide imaging in Paper III and IV, data were col-
lected at mass range m/z 450-5000. For acetylcholine and metabolite imaging 
in Paper V, mass spectra were collected at mass range m/z 100-1500.  

For identification of neurotransmitters (Paper I and II) and metabolites (Pa-
per V), MALDI MS/MS was performed on-tissue and acquired spectra were 
compared to MS/MS spectra of standards. MALDI-FTICR MS/MS was per-
formed with the following parameters adjusted to each analyte of interest: Q1 
was set to m/z of the analyte, the mass window was set to the optimal width 
between 1-5 Da, and the collision induced dissociation energy was optimised 
for each analyte by increasing it stepwise until the maximum amount of prod-
uct ions was obtained.  

Sample preparation for liquid chromatography and 
capillary electrophoresis 
Samples were prepared according to a published protocol [266]. Fresh frozen 
primate brains were sectioned at 300 μm thickness using a cryostat microtome 
at -20°C (Leica CM3050S). For primates, tissue punches were collected from 
the striatum, GPi and external segment of GP (GPe), whereas for rats, the 
whole striatum was dissected before freezing of the tissue samples. To mini-
mise post-mortem degradation, the samples were stabilised on a heat stabiliser 
system (Stabilizor T1, Denator, Sweden) at 95°C. The samples were homog-
enised using a microtip sonication probe (Vibra-Cell, Sonics, CT, USA) in 7.5 
μl of cold 0.25% aqueous acetic acid per mg tissue. The homogenates were 
centrifuged for 40 min at 14 000 x g and 4°C, then the peptidergic fraction 
was collected by filtering the supernatant on a centrifugal filter device with a 
10 kDa cut-off membrane (Millipore, Bedford, MA, USA) for 90 min at 14 
000 x g and 4°C. The filtrates were stored at -80°C until further analysis.  
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Liquid chromatography mass spectrometry for peptide 
identification 
Peptide identification was performed on a nano-LC system coupled to a Q-
TOF (Synapt G2-Si, Waters, Manchester, UK) mass spectrometer with an ESI 
interphase. Pooled peptide filtrates were separated by reversed-phase chroma-
tography. 5 μl portions of the pooled filtrate were injected. The peptides were 
trapped on a precolumn (Symmetry C18, 100 Å, 5 μm, 180 μm × 20 mm, 
Waters), followed by separation on an analytical column (Peptide BEH C18, 
130 Å, 1.7 μm, 75 μm × 100 mm, Waters) using a flow rate of 0.30 μl/min and 
a 70 min gradient starting with 97% solvent A (0.25% aqueous acetic acid) 
and 3% solvent B (ACN) and ending with 45% solvent A and 55% solvent B. 
Afterwards, a wash with 95% solvent B was performed. The ion source tem-
perature was 80 °C. Data were collected using a data dependent acquisition 
(DDA) method. First, a full scan was performed, then MS/MS of the 10 most 
intense ions were carried out. The collision energy was ramped depending on 
the mass of the peptides. The selected fragmented masses were then excluded 
for the next 30 s to prevent them from being fragmented again. Glu-1-fi-
brinopeptide B was used for calibration prior to analysis and Leu-ENK was 
used as a lock mass during data acquisition. LC-MS/MS raw data files were 
converted to mascot generating format and database searches were performed 
using X!Tandem [267]. The primate data were searched against Human Pre-
cursors SwePep [268] and UniProt Macaca mulatta, whereas the rat data were 
searched against Rat Precursors SwePep, UniProt Mus musculus and Rattus 
norvegicus. The accepted mass error was ±5 ppm, and peptides scoring above 
1.8 were considered as confirmed identifications.  

Capillary electrophoresis for metabolite identification 
For CE, a direct current high voltage power supply model HPS100-40-0.4 
(Beijing Excellent Innovate HD Electronics Co., Ltd, Beijing, China) was op-
erated at 15-26 kV in anode to cathode mode. A 50-100 cm fused silica sepa-
ration capillary with a 140 µm outer diameter and 40 µm inner diameter was 
used (Trajan Scientific and Medical, Victoria, Australia). Sample injection 
volumes ranged from 19-37 nl. The separation capillary was conditioned be-
tween each injection with 3 column volumes of water, 3 column volumes of 
0.1 M sodium hydroxide, 5 column volumes of water, followed by 3 column 
volumes of background electrolyte (1% formic acid) delivered at 20 psi of 
house nitrogen. For slow migrating analytes, such as inosine, adenosine mono-
phosphate, α-glycerophosphocholine (α-GPC) and citicoline, after 20 minutes 
at the separation potential, 5 psi nitrogen was applied to an acrylic holder 
housing the background electrolyte vial to provide pressure assistance, facili-
tating shorter acquisition times. 
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For ESI analysis, a 1.5-2.5kV electrospray voltage was applied directly to the 
stainless-steel tubing and controlled using MassLynx software (Waters). The 
sheath liquid flow rate was 500 nl/min of 60% methanol and 0.1% formic acid. 
Generated ions were analysed on a Synapt G2-Si (Waters) mass spectrometer 
operated in the positive ion mode within a m/z range of 50-1000 Da. The in-
strument was calibrated on the day of use with a 20 psi infusion of      0.01 M 
sodium hydroxide through the separation capillary to produce sodium formate 
clusters. Fragmentation spectra were generated in the DDA mode using a trap 
collision energy ramp from 5-50 eV and a quadrupole precursor ion selection 
window of ± 10 mDa for the targeted m/z of interest, defined using a DDA 
inclusion list. A previously determined analyte migration order was used to 
estimate migration time values for the inclusion list [192].  

Data analysis 
All MALDI-MSI data were visualised in FlexImaging (Bruker Daltonics, ver-
sion 4.1). An in-house developed software tool for quantitation of MSI data 
msIQuant was used for relative quantitation of L-DOPA-d3 metabolites in Pa-
per I [229].  

In Papers II, III, IV and V, all MALDI-MSI data for relative quantitation 
between different experimental groups were imported into SCiLS Lab (Bruker 
Daltonics, version 2019c Pro), where brain regional annotation was performed 
using stereotaxic atlases [269-271]. Area under curve (AUC) values for each 
region were then exported from SCiLS Lab for multivariate analysis and hy-
pothesis testing. 

