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CSF Cerebrospinal fluid 
CNS Central nervous system 
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SELDI-TOF MS surface-enhanced laser desorption/ionization time-of-flight mass 

spectrometry 
 SOD1  Cu/Zn superoxide dismutase 1 
TDP-43 43 kDa TAR DNA-binding protein  
UKPDSBB United Kingdom Parkinson’s Disease Society Brain Bank 
VEGF Vascular endothelial growth factor 
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Introduction 

The neurodegenerative diseases, such as Parkinson’s disease (PD) and 
amyotrophic lateral sclerosis (ALS), cause major suffering. The etiology of 
the sporadic forms of these diseases is still largely unknown. Both diseases 
are thought to result from a complex interplay between genetic susceptibility 
and several environmental causes. The underlying mechanisms of many 
neurodegenerative diseases appear to share features, such as protein aggrega-
tion and impaired mitochondrial function. In Alzheimer’s disease (AD), the 
evidence for new biomarkers, such as fluorodeoxyglucose positron emission 
tomography (FDG PET) and cerebrospinal fluid (CSF) findings has become 
strong enough to be incorporated in the diagnostic criteria. While this is yet 
not the case for ALS or PD, the present thesis is part of the work to find 
valuable biomarkers also for these diseases. 

Biomarkers are objective measures that can be used as indicators of bio-
logical processes or effects of treatment. Biomarkers should reflect impor-
tant features of the disease and may tell us more about pathogenesis. They 
can be of diagnostic use or aid in the differentiation between subtypes of 
disease. A good biomarker can also be used to follow disease progression 
and function as a surrogate endpoint in clinical studies, thereby facilitating 
the search for efficacious treatments. Finally, biomarkers may be used to 
evaluate toxicity of proposed treatments and predict disease susceptibility. 

In ALS, there is often a significant delay in the diagnosis. Time from 
symptom onset to confirmation of ALS diagnosis varies between 8 and 18 
months (1-3). Considering that median survival from symptom onset is only 
16-48 months, biomarkers that facilitate earlier diagnosis would be of major 
importance (2, 4). They would enable earlier start of treatment and ease the 
psychological burden of not getting a diagnosis. The progression rate of ALS 
varies substantially between individuals, with some patients surviving for 
decades. A biomarker that contributes prognostic information at the time of 
diagnosis would be useful. Because pathogenesis to a large extent is un-
known, new biomarkers may also be useful in providing support for different 
hypotheses on pathogenesis, or generate new hypotheses. 

Parkinsonism, the cardinal symptoms of idiopathic PD, is also present in 
the differential diagnoses to PD. Therefore, clinical diagnosis can be diffi-
cult. Evidence from clinicopathological studies shows that the majority of 
parkinsonian patients with another final diagnosis than PD have their diag-
nosis changed during the disease course (5, 6). In addition, the overall accu-
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racy of the final clinical diagnoses of parkinsonism was at best 85.3% (5). 
This indicates that any epidemiological or pharmacological study of PD is 
likely to include a substantial proportion of patients without pathological 
evidence of PD, and exclude some patients with pathological evidence of 
PD. In addition, an earlier correct diagnosis would improve counseling and 
patient care. Thus there is great potential for diagnostic biomarkers of PD. 
The “in vivo neurochemistry” of PET has the potential to be such a bio-
marker. 



 13

Part I. ALS 

Motor neuron disease had been described earlier, but it was Charcot and 
Joffroy in 1869 who described the clinical and pathological features of what 
we call classic ALS, and five years later gave the disease the name we still 
use (7). Now, 140 years later, the cause of the sporadic form is still largely 
unknown, and we are able to only marginally prolong survival.  

ALS is the most common adult motor neuron disease (MND), with an in-
cidence of 1-3 per 100 000 person years and prevalence of 4-6 per 100 000 
(2, 8-12). The lifetime risk for ALS is approximately 1 in 2000 individuals.  
No genetic component is apparent in approximately 90% of cases, referred 
to as sporadic ALS. The remaining 10% inherit the disorder, familiar ALS 
(FALS). Among these, approximately 20% are caused by a mutation in the 
Cu/Zn superoxide dismutase (SOD1) gene. The sporadic and familiar forms 
have similar clinical presentation. The disorder is fatal and characterized by 
relatively selective death of upper and lower motor neurons, resulting in 
progressive muscle atrophy, spasticity and weakness. Death typically occurs 
from respiratory failure within a few years after onset, but 10% of patients 
survive for 10 years or more (1-3). The reasons for the variable prognosis are 
unknown. There are so far no effective disease-modifying drugs. Riluzole, 
the only approved drug for ALS, slightly prolongs survival (13). There is 
clearly a need for more effective treatment.  

ALS Pathology 
In the ALS motor cortex, the number of large pyramidal cells and Betz cells 
in the fifth layer are reduced or absent (14, 15). There is also a variable de-
gree of astrocytic gliosis affecting both gray matter and underlying subcorti-
cal white matter (16, 17). The pathological changes in the motor cortex af-
fect certain layers in the motor cortex and appear to be less pronounced than 
in the corticospinal tract and brainstem nuclei. More recent studies, using 
modern 3D-technique, have been unable to demonstrate differences between 
patients with ALS and control subjects in size or number of total neurons or 
glial cells in the motor cortex (18, 19). This reflects that the disease affects 
only specific subregions of the motor cortex. The Betz cells normally consti-
tute approximately 10% of the total number of neurons in layer Vb in the 
motor cortex. 
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In the corticospinal tract, there is axonal loss associated with myelin pal-
lor and gliosis. Both astrocytes and microglia are increased. The increased 
number of astrocytes in the corticospinal tract correlates to increased 3H-L-
deprenyl binding (20). The changes are usually most severe in the brainstem 
and cervical spinal cord. There are neuronal degenerative changes in the 
motor nuclei of the cranial nerves and anterior horn cells of the spinal cord. 
The nuclei of the oculomotor, trochlear and abducens nerves, as well as the 
S2 nucleus of Onuf are relatively spared, resulting in the clinically character-
istic absence of disturbance of eye movements and sphincters.  