PCA and partial least squares discriminant analysis (PLS-DA) were per-
formed in SIMCA (Stratorius Stedim Biotech, Umeå, Sweden, version 13 and 
version 15). PLS-DA models were optimised based on the variable influence 
on projection (VIP), whereby variables with low VIP were removed from the 
model.  

Normality tests (Shapiro-Wilk) were performed on the data to determine 
whether a parametric (Student´s t-test or ANOVA) or non-parametric (Mann-
Whitney or Wilcoxon) hypothesis test should be used. Hypothesis tests were 
performed using GraphPad Prism (GraphPad Software, La Jolla, California, 
USA, version 8.4), SPSS (IBM, Armok, version 22.0) or RStudio (RStudio 
team, Boston, MA, USA, version 1.1). In Paper V, where multiple t-tests were 
performed, the Holm-Sidak method was used to adjust the P-values for mul-
tiple comparisons. Linear regression (Paper II) was performed in RStudio on 
log2 transformed AUC values of metabolites.   
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Results and Discussion 

In the five papers upon which this thesis is based, MALDI-MSI methods for 
neurotransmitter and neuropeptide imaging were developed and applied to 
study the brain tissue distribution and abundance of neuroactive substances 
and metabolites in neurotoxin-based models of PD and LID. The results of 
each paper are summarised and their important findings discussed below.  

Paper I 
To facilitate the detection of multiple neurotransmitters with MALDI-MSI, 
ten potential reactive matrices were designed and their efficiency as derivati-
sation matrices tested. Out of the ten synthesised FMP compounds, FMP-10 
(Figure 8) provided the best signal-to-noise enhancement compared to tradi-
tional MALDI matrices (e.g. 500 times increase for dopamine) without the 
need for any additional matrix. A linear increase in ion signal intensity was 
obtained with increasing concentrations of neurotransmitter standards over a  

 
Figure 8. Chemical structure and reaction scheme of the reactive matrix FMP-
10. The FMP moiety reacts with primary amines and phenolic hydroxyl groups. 
FMP, 2-fluoro-1-methyl pyridinium. 
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concentration range comparable with endogenous concentrations, demonstrat-
ing that the method was quantitative at endogenous brain concentrations. By 
using FMP-10 and MALDI-MSI, we were able to image comprehensive cate-
cholamine and 5-HT metabolic pathways in a single brain tissue section for 
the first time. 

 
Figure 9. MALDI-MSI of dopamine and 5-HT in the rat brain. A) Optical image 
of a sagittal section of a rat brain. B-D and F-H are ion images acquired using FMP-
10 (the relative ion intensity is illustrated by a rainbow colour scale). B) Dopamine, 
ion intensity scaled from 0 to 100%. C) Dopamine, scaled from 0 to 5%. D) 5-HT 
scaled from 0 to 50%. E) Hematoxylin and eosin-stained coronal section showing 
the SNc and SNr. F) Dopamine scaled to 0-40%. G) 5-HT scaled to 0-40%. H) 
Overlay of dopamine (magenta) and 5-HT (turquoise) ion images. The lateral resolu-
tion is 50 µm for B-D and 20 µm for F-H. CPu, caudate-putamen; Cx, cerebral cor-
tex; Hip, hippocampus; Hy, hypothalamus; LC, locus coeruleus; SPVC, spinal ves-
tibular nucleus; STRv, ventral striatum; SN, substantia nigra; SNr, substantia nigra 
pars reticulata; SNc, substantia nigra pars compacta. 
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Figure 10. MALDI-MSI of metabolism of endogenous dopamine and exogenous 
L-DOPA-d3 in the 6-OHDA unilateral lesioned rat. Ion images are outlined ac-
cording to the metabolic pathway of dopamine. The individual ion intensity rainbow 
colour scales are scaled for optimal visualization. The lateral resolution is 80 µm. 3-
MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa; DOPAC, 3,4-dihydroxy-
phenylacetic acid; DOPAL, 3,4-dihydroxyphenylacetaldehyde; HVA, homovanillic 
acid; MOPAL, 3-methoxy-4-hydroxyphenylacetaldehyde. n.d., not detected. 

Using MALDI-FTICR-MSI, the dopaminergic nigrostriatal pathway and ma-
jor serotonergic brain regions were visualised in a sagittal rat brain section 
with a lateral resolution of 50 µm (Figure 9A-D). In addition, dopamine and 
5-HT were observed at high lateral resolution (20 µm) in the SNc and sub-
stantia nigra pars reticulata (SNr), respectively (Figure 9E-H). The results 
were in line with previous reports highlighting the SNr as the major 5-HT 
receiving input structure of the basal ganglia [272, 273].  

We utilised the method to investigate the metabolic tissue distribution of 
exogenous L-DOPA by administering L-DOPA-d3 to the 6-OHDA unilater-
ally lesioned rat model and compared it with the tissue distribution of dopa-
mine metabolites with endogenous origin (Figure 10). The endogenous L-
DOPA signal was below the limit of detection, but L-DOPA-d3 was detected 
across the whole rat brain. However, at low abundance in the intact striatum, 
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most of the L-DOPA-d3 was metabolised to dopamine-d3. We observed dif-
ferent localisation between dopamine-d3 metabolites formed via COMT (3-
methoxytyramine, 3-MT-d3) and metabolites formed via MAO (3,4-dihydrox-
yphenylacetaldehyde, DOPAL-d3 and 3,4-dihydroxyphenylacetic acid, DO-
PAC-d3). 3-MT-d3 was confined to the striatum (co-localised with endogenous 
dopamine), whereas DOPAL-d3 and DOPAC-d3 were mainly localised to the 
medial forebrain and septal region, i.e. similar localisation to norepinephrine 
and 5-HT. These discrepancies in the distribution of metabolites can be ex-
plained by different localisation of the metabolising enzymes. MAO is ex-
pressed in monoaminergic neurons and glia, whereas COMT is expressed in 
non-dopaminergic post-synaptic neurons and glia [274]. The MAO metabo-
lites DOPAC-d3 and DOPAL-d3 located outside the striatum may therefore be 
a product of dopamine-d3 metabolism in non-dopaminergic monoaminergic 
neurons. 3-MT-d3 could only have been formed from L-DOPA-d3 taken up by 
dopaminergic neurons, converted to dopamine-d3, released from dopaminer-
gic synapses and then metabolised by COMT. 

Moreover, the results demonstrated that the tissue distribution of dopa-
mine-d3 in the lesioned striatum was highly similar to that of 5-HT, while dif-
fering from that of endogenous dopamine (Figure 11). The co-localisation of 
dopamine-d3 and 5-HT is in line with previous findings showing that dopa-
mine synthesis and storage occurs in 5-HT neurons during L-DOPA treatment 
[275-277]. As previously mentioned, the ectopic release of dopamine from 5-
HT neurons can cause unregulated fluctuations of extracellular dopamine in 
the striatum, leading to LID. However, this observation is only valid in indi-
viduals with fairly intact 5-HT system with a relatively high innervation den-
sity to the striatum, which is not always the case for PD patients and varies 
between different animal models [78-82].  

 
Figure 11. Co-localisation of dopamine-d3 and 5-HT in lesioned striatum of the 
6-OHDA unilateral lesioned rat. MALDI-MS images of dopamine, dopamine-d3 
(after L-DOPA-d3 administration) and 5-HT. The lateral resolution is 80 µm. The 
ion images are scaled from 0 to 1% for endogenous dopamine, from 0 to 5% for do-
pamine-d3, and from 0 to 50% for 5-HT.  

We showed that the developed method is suitable for imaging numerous neu-
rotransmitters and their metabolites in the NHP and human brain samples. We 
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were able to detect DA, 3-MT, homovanillic acid (HVA), GABA, 5-HT, 5-
hydroxyindoleacetic acid (5-HIAA) and norepinephrine in a striatal section 
from a human post-mortem PD patient (Figure 12), demonstrating that the 
method also works on samples with extended post-mortem time.  

While mapping the comprehensive metabolic pathways of catecholamines, 
we observed different metabolic routes in organs and fluids outside the CNS. 
Metanephrine and 3,4-dihydroxyphenylethyleneglycolaldehyde were de-
tected in the adrenal medulla but not in the brain, whereas vanillylmandelic 
acid, the end metabolite of norepinephrine and epinephrine, was detected in 
urine but not in the brain, supporting previous findings [278].  

 
Figure 12. MALDI-MSI of neurotransmitters in the striatum of a PD patient. 
A) Optical image of a human striatal tissue section. Ion images of B) dopamine, C) 
3-MT, D) HVA, E) GABA, F) 5-HT, G) 5-HIAA, and H) norepinephrine. The indi-
vidual ion intensity rainbow colour scales are scaled for optimal visualisation. The 
lateral resolution is 80 µm. Cd, caudate nucleus; ic, internal capsule; NAc, nucleus 
accumbens; Put, putamen.  

To summarise, the method developed in Paper I allows, for the first time, the 
simultaneous mapping of multiple neurotransmitters and comprehensive me-
tabolite pathways in a single tissue section. The method can be used to inves-
tigate multiple types of biological samples, including brain, adrenal glands 
and urine and has great potential for investigating neuropathological condi-
tions and neuropharmacology to determine the involvement and impact on 
multiple neurotransmitter systems simultaneously. 
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Paper II 
In Paper II, the method developed in Paper I was used to investigate brain 
regional alterations of L-DOPA and neurotransmitter metabolism associated 
with dopaminergic denervation and dyskinesia in the MPTP NHP model of 
PD. We analysed brain tissue sections from control, MPTP administered with-
out L-DOPA (MPTP), L-DOPA-treated non-dyskinetic (non-LID) and L-
DOPA-treated dyskinetic (LID) animals, focusing mainly on identifying 
changes between LID and non-LID animals.  

Our results showed that striatal dopamine was decreased in MPTP admin-
istered animals compared to the controls (Figure 13). Interestingly, L-DOPA 
treated animals (i.e. LID and non-LID animals) displayed similar striatal do-
pamine levels as MPTP animals without L-DOPA. The following metabolites 
were imaged and relatively quantified using MALDI-MSI: L-DOPA, 3-O-me-
thyldopa (3-OMD), dopamine, 3-MT, DOPAC, HVA, norepinephrine, GABA 
and 5-HT (Figure 14), but also 5-HIAA, 5-hydroxyindolealdehyde, taurine, 3-
methoxy-4-hydroxyphenylglycol and dihydroxyphenylethylene glycol.  

 
Figure 13. MALDI-MSI of dopamine in the basal ganglia of control, MPTP, 
non-LID and LID NHP. A) Ion images of dopamine scaled from 0 to 20%. The lat-
eral resolution is 80 µm. B) Relative quantitation of dopamine: the graph shows log2 
intensity of dopamine. Two-way ANOVA was used followed by Tukey’s post hoc 
test. *P < 0.05; **P < 0.01; ***P < 0.001. Cd, caudate; Ctrl, control; GPe, external 
globus pallidus; GPi, internal globus pallidus; Hy, hypothalamus; Put, putamen; StT, 
nucleus of stria terminalis.   

L-DOPA levels were over 70-fold higher (average log2fold-change (FC) for 
all brain regions = 6.2, P<0.001) in the LID group compared with the non-
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LID group, and its COMT metabolite, 3-OMD, was elevated by about 19-fold 
(average log2FC for all brain regions = 4.3, P<0.001) (Figure 15). Surpris-
ingly, dopamine was not significantly increased in the striatal brain regions, 
caudate and putamen but was significantly increased in all extra-striatal re-
gions included in the analysis (Figure 15). As LID is associated with excessive 
stimulation of dopamine receptors in the striatum, it has been assumed that it 
is caused by elevated levels of extracellular dopamine in the striatum [276, 
277, 279-282]. However, evidence from other studies has shown that L-DOPA 
can induce dyskinesia without a significant rise in striatal dopamine [83, 84, 
283]. Under non-pathological conditions, L-DOPA has a low affinity towards 
dopamine receptors and dopamine would compete and prevent its binding to 
dopamine receptors. However, in the dopamine depleted striatum, i.e. absence 

 
Figure 14. MALDI-MSI of L-DOPA, dopamine and related metabolites and 
neurotransmitters in non-LID and LID NHP brain tissue sections. Ion images of 
a pair of non-LID (left) and LID (right) tissue sections. The ion intensity rainbow 
colour scales are scaled for optimal visualisation for each metabolite. The lateral res-
olution is 150 µm. 3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa; DOPAC, 
3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid.  
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of natural ligand, and with extremely high levels of L-DOPA, the conditions 
may enable binding of L-DOPA to dopamine receptors. Therefore, we hypoth-
esise that L-DOPA may act as a biased agonist on dopamine receptors under 
these conditions, activating signalling cascades that lead to LID.  