The degree of lower motor neuron loss at autopsy is variable, but a loss of 
approximately 50% in the lumbar region has been reported (21). The remain-
ing lower motor neurons display degenerative changes, including character-
istic inclusions in the soma and proximal dendrites. Ubiquitin-tagged inclu-
sions constitute the most characteristic finding, and are present in both famil-
ial and sporadic cases (22). However, the composition of these inclusions 
differs between FALS caused by SOD1 mutations and other familial and 
sporadic ALS. In sporadic ALS, the ubiquitin-tagged inclusions were re-
cently demonstrated to contain a TAR DNA-binding protein of 43 kDa 
(TDP-43), a nuclear factor that is thought to regulate transcription and alter-
native splicing (23-25). The inclusions of patients with FALS without SOD1 
mutations also contain TDP-43, while the inclusions of FALS patients with 
SOD1 mutations do not contain TDP-43. The TDP-43-containing, ubiquitin-
tagged inclusions have an inverse relationship with the number of surviving 
motor neurons, but between cytoplasmic TDP-43 and the number of surviv-
ing motor neurons no correlation has been demonstrated. Thus TDP-43 re-
distribution to the cytoplasm is likely to precede its accumulation in the 
ubiquin-tagged inclusions (26). 

A second form of inclusions was described as early as in 1962, the eosi-
nophilic Bunina bodies (27). These cystatin C-containing inclusions are 
common in lower motor neurons of patients with ALS (28, 29). 

Less commonly, a third form of inclusions is found, large hyaline (neuro-
filament) conglomerate inclusions. They contain neurofilament medium and 
heavy chains. These large inclusions are associated with FALS caused by 
certain SOD1 mutations and are seldom found in sporadic cases (30).  

Theories on Neurodegenerative Mechanisms in ALS 
Multiple factors are thought to be involved in the neurodegenerative process 
in ALS. These major theories concern the genetic factors, excitotoxicity, 
oxidative stress, protein aggregation, axonal transport deficits, mitochondrial 
dysfunction, programmed cell death, deficient trophic support, glial cells and 
inflammation, ischemia and vascular changes and exogenous causes such as 
viruses, exercise or exposure to neurotoxins. 
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Among the different mutations causing FALS, a common feature appears to 
be gain of toxic function, possibly by affecting protein conformation. Motor 
neurons seem to be incapable of handling the conformally changed proteins, 
and ubiquitin-containing inclusions are formed that may disrupt function. This 
is a process similar to the beta-amyloid pathology in AD and alpha-synuclein 
containing Lewy Body inclusions in PD. Below follows an overview of what 
is known about the different components of neurodegeneration in ALS. 

Genetic Factors 
The genetics of ALS was thoroughly reviewed (31). Updated information is 
available at (http://www.ncbi.nlm.nih.gov/sites/OMIM) and in the ALS on-
line database (http://alsod.iop.kcl.ac.uk). 

SOD1 
In 1993, SOD1 mutations were demonstrated to cause FALS (32). More than 
100 mutations in SOD1 causing ALS have subsequently been found and are 
listed in the ALS online database. Most SOD1 mutations are dominantly in-
herited, but recessive forms exist (33, 34). Transgenic mice models with mu-
tations in SOD1 have been most useful in unraveling mechanisms of SOD1-
related neurodegeneration. The function of normal SOD1 is to convert super-
oxide anions to hydrogen peroxide. The deleterious effects of mutated SOD1 
are not caused by a loss of effect, but by a gain of toxic function. The exact 
mechanisms of this toxic function have not been determined. Given the clini-
cal and cellular similarities between sporadic ALS and FALS caused by 
SOD1 mutations, many potential neuroprotective agents have been tried in 
SOD1 mice. With the exception of riluzole, treatments effective in SOD1 
transgenic mice have however repeatedly failed to show efficacy in humans. 

Other Genes 
Mutations in the genes coding alsin (ALS2), senataxin (ALS4), and a locus 
on chromosome 15 (ALS5) are associated with juvenile onset forms of he-
reditary ALS. Autosomal dominant adult-onset ALS can be caused by muta-
tions in the genes of vesicle-associated membrane protein B (VAPB; ALS8), 
angiogenin (ALS9), TDP-43 (ALS10) and FIG4 (ALS11). Examples of 
genes implicated in the susceptibility for ALS are the neurofilament heavy 
gene and the genes coding for the excitatory amino acid transporter 2 
(EAAT2), vascular endothelial growth factor (VEGF), ciliary neurotrophic 
factor (CNTF) and glutamate receptor subunit R2 (GluR2). Large whole-
genome analyses of sporadic ALS have identified single-nucleotide poly-
morphisms thought to be associated with susceptibility for ALS, for example 
a locus near the FLJ10986 gene (35). However, five large such association 
studies did not identify the same loci, reviewed in (36). Thus the genetic 
susceptibility is either variable or not as important as we believe. 
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Excitotoxicity 
Excitotoxicity is the term for neuronal damage mediated by excessive stimu-
lation of glutamate receptors, leading to influx of calcium and excessive free 
radical formation. It has long been thought to be involved in several neuro-
logical diseases, both acute and chronic (37). The toxicity can be due to ei-
ther raised levels of glutamate or increased susceptibility of the neurons to 
normal levels. The relevance of this hypothesis in ALS is supported by the 
following findings: 
• Increased glutamate levels in the CSF from at least subsets of ALS pa-

tients (38, 39). 
• Effect, though slight, of the antiglutamatergic agent riluzole (13, 40). 
• Impaired function of the major glutamate reuptake transporter protein 

EAAT2/GLT-1 in ALS (41). 
• Motor neurons are particularly susceptible to AMPA receptor stimulation-

mediated toxicity (42). 
• Presence of mutant SOD1 increases the sensitivity of motor neurons to 

glutamate toxicity (43). 
• Presence of mutant SOD1 causes alterations in AMPA receptor subunit 

expression (44). 
• Presence of mutant SOD1 causes reduced expression of EAAT2 (45, 46). 
• A subset of motor neurons in ALS have defective RNA editing of the 

GluR2 subunit of AMPA receptors, resulting in AMPA receptors with in-
creased calcium permeability (47, 48). 

For a thorough review of excitotoxicity in ALS, see (49). 

Oxidative Stress 
Superoxide, hydrogen peroxide and peroxynitrite are examples of reactive 
oxygen species thought to mediate oxidative damage in ALS. They are nor-
mal by-products of metabolism, and if they persist in cells, they damage 
protein, lipids and DNA, i. e. cause oxidative damage. The fact that a muta-
tion of the SOD1 gene, which codes for an important cellular antioxidant 
defense protein, causes FALS raised the suspicion that oxidative stress may 
be part of the pathophysiology of ALS (32). However, subsequent studies 
revealed that the SOD1 toxicitiy is independent of enzyme function, and 
mice lacking SOD1 do not develop motor neuron disease (50). Conforma-
tional changes of the mutated SOD1 protein may nonetheless contribute to 
oxidative stress. There is evidence of increased oxidative damage from stud-
ies of CSF, spinal cord and motor cortex in human ALS (51-55). There are 
two major hypotheses about the mechanism of oxidative stress in ALS, fo-
cussing on the peroxidase and the peroxynitrite reactions, respectively, re-
viewed in (56). 
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Protein Aggregation 
Protein aggregates are a common feature of many neurodegenerative dis-
eases, such as AD (tau and amyoloid �), Huntington’s disease (polygluta-
mine), PD and multiple system atrophy (MSA) (�-synuclein), frontotemporal 
dementia and ALS (ubiquitylated TDP-43 inclusions). The diseases are 
sometimes grouped and referred to by their predominant aberrant protein, 
such as �-synucleinopathies, tauopathies, and TDP-43 proteinopathies. There 
is an ongoing debate whether the protein aggregates are harmful, protective 
against neurodegeneration or innocent bystanders. A popular theory for the 
moment is that they represent an unharmful end-stage product, but that in-
termediate forms are harmful (57). 

The ubiquitylated inclusions of sporadic and non-SOD1-mutated FALS 
contain TDP-43 (23-25). However, most studies investigating the role of 
protein aggregates in ALS have so far been performed in animals with SOD1 
mutations, whose ubiquitylated inclusion contain misfolded SOD1 but not 
TDP-43. The following hypotheses about negative effects of protein aggre-
gates have been supported by findings in the SOD1 model: 

• Sequestration of other beneficial proteins in the aggregates, such as glu-
tamate transporters, bcl-2 (apoptosis-regulating agent) and chaperones. 

• Reduced availability of chaperones needed for normal function of 
other proteins. 

• Reduced proteasome activity. 
• Inhibition of specific organelles by the aggregation, for example mi-

thochondria. 
The role of protein aggregation and other mechanisms for degeneration in 
ALS were reviewed in (58). 

Axonal Transport Deficits 
Axons of human motor neurons can be up to 1 m long. This poses high de-
mands on the intracellular transport system for anterograde and retrograde 
transport. Not surprisingly, defective axonal transport has been implicated in 
the pathophysiology of ALS. Neurofilament proteins are the most abundant 
structural proteins of motor neurons. They accumulate in the soma and 
proximal dendrites in MND.  

Rarely, sporadic ALS is coupled to a deletion or insertion in the neuro-
filament heavy gene (59, 60). Although this cause for ALS is rare, it demon-
strates the relevance of neurofilament involvement in the disease process. 
Single nucleotide polymorphism in genes coding for proteins involved in 
cytoskeletal regulation have been coupled to an increased risk for sporadic 
ALS (35). Furthermore, a variant of MND with lower motor neuron affec-
tion and vocal cord paralysis can result from a mutation in the dynactin gene 
causing defective retrograde transport (61).  
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In SOD1 mutant mice, defective axonal transport has been documented 
several months before any other pathological signs were detectable (62). 
Most of the activity in the motor neuron occurs in the cell soma and the syn-
apse. Mitochondria need to be transported from the soma to the synapse. 
This transport is disrupted in SOD1 mutant mice (62, 63). Disrupted axonal 
transport may thus lead to relative energy depletion in the synapse. More-
over, motor neurons are dependent on neurotrophic factors for their well-
being. These can also be taken up at the synapse, but need to be retrogradely 
transported to the cell soma. Another possible mode of action for neuronal 
damage by defective axonal transport is thus impaired retrograde transport of 
trophic factors from the synapse to the soma (64). 

Mitochondrial Dysfunction 
Mitochondrial function is impaired in ALS (65). Mitochondria generate ATP 
and reactive oxygen species, regulate intracellular calcium levels and partici-
pate in the initiation of programmed cell death, apoptosis. All these processes 
and defective axonal transport of mitochondria have been suggested as the 
mechanism by which mitochondrial dysfunction contributes to neurodegen-
eration in ALS. Structurally, the ALS mitochondria may be swollen and con-
tain vacuoles. In mutant SOD1 models, mutated SOD1 enters the mitochon-
dria. The role of mitochondrial dysfunction, especially defective axonal 
transport of mitochondria, was recently thoroughly reviewed (65). 

Programmed Cell Death 
When the degenerating motor neurons in ALS finally die, they do so by 
apoptosis or a similar process. Apoptosis is an energy-dependent, controlled 
cell death relying on activation of the caspase family of proteolytic enzymes. 
The event of apoptosis is fast, which makes it difficult to study. Apoptosis is 
initiated through activation of specific cell surface receptors (the TNF fam-
ily), through release of proapoptotic agents such as cytochrome c from mito-
chondria or by stress to the endoplasmatic reticulum activating certain cas-
pases. It is regulated by bcl-2. Evidence for a role of programmed cell death 
in ALS has been summarized (66). 

Neurotrophic / Growth Factors 
Lack of trophic support has for long been hypothesized to be of importance in 
ALS (67). The discovery of neurotrophic factors was met with great enthusi-
asm. Many neurotrophic factors are effective in delaying motor neuron de-
generation in animal models or motor neuron cell cultures. These include 
interleukin 6, leukemia inhibitory factor (LIF), CNTF, brain derived neuro-
trophic factor (BDNF), glial cell-line derived neurotrophic factor (GDNF), 
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cardiotrophin-1, insulin-like growth factor 1 (IGF-1), VEGF, VEGF-B and 
fibroblast growth factor 2 (FGF-2, basic fibroblast growth factor) (68-81). 
However, clinical trials in humans with CNTF, BDNF and IGF-1 were rather 
disappointing (82-89).  

The clinical trials were conducted without basic knowledge of penetration 
to the central nervous system or endogenous levels. Neurotrophic factors 
may still have a role in the treatment of ALS, but new ways of delivery to 
the target neurons are being developed. Still, there is insufficient knowledge 
about the dose-response curve for neurotrophic factors. It has been hypothe-
sized that the curve should be bell-shaped, i. e. that when there is a lack of a 
neurotrophic factor its addition is beneficial, but at high levels or in the pres-
ence of additional factors, it may induce apoptosis (90). Knowledge of en-
dogenous levels of neurotrophic factors in ALS is important for our under-
standing of their role in the disease. We previously demonstrated that 
GDNF, but not BDNF, was increased in CSF from patients with ALS (91).  

Studies of neurotrophic factors in ALS were thoroughly reviewed in (92). 
Below follows a short introduction to the neurotrophic factors studied in 
Paper I and II. 