To understand how L-DOPA was metabolised under the LID and non-LID 
conditions, we investigated the correlation of 3-OMD (COMT-metabolism) 
and dopamine (AADC-metabolism) to L-DOPA using simple linear regres-
sion (Figure 16A). Levels of 3-OMD correlated linearly and positively with 
L-DOPA levels consistently in all regions in the LID group. In the non-LID 
group, there was a significant relationship between 3-OMD and L-DOPA in 
the caudate, putamen, cortex, nucleus of stria terminalis (StT) and GPe. The 
linear regression slopes were less steep in the non-LID group (range 0.26-
0.33) compared to the LID group (range 0.57-0.65), indicating increased for-
mation of 3-OMD in response to elevated L-DOPA levels in LID compared 
to non-LID.  

 
Figure 15. Brain regional alterations of L-DOPA, 3-OMD, dopamine, 3-MT 
and 5-HT associated with LID. A) A nissl-stained macaque brain tissue section 
with analysed brain regions annotated. B-F) Regional heat maps colour-coded ac-
cording to log2FC between non-LID and LID. Blue indicates elevated levels in non-
LID, red indicates higher levels in LID, and white indicates no change. Student’s t-
test was used when a normality test was satisfied; otherwise, the Mann-Whitney U 
test was used. *P < 0.05; **P < 0.01; ***P < 0.001. ACgG, anterior cingulate gy-
rus; Amg, amygdala; Cd, caudate; Clau, claustrum; Ent, entorhinal area; FC, fold-
change; GPe, external globus pallidus; GPi, internal globus pallidus; Hip, hippocam-
pus; Hy, hypothalamus; Ins, insula; ITG, inferior temporal gyrus; MTG, middle tem-
poral gyrus; PoG, postcentral gyrus; PrG, precentral gyrus; Put, putamen; STG, su-
perior temporal gyrus; StT, nucleus of stria terminalis; Thal, thalamus.  
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We did not find a significant relationship between dopamine and L-DOPA in 
any structure in the non-LID animals (Figure 16B). In the LID group, there 
was a significant linear relationship between dopamine and L-DOPA in all 
areas investigated, except for the caudate and putamen, which are the target 
structures for L-DOPA (Figure 16B). The results demonstrated unregulated 
formation of dopamine that is highly dependent on L-DOPA levels, empha-
sising the inability of non-striatal brain regions to regulate the conversion of 
endogenous L-DOPA to dopamine. 

 
Figure 16. Correlation of L-DOPA to 3-OMD or DA in non-LID and LID. Lin-
ear regression between L-DOPA and A) 3-OMD and B) dopamine. Non-LID in blue 
and LID in red. The coefficient of determination, R2, and slope, s, are shown. Signif-
icant linear regressions are indicated by *P < 0.05, **P < 0.005 and ***P < 0.001.  

  



 52 

Application of PCA on the statistical parameters (i.e. slope, intercept, R2 and 
residuals) obtained from the linear regression analysis of the dopamine/L-
DOPA relationship in the examined brain areas provided a better understand-
ing of the regional differences. The GPe and entorhinal area had a high slope 
and non-significant intercept, indicating a more rapid increase of dopamine in 
response to increased L-DOPA levels in these regions. The thalamus, hypo-
thalamus, claustrum, hippocampus, GPi and cortex were grouped based on 
their good linear fit (indicated by high R2, moderate intercept, and moderate 
slope), suggesting that the dopamine formed in these regions was highly de-
pendent on the L-DOPA levels. However, in these regions, dopamine was not 
enhanced as much as in the entorhinal area and GPe. The StT and amygdala 
had a similar L-DOPA/dopamine relationship due to a high and significant y-
intercept, indicating that these structures contained a high amount of dopa-
mine even if exogenous L-DOPA concentrations were low compared with re-
gions with a non-significant y-intercept. The linear regression analysis demon-
strated that the formation of dopamine was highly dependent on the L-DOPA 
levels. The correlation between L-DOPA and 3-OMD was similar in all brain 
regions, but the corresponding association with dopamine was region specific.  

The co-localisation of 5-HT and dopamine was investigated in the striatum, 
hippocampus and cortex. We found no co-localisation of the two neurotrans-
mitters in the striatum in neither non-LID nor LID animals and the striatal 5-
HT abundance was low in both groups. However, we found indications of do-
pamine formation in 5-HT neurons of the hippocampus and cortex in LID an-
imals. In the hippocampus, the distribution of dopamine and 5-HT was segre-
gated in the controls but largely overlapping in LID animals. In non-LID ani-
mals, the dopamine signal was negligible, precluding comparison of the dis-
tribution of the two neurotransmitters. Hence, we imaged the interplay 
between 5-HT and dopamine in the LID group to evaluate the disruption in 
homeostasis between the two neurotransmitters. 

Interestingly, we found that several of the non-LID animals showed a 
patchy distribution of dopamine in the putamen, whereas these patches were 
absent in most of the LID animals. Quantitation by counting these patches 
showed that the non-LID animals had a significantly higher number of patches 
than the LID animals. These patches could not be correlated with the distribu-
tions of other MALDI-MSI signals, except some patches were co-localised 
with a weak norepinephrine signal.  

To summarise, in Paper II, we showed that LID is highly associated with 
excessive levels of L-DOPA and downstream metabolites. The high L-DOPA 
levels in LID animals did not lead to significantly elevated levels of dopamine 
in the striatum. However, we found that LID was associated with increased 
dopamine in extra-striatal brain regions, which may have implications not 
only in LID but also in non-motor side effects of L-DOPA treatment.  
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Paper III 
To facilitate the detection of low abundant neuropeptides, we established a 
tissue clean-up protocol that removed high abundant lipid signals which cause 
suppression of endogenous neuropeptides. Out of five different protocols 
tested, we showed that a simple 30 sec wash in chloroform increased the num-
ber of endogenous neuropeptides detected in a single experiment while keep-
ing delocalisation of the neuropeptides at a minimum. With this procedure, we 
imaged 20 neuropeptides in the rat brain and 25 in the primate brain originat-
ing from proenkephalin (PENK), PDYN, protachykinin-1 (TKN1), somato-
statin, vasopressin and oxytocin. Figure 17 shows representative neuropeptide 
images derived from PENK, TKN1 and PDYN precursors in rat and NHP 
brain.  

 
Figure 17. MALDI-MSI of basal ganglia neuropeptides. Ion images of repre-
sentative neuropeptides derived from PENK, TKN1 and PDYN of A) rat and B) pri-
mate. Colour scale bars indicate the percentage of maximum intensity. The lateral 
resolution is 100 µm. DYN, dynorphin; ENK, enkephalin; SP, substance P. 

An optimised matrix spraying application method was developed to add wet-
ness to the tissue using a high flow rate of the matrix spraying solution, which 
increased the neuropeptide extraction and number of peptides detected. How-
ever, this method created relatively large matrix crystals which did not allow 
high resolution imaging at 15-25 µm. Therefore, another matrix application 
protocol was optimised to yield smaller matrix crystals on-tissue, allowing 
higher lateral resolution peptide imaging. Primate and rat brain tissue samples 
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were imaged at 25 μm and 15 μm lateral resolution, respectively. The protocol 
for improved lateral resolution imaging slightly reduced the number of neuro-
peptides detected due to lower extraction efficiencies when using drier spray-
ing conditions.  

 
Figure 18. MALDI-MSI acquired at 15 µm lateral resolution. Optical images of 
nissl-stained tissue sections, ion images of neuropeptides and overlay of the two. 
The scale bar represents 1 mm. The individual ion intensity rainbow colour scales 
are scaled for optimal visualization for each peptide. Amg, amygdala; CPu, caudate-
putamen; GP, globus pallidus; GrDG, granule cell layer of dentate; ic, internal cap-
sule; LH, lateral hypothalamic area; LMol, lacunosum moleculare layer; MoDG, 
molecular layer of dentate gyrus; PoDG, polymorph layer of dentate gyrus; PVP, 
paraventricular thalamic nucleus; SLu, stratum lucidum of hippocampus; st, stria ter-
minalis.   

In general, we found that neuropeptides of the direct and indirect pathways 
were located in each respective output structure of the striatal SPNs, i.e. GPi 
and GPe, indicating their high concentration in the terminals of the striatal 
SPNs. In the primate brain, peptides originating from PENK were highly 
abundant in the GPe, whereas peptides from PDYN and TKN1 were highly 
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abundant in the GPi. Using high lateral resolution MALDI-MSI, we were able 
to discriminate the peptide distribution in discrete hippocampal layers in the 
rat hippocampus (Figure 18). α-Neoendorphin was located in the stratum lu-
cidum of the CA3 and in the polymorph layer of the dentate gyrus, whereas 
somatostatin was located in the molecular layer of the dentate gyrus and in the 
stria terminalis. In the rat GP, ENKs were abundant but tachykinins like SP 
(1-11) were abundant in the lateral hypothalamic area (Figure 19A). 

 
Figure 19. Neuropeptide alterations in the L-DOPA-treated 6-OHDA unilater-
ally lesioned rat. A) Nissl-stained optical images of tissue sections from saline and 
L-DOPA-administered 6-OHDA lesioned animals and ion images of selected neuro-
peptides acquired by MALDI-MSI from the same tissue section. The red dots indi-
cate the lesioned side. Colour scale bars indicate the percentage of maximum inten-
sity. B) PLS-DA score plots showing that 6-OHDA lesioning and L-DOPA treat-
ment affect neurotransmitter abundances in the CPu and GP. The scale bar repre-
sents 2 mm. 

To determine the neuropeptide changes associated with dopamine depletion 
and L-DOPA treatment, we applied the method to the 6-OHDA rat model of 
PD with or without chronic L-DOPA treatment (Figure 19A). We performed 
multivariate data analysis and generated PLS-DA models for the CPu and GP 
where all detected peptides were included (Figure 19B). In the PLS-DA, four 
groups were defined according to the hemisphere (lesioned or unlesioned) and 
treatment (L-DOPA or saline). For the CPu, unlesioned hemispheres grouped 
together regardless of L-DOPA treatment. However, lesioned hemispheres 
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were separated from the unlesioned hemisphere mainly due to a lesion-in-
duced increase in ENKs. In addition, the lesioned CPu was separated by L-
DOPA treatment due to increased levels of DYNs in the L-DOPA-treated le-
sioned CPu.  

Interestingly, in the GP, there was a different pattern of peptides discrimi-
nating the groups: saline lesioned and unlesioned hemispheres were located in 
close proximity to each other, but L-DOPA-treated lesioned and unlesioned 
hemispheres were separated from each other. For both GP and CPu, L-DOPA 
only induced increased DYNs in the lesioned side but did not affect the un-
lesioned side. In the GP, ENKs were higher in the saline treated group com-
pared to L-DOPA treated group. However, in the CPu, ENKs were increased 
in the lesioned side of both L-DOPA and saline treated rats. The results 
demonstrated the complicated effects that L-DOPA has on the dopamine de-
pleted striatum and the differential response between brain regions, underpin-
ning the importance of studying the neuropeptides at their precise location.  

To summarise Paper III, we developed a method that allows detection of a 
large number of neuropeptides in a single tissue section using MALDI-MSI. 
The tissue washing procedure was reproducible, did not delocalise the pep-
tides of interest and enabled high lateral resolution MSI. Furthermore, we ap-
plied the method to detect region-specific changes in peptide abundance asso-
ciated with 6-OHDA lesioning and L-DOPA treatment. We showed that the 
neuropeptide levels were highly affected by these two factors, in line with 
previous reports [116-121]. However, the fact that L-DOPA treatment had 
distinct effects on different brain structures highlights the importance of stud-
ying multiple brain regions at the same time, which is an advantage of using 
MALDI-MSI.  

Paper IV 
To continue investigating the involvement of neuropeptides in LID, we per-
formed MALDI-MSI of neuropeptides in the MPTP treated NHP model of PD 
and LID. We investigated 23 neuropeptides in total - four from TKN1, eleven 
from PENK, seven from PDYN, and one from the brain-specific polypeptide 
PEP-19 - in six basal ganglia regions, including the SN, body of the caudate 
(BCd), tail of the caudate (TCd), putamen, GPe and GPi.  