VEGF 
VEGF is essential in the formation of new blood vessels during embryonic 
development and in many pathological conditions. Apart from hypoxia, 
growth factors (including FGF-2) and tumors increase VEGF expression. 
VEGF has mainly been regarded as an angiogenic factor, but Oosthuyse et al 
surprisingly demonstrated that deletion of the hypoxia-response element in 
the VEGF promoter gene causes motor neuron degeneration in mice (93). 
This was the study that prompted us to perform Paper I. Later, VEGF has 
been extensively studied in ALS. The evidence for an involvement of VEGF 
in ALS was recently reviewed (94). 

FGF-2 
The VEGF findings by Oosthuyse et al prompted our interest in measuring 
also FGF-2 levels in ALS patients. VEGF and FGF-2 are two of the most 
studied angiogenic factors and they interact closely. FGF-2 increases VEGF 
expression and vice versa (95). 

The FGFs are a large family of heparansulfate-binding polypeptide 
growth factors. In total, 22 FGFs have been identified in humans. They exert 
their effects via the four FGF receptors (FGFR 1-4). FGF-1 (acidic FGF) and 
FGF-2 were the first to be identified. 

Of all the FGFs the most studied is FGF-2, which lacks a signal sequence, 
and is thus thought to be released from cells in a passive way, through cell 
death, wounding, chemical injury, or via exocytosis independent of the 
endoplasmatic reticulum. FGF-2 has multiple functions in embryonal devel-
opment and adult life. Its neuroprotective effect in acute ischemia and acute 
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axonal injuries is well documented. FGF-2 also delays motor neuron degen-
eration in the wobbler mouse (81). 

Changes in FGF-2 expression or its receptors occur in different disease 
states including the neurodegenerative diseases AD, PD and Huntington’s 
disease. In AD, FGF-2 is sequestered in the amyloid plaques (96). In PD, 
there is a loss of FGF-2 in the substantia nigra (97). In Huntington’s disease 
there is a correlation between FGF-2 expression and disease severity (98). 
FGF-2 knock-out mice, lacking all isoforms of FGF-2, are viable, fertile and 
phenotypically indistinguishable from normal mice (99). However, they 
have reduced neuronal density in the motor cortex, but normal density in 
other brain regions, such as hippocampus and striatum. In addition, healing 
of excisional wounds is delayed in FGF-2 -/- mice.  

FGF-2 readily passes the blood-brain barrier in rats, but the passage over 
the blood brain barrier has not been studied in humans (100, 101). 

Glial Cells and Inflammation 
The motor neuron degeneration in ALS is accompanied by astrocytosis and 
microglial activation as has been demonstrated in animal experiments and 
postmortem studies of the human disease (16, 17, 20, 102-104). However, 
only during the last decade has the essential, active role of non-neuronal 
cells in the disease process been demonstrated. Transgenic mice over-
expressing mutant SOD1 only in neurons (105, 106) or astrocytes (107) do 
not develop ALS, suggesting a complex interplay between the two cell types 
in disease pathogenesis. Chimeric mice that carry a mixture of mutant and 
wild-type SOD1 have provided further insight in the role of non-neuronal 
cells. Motor neurons expressing an SOD1 mutation at levels sufficient to 
elicit MND when expressed systematically do not develop disease if sur-
rounded by sufficient numbers of non-neuronal cells without the mutation. In 
contrast, motor neurons without an SOD1 mutation develop signs of degen-
eration if surrounded by non-neuronal cells carrying the SOD1 mutation 
(108). Selective reduction of mutated SOD1 in microglia or astrocytes slows 
the progression of disease (109-111). T cells may be of importance in regu-
lating the microglia and astrocytes because absence of CD4+ T cells acceler-
ates disease in a similar model (112).Thus it is evident that the non-neuronal 
cells interact with the degenerating neurons and contribute to the patho-
physiology (108, 113-116).  

The normal functions of astrocytes that may be defective in ALS include 
production and secretion of trophic factors and glutamate regulation. The 
EAAT2/GLT-1 is located on astrocytes and is responsible for removal of ex-
tracellular glutamate. A selective loss of EAAT2/GLT-1 without loss of glial 
cells has been demonstrated in postmortem ALS tissue (41). Astrocytes also 
regulate the sensitivity of motor neurons to excitotoxicity by affecting the 
GluR2 expression of AMPA receptors (117). If this regulation is lost, astro-
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cytes may contribute to excitotoxicity by rendering the AMPA receptors more 
permeable to calcium. For a review of the role of astrocytes in ALS, see (118). 

Microglia are the main immunocompetent cells within the CNS, normally 
in a resting position, but may easily become activated by changes in their 
environment, such as injuries or infections. They may exert both neuropro-
tective and neurotoxic properties. It is beyond all doubt that they participate 
in the disease process of ALS, reviewed in (113). 

Ischemia and Vascular Changes 
Vascular changes may be of importance for the disease process. This has not 
been thoroughly studied, but recently it was demonstrated that ALS-causing 
SOD1 mutants generate endothelial damage and vascular changes prior to 
motor neuron degeneration (119). In this study of SOD1 mutant mice, a dis-
ruption of the blood-spinal cord barrier, shortening of capillaries, microhem-
orrhages and reduced blood flow in the spinal cord were demonstrated. Ex-
travasated red blood cells are toxic to motor neurons, possibly by a release of 
iron, and may thus contribute to the neuronal damage. Plasma from ALS 
patients induces hemolysis of normal erythrocytes with a higher intensity 
than plasma from normal controls (120-122). Furthermore, red blood cells of 
patients with ALS have increased fragility, which may further exacerbate 
toxic activity (123). VEGF is released in response to hypoxia and exerts 
direct neuroprotective effects in hypoxic-ischemic injuries (124). The 
mechanism of disturbed vasculature in ALS may thus explain why a deletion 
in the hypoxia response element of the VEGF promoter gene caused motor 
neuron degeneration (93). 

Exogenous Causes 
While environmental factors such as life-style are important for the devel-
opment of cardiovascular disease, there is sparse evidence that the neurode-
generative diseases are caused by environmental agents, except in rare in-
toxications. Genetic susceptibility to disease may be more important in the 
neurodegenerative diseases, also in the apparently sporadic forms of disease. 

Most of what we know about the pathophysiology of ALS is derived from 
studies of SOD1 mutant animal models. A mutation in the SOD1 gene is 
only responsible for approximately 2% of all human ALS, and in approxi-
mately 90% of cases, we still lack conclusive evidence for a genetic compo-
nent. Several genetic loci have however been coupled to an increased risk of 
sporadic ALS (35). The disease is probably caused by interplay between 
several unknown exogenous causes and genetic susceptibility.  