Using PLS-DA with subsequent hypothesis testing, we found that a number 
of peptides were significantly altered when comparing the non-LID and LID 
groups, including DYN A (2-8), DYN A (1-8), DYN A (10-17), DYN B, α-
neoendorphin, α-neoendophin (3-10), α-neoendorphin (2-10, Figure 20A), 
met-ENK-R, PENK (199-207), PENK (196-205), PENK (219-227), SP (1-7), 
SP (1-9, Figure 20B) and PEP-19 (48-62).  
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Figure 20. Neuropeptide alterations associated with LID. Ion images of A) α-ne-
oendorphin (2-10) and B) SP (1-9) in non-LID and LID NHP brain sections. C) 
Spearman’s correlation of DYN A (1-8) and DYN A (2-8) showing that the N-termi-
nal truncated peptide sequences correlated with the LID score. D) Spearman’s corre-
lation of SP (1-11) and SP (1-9) revealing that the C-terminal truncated peptides cor-
related with the LID score. Colour scale bars indicate the percentage of maximum 
intensity. The scale bar represents 5 mm.   

In the GPi, which is one of the main output structures of the direct pathway in 
the basal ganglia [64], six different PDYN derived peptides were elevated in 
the LID group, indicating hyperactivation of this pathway in the dyskinetic 
state. The N-terminal truncated product of α-neoendorphin, α-neoendorphin 
(2-10), was the most widely affected peptide as it was significantly increased 
in all brain regions included in the analysis. Furthermore, we correlated pep-
tide abundances with the LID scores for the individual animals using Spear-
man’s correlation and found that DYN A (1-8) and α-neoeondorphin (1-10) 
did not show a significant correlation with the LID scores, but the N-terminal 
truncated versions of these peptides did correlate positively with the LID 
scores (Figure 20C).  
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Figure 21. Pearson’s correlation analysis of neurotransmitters and L-DOPA 
with neuropeptides. A) Heat maps colour coded according to Pearson’s correlation 
coefficient: red colours indicate positive correlations; blue colours indicate negative 
correlations. Significant correlations are annotated; *P < 0.05, **P < 0.01, ***P < 
0.001. B) Dopamine correlated with several peptides, including DYN B in the GPi 
and α-neoendorphin in the GPe. DA, dopamine; NE, norepinephrine. 

Similarly to the PDYN derived peptides, the TKN1 derived peptides were in-
creased in several brain regions, especially in the GPi of the LID animals (Fig-
ure 20B), again indicating hyperactivation of the direct pathway of the basal 
ganglia. In addition, the active signalling peptide SP (1-11) did not correlate 
with the LID scores. However, the C-terminal truncated SP peptides, SP (1-7) 
and SP (1-9), did (Figure 20D, SP (1-7) is not shown). 

A number of PENK derived peptides were increased in the LID animals, 
mainly in the BCd and TCd. These included PENK (199-207), PENK (196-
205) and PENK (219-227). These peptides also correlated with the LID score 
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in specific brain regions. Interestingly, these peptides do not contain the ENK 
sequence YGGF (which binds to opioid receptors [284]) and their biological 
role remains unknown.  

Taken together, the peptides correlating with the LID scores were mainly 
deactivated versions of the original neuroactive peptides. Therefore, the alter-
ations indicated that increased deactivation of the peptides was associated with 
LID severity. This increase in processed peptides may be a compensatory 
mechanism to counteract the increased neuropeptide concentrations in the ba-
sal ganglia during LID. However, the effect of high endogenous levels of these 
deactivated/truncated peptides is not fully known as they have been shown to 
exert biological effects [285-288]. Therefore, further investigations are 
needed to determine whether they play a role in the production of LID.  

We also performed correlation analysis between the neuropeptides and L-
DOPA, dopamine, 5-HT, norepinephrine and GABA by utilizing the data col-
lected in Paper II since the same animals were used. We found that in the GPe 
and GPi, levels of L-DOPA and dopamine correlated with several peptides, 
mainly DYNs. More specifically, DYN A (1-8), DYN A (10-17), DYN B, α-
neoeondorphin and neurokinin A correlated with L-DOPA and dopamine in 
the GPe (Figure 21A-B). In the GPi, L-DOPA correlated with DYN B and 
DYN A (10-17) and dopamine correlated with DYN B (Figure 21B). In addi-
tion, L-DOPA levels correlated with DYN A (1-8), DYN A (10-17), α-neoe-
ondorphin and NK A in the putamen. Interestingly, in contrast to the LID 
scores, L-DOPA and dopamine did not correlate with the deactivated peptides 
but rather the active neuropeptides. These results show that dysregulation of 
brain levels of L-DOPA and dopamine under long-term L-DOPA treatment 
strongly influences neuropeptide transmission in the GPe and GPi, especially 
the PDYN derived peptides. Therefore, regulation of dopamine and L-DOPA 
levels in the brain is important to sustain normal opioid transmission in the 
basal ganglia.  

To summarise, we associated LID with elevated levels of peptides derived 
from all three neuropeptide precursors involved in the basal ganglia circuit, 
namely PDYN, TKN1 and PENK. Levels of truncated peptides mainly asso-
ciated with the direct pathway, i.e. DYNs and TKNs, correlated with dyskine-
sia severity. In addition, levels of the neuropeptides DYN A (1-8), DYN B, α-
neoeondorphin and neurokinin A correlated with levels of L-DOPA and do-
pamine in the basal ganglia.  

Paper V 
The cholinergic system has recently gained increased attention due to im-
proved understanding of its role in regulating striatal dopaminergic transmis-
sion and modulating LID [99, 100, 129, 132, 134]. Therefore, in the final pa-
per of this thesis, the tissue distribution of acetylcholine was investigated in 
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the NHP model of PD and LID. Moreover, we performed a fully untargeted 
analysis on the data using a spatial metabolomics approach.  

Acetylcholine was imaged using an adapted method from previously pub-
lished work [241, 265]. We found a decrease in acetylcholine in the putamen 
of MPTP administered animals compared with untreated controls (Figure 22). 
We found no significant changes in acetylcholine between non-LID and LID 
animals. There was a decrease in the putaminal dopamine/acetylcholine ratio 
in the MPTP, non-LID and LID groups compared with the control. Anticho-
linergics antagonizing the M1 muscarinic receptor have been shown to have 
beneficial effects on motor complications related to PD and are thought to 
exert their effect through counteracting the dopamine-acetylcholine imbalance 
[52, 99]. The decrease in acetylcholine in the MPTP induced dopamine de-
leted striatum may indicate a compensatory mechanism as an attempt to re-
establish a balance between acetylcholine and dopamine, which is however 
not fully achieved.  

Untargeted data analysis using PCA and PLS-DA identified about 150 fea-
tures that contributed significantly to the separation of the controls vs. MPTP 
and non-LID vs. LID. Out of those, we identified 13 metabolites which we 
conducted further hypothesis testing on in the following ten brain regions: pu-
tamen, caudate, GPe, GPi, StT, precentral gyrus (PrG), temporal gyrus (TG), 
insula, basolateral amygdaloid nucleus (BA) and cerebral white matter.  
We found that α-GPC, a neuroprotective compound and methyl donor, was 
decreased in all analysed brain regions in the MPTP group compared with the 
control (Figure 23A). In contrast, the organic osmolyte and methyldonor be-
taine was increased in the MPTP group in six brain regions, i.e. the putamen, 
GPe, GPi, BA, TG and PrG (Figure 23B). These methyl donors are important 

 

 
Figure 22. MALDI-MSI of acetylcholine in the NHP model of PD and LID. The 
images are normalised to an internal standard, and the ion intensity is scaled from 0 
to 50%. The lateral resolution is 120 µm. A schematic tissue section shows the brain 
regions which were selected for statistical analysis. BA, basolateral amygdaloidal 
nucleus; Cd, caudate; cwm, cerebral white matter; GPe, external globus pallidus; 
GPi, internal globus pallidus; Ins, inslula; PrG, precentral gyrus; Put, putamen; StT, 
nucleus of stria terminalis; TG, temporal gyrus. 
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for maintaining brain homeostasis and are involved in many metabolic path-
ways, such as methylation of DNA, phosphocholine synthesis and acetylcho-
line metabolism [289]. Furthermore, epigenetic changes in DNA methylation 
have been associated with neurodegenerative disorders, including PD [290, 
291], and the availability of methyl donors may interfere with such processes. 

 
Figure 23. Significantly altered metabolites related to MPTP administration 
and LID. Ion images of A) α-GPC, B) betaine, C) SAM and D) GSH. Colour scale 
bars indicate the percentage of maximum intensity. The lateral resolution is 120 µm. 
α-GPC, α-glycerophosphocholine; GSH, glutathione; SAM, S-adenosylmethionine.   

In the comparison between non-LID and LID, S-adenosylmethionine (SAM) 
and glutathione (GSH) were significantly higher in the non-LID group in all 
analysed brain regions (Figure 24A-B). Also, valerylcarnitine was increased 
in the caudate, putamen, GPe and insula in the non-LID group compared with 
the LID group. The only metabolite that showed an increase in LID compared 
with non-LID was heme B in the putamen and insula (Figure 25A-B). The 
results from the untargeted analysis are in line with previous findings from 
studies on LID conducted on human patients or animal models, although most 
were performed in the unilateral 6-OHDA lesioned rat model. The lower lev-
els of SAM, the methyl donor for the COMT enzymatic reaction, in the LID 
group is in line with the elevated brain levels of L-DOPA and 3-OMD shown 
in Paper II, as SAM is consumed while L-DOPA is metabolised to 3-OMD.  

The brain-wide decrease in GSH suggests increased oxidative stress in 
LID. Moreover, a decrease in acylcarnitines, such as valerylcarnitine, often 
indicates mitochondrial dysfunction, which leads to oxidative stress [292, 
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293]. The involvement of oxidative stress as a causal factor for LID has gained 
increasing interest in recent studies [294, 295]. Additionally, an increase in 
the vasculature marker heme B in the putamen is a sign of vasculature changes 
and increased blood flow associated with LID [296], supporting previous stud-
ies conducted on the 6-OHDA lesioned rat model of LID [150-152].  

 
Figure 24. MALDI-MSI of vasculature marker heme B in non-LID and LID. A) 
Ion images of heme B showing increased abundance in the putamen region in LID 
animals: the putamen is annotated in red. Colour scale bar indicates the percentage 
of maximum intensity. The lateral resolution is 120 µm. B) 50 µm lateral resolution 
images of heme B (left panel) and hematoxylin and eosin-staining of the same se-
lected region of the putamen (right panel). The scale bars represent 1 mm. 

To summarise Paper V, LID was not associated with specific changes in ace-
tylcholine abundance. However, an overall decrease of acetylcholine in all 
MPTP treated animals regardless of L-DOPA treatment or dyskinesia was de-
tected. We identified biochemical changes in the NHP model related to MPTP 
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treatment and LID by taking advantage of the large amount of spatial biolog-
ical information obtained from MALDI-MSI experiments. We found evidence 
of vasculature changes in the putamen of LID animals together with increased 
susceptibility to oxidative stress and a decrease in the co-factor SAM involved 
in methylation of L-DOPA and dopamine. 
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Conclusions 

Although significant improvements have been made over the past 60 years on 
symptom management and understanding the pathology of PD, there is still 
no cure for the disease and its most efficient treatment can cause serious side-
effects in the long-term. It is clear that PD is a multifactorial process caused 
by a combination of genetic, environmental, physiological and biochemical 
factors. To add more complexity, L-DOPA has been shown to induce several 
biochemical changes in humans and different types of PD models. However, 
identifying the specific factors that cause LID is a major challenge but essen-
tial for establishing novel treatment approaches to improve the quality of life 
of patients.  

Understanding the complex biochemical alterations that occur in the CNS 
during these pathological conditions relies on the development of novel robust 
bioanalytical tools. In the present work, this was addressed by the develop-
ment of MALDI-MSI methods for on-tissue mapping of multiple signalling 
molecules and related metabolites. These signalling molecules included dopa-
mine, 5-HT, GABA, opioid neuropeptides, tachykinin neuropeptides and ac-
etylcholine, all of which are reportedly affected in LID. To improve the limit 
of detection of low abundant signalling molecules, we achieved the following:  

• Designed a reactive matrix targeting monoamine and phenolic hy-
droxyl group containing compounds, e.g. neurotransmitters and their 
metabolites. The reactive matrix adds a stable charge to the target 
molecules, promoting their detection by MALDI-MSI. 

• Developed a tissue clean-up protocol facilitating detection of multiple 
neuropeptides, including those involved in basal ganglia signalling 
and co-released form GABAergic striatal SPNs.  

By utilizing these methods, we investigated and challenged some of the exist-
ing theories of LID. Using the neurotoxin-based 6-OHDA unilateral lesioned 
rat model and the gold standard model for LID, the MPTP NHP model, we 

• Obtained evidence of the ectopic placement of dopamine in 5-HT neu-
rons.  
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• Challenged the theory that LID is caused by elevated striatal dopa-
mine levels in the NHP and suggested that L-DOPA itself may act on 
its own in the striatum. We showed elevation of dopamine in non-
motor regions that may have implications for LID or other central 
side-effects of L-DOPA treatment.  