One example of a probable exogenous cause of MND is dietary intake of 
cycades, perhaps enriched in flying foxes, suggested to cause the Guam 
ALS-PD-Dementia complex, though the role of the diet is debated (125). 
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Other suggested exogenous causes are exposure to heavy metals, especially 
lead, excessive physical exercise, cigarette smoking and certain occupations. 
There are several reasons why epidemiological studies of exposure to ex-
ogenous risk factors are difficult to perform: The genetic susceptibility 
caused by several different genes is likely to influence whether an individual 
exposed to a suspected exogenous cause develops disease, the clinical pres-
entation of ALS varies markedly and the disease is relatively rare. The evi-
dence for the role of exogenous risk factors has been reviewed (126). 

Biomarkers of ALS 
Biomarkers of ALS are certainly needed to provide further insight in the 
pathogenesis, but there is also a need for diagnostic biomarkers and surro-
gate markers of progression. In other neurodegenerative diseases, for exam-
ple AD and MSA, CSF and/or PET biomarkers are now included in the di-
agnostic criteria (127, 128). The most important opportunity for a diagnostic 
biomarker of ALS would be to shorten the normally long time between 
symptom onset and diagnosis of ALS, and thus enable earlier start of ther-
apy. To prevent disease, the optimal biomarker would identify persons at 
risk, but this is a major challenge in a rare disease like ALS. In addition, 
biomarkers that identify subgroups would be valuable, given the highly vari-
able prognosis and the likelihood that this is caused by different disease 
mechanisms.  

An enormous number of studies of putative biomarkers have been per-
formed in ALS, including neurophysiological and imaging methods and 
analyses of blood and CSF. 

CSF, Serum and Plasma Biomarkers of ALS 
The CSF surrounds the spinal cord and brain. The rationale behind searching 
for biomarkers of ALS in the CSF is the relative proximity to the regions 
affected by disease. Another advantage of CSF over blood is that the compo-
sition of CSF is less complex than blood. Disadvantages include the vast 
dynamic range of protein concentrations, and the relative difficulties to ob-
tain samples compared to blood, especially control samples. Levels of CSF 
biomarkers are dependent on their secretion from the tissue and their capac-
ity to pass the blood brain barrier. If a biomarker is measured both in blood 
and CSF, interpretation of findings is facilitated.  

Many studies of CSF from patients with ALS have been performed. Pro-
tein biomarkers in CSF and blood have recently been reviewed (36, 129). 
The multitude of biomarker studies puts the findings of the present thesis in 
perspective. While many CSF and blood studies contribute to insight in 
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pathophysiology, few have rendered biomarkers that has entered clinical 
practice, and none has enabled earlier diagnosis. 

Studies of putative CSF, serum and plasma biomarkers are listed in Table 1. 
The most robust biomarker findings in CSF include the neurofilament pro-
tein, which primarily reflects upper motor neuron affection in ALS. In-
creased levels are however not specific to ALS. A decrease of cystatin c has 
been found in two proteomic CSF studies, implying that this protein is truly 
decreased in ALS CSF (130, 131). One of these studies also identified in-
creased levels of Vgf, and the same group has subsequently followed up this 
finding and confirmed the increased levels in another group of patients with 
another method (131, 132). Upregulation of several markers of inflamma-
tion, oxidative damage and possible excitotoxicity have been demonstrated. 

Conflicting findings have been reported for many putative markers, in-
cluding several neurotrophic factors and amino acids. Some studies found 
subgroup differences in the absence of a general change. Though such find-
ings may contribute to identifying different disease mechanisms contributing 
to variable prognosis, they must be cautiously interpreted until confirmed by 
several studies. 

Table 1. Putative CSF, serum and plasma biomarkers of ALS. NS; no significant 
change. Some studies used healthy controls, some used controls with other diseases, 
and some used both.  

Putative biomarker CSF Serum Plasma 

GDNF Increased (91)   

BDNF NS (91, 133) NS (133)  

FGF-2 Increased  
(Paper II) 

Increased  
(Paper II) 

 

VEGF Not detectable in ALS 
(Paper I) 
Decreased in hypoxic 
ALS (134, 135) 
Decreased (136) 
NS (137, 138) 

Increased 
(Paper I) 
NS (136, 139) 

NS (136) 
NS (134) 

Erythropoetin Decreased (140-142) 
Increased (143) 

NS (141, 142)  

Angiogenin  NS (144) 
Decreased in hypoxic 
ALS (135) 

Increased (139)  

Angiopoietin-2 Increased (135)   

Endoglin   Decreased (145)  

Prostaglandin E2 Increased in hypoxic 
ALS (135) 
Increased (146, 147) 

Increased (146)  
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Putative biomarker CSF Serum Plasma 

Pigment epithelium-derived 
factor 

Increased (148)   

Hepatocyte growth factor Increased (149, 150)   

Transforming growth factor 
beta-1 

NS (151, 152) NS (151) Increased (153) 

IGF-1 Decreased (154), NS 
(155) 

Decreased (156) 
NS (154, 157-159) 
Increased in sub-
group long duration 
(157) 

 

IGF-II  NS (157)  

IGF binding protein 1  Decreased (157)  
Increased (156) 

 

IGF binding protein 2 NS (154) NS (157) 
Increased (156) 

 

IGF binding protein 3  NS (157)  

Insulin Decreased (154) Decreased (154, 156) 

Growth hormone (GH) Decreased (154)  Decreased (159) 
NS (154) 

 

Neurofilament heavy chain 
phosfoform (NfHSMI35) 

Increased (160)    

Neurofilament light protein Increased (161-163)    

Tau Increased (160, 164)  
NS (142, 165, 166)  

  

Amyloid beta 42 Decreased (165)   

TDP-43 Increased (167)    

CuZnSOD NS, but N-terminally 
truncated protein in-
creased in D90A muta-
tion carriers (168) 

  

Cystatin C Decreased (130, 131)    

Vgf Decreased (131, 132)    

C4d complement protein Increased (169)  NS (169)  

Creatine kinase  Increased (164)  

S100beta NS; decreases with 
disease progression 
(164) 

NS; decreases with 
disease progression 
(170) 

 

Cytochrome C Decreased (171) NS (171)  

Neuroendoctrine peptide 7B2Increased (130)   

Transthyretin Decreased (130)   
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Putative biomarker CSF Serum Plasma 

Fibronectin   Decreased, decre-
ases with pro-
gression (172) 

Hyaluronic acid  Increased (173)  

Aminoterminal propeptide of 
type III procollagen 

 Increased (174)  

carboxyterminal propeptide 
of type I procollagen 

 Decreased (175)  

carboxyterminal cross-linked 
telopeptide of type I collagen

 Increased (175)  

Interleukin-6 Increased (176) 
NS, but increased in 
hypoxic ALS and con-
trols (177) 
NS (152, 178) 

Increased (179) 
NS, but increased in 
hypoxic ALS and 
controls (177)  
NS (178) 

 

Tumor necrosis factor � 
(TNF- �) 

NS (178) NS, but increased in 
hypoxic ALS and 
controls (177) 
Increased (180) 

 

sTNF-R1  Increased (180)  

sTNFR2  Increased (180)  

Caspase-1 Decreased (181) Increased (181)  

sAPO-1/Fas/CD 95 NS (181) NS (181)  

RANTES  Increased (182) Increased (182)  

Flt3 (fms-like tyrosine kinase 
3) ligand  

Increased (183) NS (183)  

Monocyte chemoattractant 
protein-1 (MCP-1) 

Increased (138, 152, 
184) 

NS (178, 184) 
Increased (185) 

 

M-CSF NS (152)   

GM-CSF NS (152) 
Increased (178) 

NS (178)  

Thrombospondin  Decreased (186)  

Fragmented Thrombospon-
din 

 Increased (186)  

Substance P Increased (187)   

Kollagen IV  NS; increases with 
progress (188) 

 

Matrix metallo-proteinase-2 NS (189)   

Matrix metalloproteinase-9 NS (190, 191) Increased (190)  

Tissue inhibitor of metallo-
proteinases 1 (TIMP-1) 

Increased (189)   
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Putative biomarker CSF Serum Plasma 

TIMP-2 NS (189)   

Hydroxyl free radical   Increased (192) 

Ascorbate free radical, 8-
hydroxy-2' -deoxyguanosine 
(8-OHdG) and Cu 

Increased (192)   

N epsilon-
(carboxymethyl)lysine 

Increased (193)   

Advanced oxidation protein 
products 

Increased (54)  Increased (54) 

4-hydroxynonenal Increased (55, 194) 
NS (54) 

 Increased (194) 

cyclic guanosine 5' mono-
phosphate (cGMP) 

Decreased (195)   

3-nitrotyrosine Increased (51) 
NS (196) 

  

Neopterin NS (197)   

Adenosin Increased (197)   

Ferric reducing ability Decreased (54)   

Toxicity to erythrocytes   Increased (120, 
121) 

Toxicity to cultured neurons Increased (198, 199)   

3-methoxy-4-
hydroxyphenylglycol 
(MHPG) 

Increased (200)   

Glutamate Increased (38, 39, 201) 
NS (202) 

NS (38) Increased (203) 
NS (202, 204) 

Serine, Histidine*, 
Threonine, Alanine*, Argin-
ine, Tyrosine, Methionine, 
Cysteine, Isoleucine 

NS (202)  Decreased; 
*=decreased 
compared to HC 
(204) 

Asparagine*, Phenylalanine, 
Lysine 

NS (202)  Increased; 
*=increased 
compared to HC 
(204) 

Lysine, Leucine and essential 
amino acids 

Increased (205) 
NS (202) 

  

Tyrosine NS (202) Increased (205)  

alanine, isoleucine, leucine, 
methionine and tyrosine 

NS (202)  Decreased (202) 
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CSF Proteomic Approaches 
So far, hypothesis-driven biomarker studies have had limited success in 
ALS. Findings of different studies are often contradictive. A more discov-
ery-oriented, or hypothesis-generating, approach became possible with tech-
nological development, allowing us to perform proteomic studies, where all 
proteins expressed in a sample are investigated. Liquid chromatography 
separation of trypsinated peptides prior to on-line electrospray ionization 
into the Fourier transform ion cyclotron resonance mass spectrometer (LC-
FT ICR MS) has ultra-high resolution and high sensitivity and was used in 
Paper III, the first proteomic study of CSF from ALS patients. 

PET Studies in ALS 
PET offers the possibility of measuring specific functions in the brain. Inter-
esting molecules reflecting the process that one desires to study can be la-
beled with a short-lived radionuclide and administered to the patient. The 
chosen molecule then binds to its target. As the radionuclide decays, posi-
trons are emitted. The collision of a positron with an electron results in two 
	-photons, which are emitted at an angle of 180 degrees. These are registered 
in the PET scanner. The PET technique has contributed considerably to our 
knowledge of the brain in health and disease, and has several clinical routine 
applications. So far, however, PET does not have a place in clinical routine 
examinations of patients with ALS. There are still no specific PET markers 
for motor neurons. On the other hand, PET has contributed to our knowledge 
that the disease is not restricted to the upper and lower motor neurons.  

PET studies in ALS have revealed functional decreases in glucose me-
tabolism (206-208) and regional blood flow (209, 210). Decreases have also 
been demonstrated in the dopaminergic (211), GABA-ergic and serotonergic 
systems. Flumazenil, which binds to the bensodiazepine subunit of the 
GABAA receptor ligand, has been used in several studies of ALS (212-215). 
The receptor is widely expressed in the cerebral cortex and has been sug-
gested to reflect either neuronal loss or impaired inhibitory GABA-ergic 
function in ALS. Another tracer thought to reflect neuronal loss in ALS is 
the 5-HT1A-receptor ligand WAY10065 (216), because 5-HT1A receptors 
are widely expressed in the brain. 

The most interesting PET studies in ALS so far are the ones that are likely 
to most closely reflect the cellular pathophysiology; Paper IV, which used 
[11C](L)-deprenyl-D2 (DED) to reflect astrocytosis, and the study with 
PK11195, which binds specifically to the “peripheral benzodiazepine bind-
ing site” (114). In the CNS, this binding site is primarily located in activated 
microglia. Increased binding of PK11195 was demonstrated in the pons, 
motor cortex, thalamus and dorsolateral prefrontal cortex, reflecting wide-
spread microglial activation in vivo in ALS. “Positive tracers”, i. e. tracers 



 28 

where disease causes increased values, such as PK11195 and DED, would be 
preferable to follow disease progression. A promising new tracer of activated 
microglia, which may have improved binding characteristics to PK11195, is 
DAA1106 (217). PET studies in ALS are listed in Table 2. 

It is evident that the full potential of PET in ALS research has not yet 
been explored. New tracers and combination of already used tracers are to-
gether with MRI likely to provide further insight into disease mechanisms 
and the spatiotemporal evolution of disease. So far, PET has not had the 
resolution to permit informative examinations of the spinal cord, but this 
may change in the future. Below follows a list of published PET studies in 
ALS. 