• Showed that LID was associated with abnormally processed peptides 
correlating with LID severity and increased opioid and tachykinin 
peptide levels in multiple basal ganglia structures.  

• Demonstrated that neuroactive PDYN-derived peptide levels corre-
lated with L-DOPA and/or dopamine levels in the GPi, GPe and pu-
tamen. 

• Identified that the vasculature marker heme B was elevated region 
specifically in the putamen and nearby cortical region insula of LID 
primates, suggesting alterations in brain vasculature and increased 
blood flow in the striatum.  

• Showed that MPTP was associated with decreased α-GPC and in-
creased betaine levels in the NHP brain, i.e. important methyl donors 
that are neuroprotective and involved in many metabolic pathways, 
including choline metabolism. 

• Measured reduced overall brain levels of SAM in LID, in line with 
the excessive amounts of L-DOPA and 3-OMD found in LID primate 
brains. 

The pathophysiology of LID still needs further investigation to clarify causal 
links. However, the advantage of using MALDI-MSI to study pathological 
and pharmacological treatment effects in the CNS is clearly demonstrated in 
this thesis. The methods developed here are being applied not only in our lab 
but also more widely and will hopefully serve as a foundation for discovery-
based research on multiple topics.  
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Populärvetenskaplig sammanfattning 

Parkinsons sjukdom (PD) är en progressiv neurologisk sjukdom som påverkar 
kroppens rörelser. Vid PD förstörs specifika dopaminceller i hjärnan vilket 
leder till stelhet och skakningar. Den effektivaste behandlingen för att lindra 
symptomen är att ersätta dopaminbristen genom att administrera substansen 
L-DOPA som omvandlas till dopamin i hjärnan. Initialt ger L-DOPA behand-
ling en god förbättring av symptomen men vid långtidsbehandling minskar 
effekten och patienterna uppvisar onormal överrörlighet som kallas L-DOPA-
inducerade dyskinesier (LID). Vad det är som orsakar de ofrivilliga rörelserna 
är inte känt men forskare försöker identifiera de bakomliggande mekan-
ismerna i jakten på nya behandlingar. Förändringar av hjärnans olika neuro-
transmittorsystem har associerats med LID, till exempel dopamin-, serotonin-, 
glutamat-, acetylkolin- och opioidsystemen.  

Vår kunskap om hur de biologiska systemen är förändrade vid hjärnans 
sjukdomar är beroende av tillförlitliga och robusta analytiska metoder. Av-
bildande masspektrometri (mass spectrometry imaging, MSI) möjliggör kart-
läggning av ett stort antal molekyler från ett biologiskt vävnadssnitt. Denna 
avancerade teknik har snabbt utvecklats under de senaste tjugo åren. En 
mängd olika molekyler och substanser kan kartläggas, till exempel lipider, 
proteiner, metaboliter och läkemedel. Etablering av kraftfulla instrument med 
hög massnoggrannhet och massupplösning har gjort MSI till ett bra alternativ 
för kvantifiering av olika molekyler på vävnadssnitt. Matrix-assisted laser 
desorption/ionization (MALDI) är en joniseringsmetod som ofta används vid 
MSI analyser.  

Kartläggning av viktiga signalsubstanser är en utmaning eftersom de före-
kommer i låga koncentrationer och kan vara svåra att detektera. I två av stu-
dierna i denna avhandling har MALDI-MSI metoder utvecklats för att kunna 
avbilda neurotransmittorsystem i ett och samma experiment. Genom att fram-
ställa en kemisk substans med egenskaper som specifikt reagerar med signal-
substanserna ökar detektionskänsligheten i analysen. Metodförbättringen har 
gjort det möjligt att samtidigt avbilda ett stort antal neurotransmittorer och 
deras metaboliter, inklusive L-DOPA, dopamin, noradrenalin, serotonin och 
histamin. För avbildning av neuropeptider har en annan strategi utvecklats. 
Genom att förbehandla vävnadssnitt i en organisk lösning så tvättas vävnaden 
vilket förbättrar detektionen av kroppsegna neuropeptider, inklusive de pepti-
der som fungerar som hjärnans budbärare i de basala ganglierna som är ett 
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nätverk av hjärnregioner som kontrollerar motoriska funktioner och som på-
verkas vid PD och i LID.  

För att studera PD och LID används ofta djurmodeller, främst används råt-
tor och apor. Djuren behandlas med neurotoxiska ämnen som selektivt skadar 
dopamincellerna i hjärnan vilket liknar den celldöd som förekommer vid PD 
och som leder till motoriska komplikationer. I de tre resterande studierna i 
denna avhandling appliceras de nyutvecklade metoderna på dessa modeller 
för att illustrera de kemiska förändringar som inträffar i hjärnan vid PD och 
LID. Primater med parkinsonsymptom och som långtidsbehandlats med L-
DOPA jämfördes med de individer som utvecklat LID och de som inte utveck-
lat dessa symptom. Studien visade förhöjda nivåer av L-DOPA i hjärnvävnad 
ifrån djur med LID men ingen signifikant ökning av dopaminnivåer detekte-
rades i striatum, den hjärnstruktur som vanligtvis förknippas med LID. I öv-
riga analyserade hjärnområden var däremot dopaminnivåerna högre i djur med 
LID. Vissa neuropeptidnivåer ökade också i basala ganglierna i djur med LID 
jämfört med djur som inte visade LID. En blodkärlsmarkör, hemoglobin B, 
var förhöjd i striatum hos djur med LID, vilket indikerar ett ökat blodflöde i 
denna struktur och eventuella förändringar av hjärnans blodkärl. LID var 
också associerat med minskade nivåer av metaboliterna S-adenosylmetionin 
som är aktiv i metabolismen av L-DOPA och glutation som skyddar hjärnan 
från toxisk oxidering.  

Sammanfattningsvis så visar studierna i denna avhandling hur MALDI-
MSI kan användas för kvantitativ avbildning av en stor mängd av signalsub-
stanser i hjärnvävnadssnitt och att det är en teknik som är lämplig vid forsk-
ning av neurologiska sjukdomar. MALDI-MSI förbättrar möjligheterna att 
studera hjärnans funktion, både vid olika sjukdomstillstånd och vid behand-
ling av hjärnans sjukdomar. 
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