Other Biomarkers of ALS 
The search for biomarkers of ALS is far from restricted to the CSF, serum, 
plasma and PET studies. For example, the characteristics of erythrocytes 
have been studied by our group and others (123, 218). Interestingly, erythro-
cytes from patients with ALS have increased fragility (123). Increased er-
tythrocyte fragility may introduce a systematic effect with different degrees 
of hemolysis during sample handling in samples from ALS patients and con-
trols. This may be the cause of the early findings of increased plasma lead 
levels in ALS, and may be a contributing factor in any study where hemoly-
sis may affect results, if the measured substance is present in high concentra-
tions in erythrocytes. 

Many neurophysiological and magnetic resonance imaging studies have 
also been performed, but it is beyond the scope of this thesis to describe all 
these. Standard neurophysiological examination can be regarded as a bio-
marker that has really entered clinical practice in ALS.  

The development of the magnetic resonance imaging (MRI) technique is 
impressive. It is widely available and thus probably has a higher potential 
than PET to be used to obtain images that can be used as markers of diagno-
sis or disease progression. In a recent review of ALS biomarkers, Turner et 
al. list more than 70 MRI studies in ALS patients (129). PET has other ad-
vantages with the possibility to mark specific interesting substances, making 
it especially suitable for use in studying pathophysiology. 
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Part II Parkinson’s Disease 

History and Basic Pathology 
Several of the core feature of the syndrome of parkinsonism were described 
in James Parkinson’s original publication in 1817, “An Essay on the Shaking 
Palsy” (226, 227). These included tremor, gait impairment, rigidity and a 
propensity to bend the trunk forwards. More than 50 years later, Charcot and 
his adepts recognized the important symptom bradykinesia as an entity of its 
own, separating it from rigidity. Charcot also suggested the name Parkin-
son’s disease instead of paralysis agitans. He observed that pronounced 
weakness was not a central part of the symptoms and that tremor could be 
absent. 

The midbrain involvement of Parkinson’s disease was described by Bris-
saud as early as in 1895. The intraneuronal inclusions that are characteristic 
of PD were described by Lewy in 1912. Trétiakoff later named these inclu-
sions Lewy bodies (corps de Lewy). Trétiakoff and others described the 
pathological basis of PD in greater detail during the first decades of the last 
century. These early discoveries were reviewed by Greenfield and Bosan-
quet in 1953, when they reported their own thorough examinations, confirm-
ing the loss of pigmented neurons in the substantia nigra and Lewy body 
inclusions in idiopathic PD, pathologically separating it from the posten-
cephalitic and atypical forms of parkinsonism (228). The first findings sug-
gesting a role for dopamine in PD were made in the 1950’s, when Carlsson 
noted that reserpine treatment (depletion of dopamine) caused parkinsonism, 
which was alleviated by levodopa (229). Soon thereafter Hornykiewicz 
demonstrated decreased dopamine levels in postmortem brain material from 
patients who had died with PD (230). The pathophysiological fundaments 
for dopaminergic treatment of PD had been established. 

The pathological hallmark of PD, the Lewy body, is immunoreactive for 
neurofilament and ubiquitin (231, 232). As late as in 1997, the Lewy bodies 
were shown to contain �-synuclein, which is considered the most important 
constituent (233, 234). 
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Epidemiology 
The reported incidence of PD varies from 4.5 to 19 per 100 000 population 
per year, and the prevalence reported in most studies is 100-200 per 100 000 
population (235). The incidence and prevalence increase with increasing age, 
but drops at very high ages. Most studies found that PD is up to two times 
more common in men than in women. The rates of PD prevalence vary 
widely between studies in different regions. Compared to ALS, the incidence 
is slightly higher, but the prevalence is markedly higher for PD, reflecting 
that PD patients survive far longer. Since the introduction of levodopa ther-
apy, survival is not importantly shortened by PD. 

The variability in epidemiological studies may be caused by true differ-
ences in the occurrence of PD, but also by methodological differences be-
tween studies, and the fact that there is no valid diagnostic biomarker for PD. 
Modern studies rely on agreed diagnostic criteria for PD, but especially early 
in the disease course atypical parkinsonian syndromes such as MSA can be 
clinically indistinguishable from PD. Thus such cases may be included in the 
incidence rate if long-term follow-up and/or postmortem confirmation of the 
diagnosis is not included. On the other hand, we are now aware that the mo-
tor manifestations of PD is only a part (although central) of the syndrome 
(236). Many patients develop hyposmia and sleep disorders before motor 
onset. Furthermore, pathological findings of PD, including incidental Lewy 
bodies, are found in autopsies in people who did not have a diagnosis of PD 
in life. All such cases are excluded from prevalence studies relying on clini-
cal diagnostic criteria. The diagnostic uncertainty hampers the identification 
of all the information that can be derived from epidemiological studies.  

Etiology 
Knowledge about the cause of PD can be summarized similarly to the etiology 
of ALS: The cause of the majority of cases is unknown, but they are thought to 
result from a complex interplay between genetic susceptibility and environ-
mental causes. There are rare clearly genetically caused cases, but the genetic 
cause for the majority of familiar cases has not been identified. The variability 
of the disease presentation probably reflects different underlying mechanisms. 

There has been a long-standing debate questioning PD as a homogenous 
disorder. Some causes of parkinsonism are clearly distinct from PD, for ex-
ample neuroleptic-induced parkinsonism, vascular parkinsonism, progressive 
supranuclear palsy (PSP) and MSA. However, even in the group of patients 
we today regard as having PD, there are probably different underlying dis-
ease mechanisms. With the discovery of new genes causing PD, this has 
become increasingly clear. Arguing for a change to view the syndrome as 
Parkinson diseases, a review called “There Is No Parkinson Disease” was 
recently published (237). 
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Genetics of PD 
To date, 13 monogenetic forms of PD have been genetically mapped 
(PARK1-PARK13). Point mutations, duplications and triplications in the �-
synuclein gene cause autosomal dominantly inherited PD (238-242) . Muta-
tions in the leucine-rich repeat kinase 2 (LRRK2) are a more common cause 
of dominantly inherited PD, with a clinical presentation very similar to spo-
radic PD. Autosomal-recessive parkinsonism, often with early onset, can be 
caused by mutations in the genes for parkin, DJ-1 and PINK1. However, the 
genetic cause for the majority of familiar cases remains to be identified. 

There is evidence for genetic susceptibility also for sporadic PD. The risk 
has been coupled to single nucleotide polymorphisms in the gene for �-
synuclein. For reviews of the genetics of PD and the possible mechanisms by 
which the genetic alterations may contribute to disease, see (243, 244). 

Environmental risk factors 
Despite the limitations of epidemiological studies mentioned above, some 
risk factors for PD have repeatedly been identified, including exposure to 
pesticides, living in a rural area, farming and drinking well water (245). 

Clinical Diagnosis 
Because there is still no valid in vivo diagnostic biomarker for PD, the diag-
nosis is based on clinical findings. There are two widely accepted and used 
sets of clinical diagnostic criteria for PD, the United Kingdom Parkinson’s 
Disease Society Brain Bank (UKPDSBB) clinical diagnostic criteria (246), 
and the criteria commissioned by the Advisory Council of the National Insti-
tute of Neurological Disorders and Stroke (NINDS), National Institutes of 
Health (NIH) (247). 

The cardinal signs of PD include resting tremor, bradykinesia, rigidity 
and postural instability. This syndrome, which can result from many disor-
ders, is often referred to as parkinsonism. To make a clinical diagnosis of 
PD, no features suggestive of other causes should be present. In PD, the on-
set is typically asymmetrical, and the symptoms should have a substantial 
and sustained response to levodopa or dopamine agonist treatment for a 
clinical diagnosis of probable PD (247). Bradykinesia is an essential part of 
the syndrome, as illustrated by the fact that a diagnosis of PD cannot be 
made without it according to the UKPDSBB clinical diagnostic criteria 
(246). 

The cardinal motor features are only part of the presentation of the syn-
drome of PD. In PD, a broad spectrum of other symptoms can arise. These 
include other motor symptoms such as dystonia, dysphagia, sialorrhea and 
hypomimia. Other common motor symptoms are the shuffling gait, freezing, 
festinations and flexed posture. The flexed posture sometimes presents in the 
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extreme form of camptocormia (248). Non-motor symptoms are also com-
mon and include autonomic dysfunction, hyposmia, sleep disorders, cogni-
tive deficits, depression and pain. For a recent, comprehensive review of the 
clinical features of PD, see (249). 

Differential diagnoses to PD include the conditions without loss of dopa-
minergic neurons, such as essential tremor, neuroleptic-induced parkinson-
ism and psychogenic parkinsonism. Normal pressure hydrocephalus (NPH) 
and vascular parkinsonism are other differential diagnoses that may show 
loss of dopaminergic function on PET and SPECT imaging, but not neces-
sarily so. The syndromes of atypical parkinsonism or Parkinson plus syn-
dromes include MSA, PSP and corticobasal degeneration/syndrome (CBS). 
These syndromes display a dopaminergic loss on PET and SPECT imaging. 
Because biomarkers have as yet not been sufficiently validated, the clinical 
diagnosis of all these conditions is based mainly on clinical examination, but 
for example PET findings may be used in combination with clinical findings 
to make a diagnosis of possible MSA (128). 

Clinicopathological Studies of Diagnostic Accuracy 
The diagnostic golden standard of PD is the clinicopathological diagnosis. 
Some studies of the accuracy of the clinical diagnosis of parkinsonism are 
discussed below. 

In 1992, Hughes et al. reported the pathological findings in 100 patients 
diagnosed in vivo as having idiopathic PD (250). The clinical diagnosis 
agreed with the pathological diagnosis in 76 patients. If recommended diag-
nostic criteria were retrospectively applied, the accuracy increased to 82%. 
Still, 18% of patients given a diagnosis of PD in life did not have that patho-
logical diagnosis. Levodopa responsiveness is used as a clinical confirmation 
of the PD diagnosis. However, in this study, 82% of the patients without 
Lewy body pathology had a definite positive initial response to levodopa. 

Another study published the same year reported identical accuracy (76%) 
of the final clinical diagnosis of PD (251). Among the patients who were 
given an initial clinical diagnosis of PD by a qualified neurologist, 65% had 
Lewy body pathology postmortally. 

In 2001, Hughes et al. reported the pathological diagnosis of another 100 
patients clinically diagnosed as PD (252). The accuracy was then 90%. 
When they retrospectively applied the UKPDSBB diagnostic criteria, 81 of 
88 remaining patients were correctly diagnosed in life. They concluded that 
higher diagnostic accuracy may not be possible to obtain using current diag-
nostic criteria. 

In a subsequent study, Hughes et al. reviewed the clinical and pathologi-
cal diagnoses of 143 cases of parkinsonism who came to autopsy in the 
1990’s and had been examined in a specialist movement disorder service (5). 
In this study, 122 of 143 patients were correctly diagnosed in life, corre-
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sponding to an overall positive predictive value of 85.3%. Early in the dis-
ease course, the diagnostic accuracy was poorer. The clinical diagnosis was 
revised after a mean of 5.3 years of disease duration in 44 of 122 patients 
where full follow-up information was available. More than 60% of their 
cases with another final diagnosis than PD had their diagnosis changed dur-
ing follow-up. 

MSA is one of the clinically most difficult differential diagnosis to PD. In 
a study of the clinical records of 35 patients with autopsy-confirmed MSA, 
26 out of 35 patients were initially thought to have PD (6). The diagnosis 
was changed after a median disease duration of 4.4 years to MSA in 14 of 
these, but 12 out of 35 patients died carrying the incorrect diagnosis. There 
were no notes in the medical records of these patients of cerebellar or severe 
autonomic dysfunction. 

From these studies it is evident that the diagnostic accuracy increases with 
disease duration. Thus there is a potential for biomarkers to provide an ear-
lier diagnosis. In addition, the accuracy of the final clinical diagnosis can be 
improved. PET, with its capacity to provide in vivo neurochemistry, has the 
potential to be the biomarker for this purpose. 

PET Background of Paper V and VI 
Paper V: PIB PET in PD 

1. PET with PIB (N-methyl[11C]2-(4´-methylaminophenyl)-6-hydroxy-
benzothiazole) had recently demonstrated increased retention in the 
brains of patients with AD, probably reflecting amyloid-� (A�) 
(253). 

2. The major component of the Lewy bodies, �-synuclein has a high 
propensity in vitro to form amyloid fibrils that resemble the amyloid 
of AD (254). Binding of Thioflavin T to the �-synuclein fibrils en-
hanced its fluorescence emission intensity similarly to amyloid-� 
(A�) fibril binding. PIB is a Thioflavin T derivate, indicating that 
PIB may bind �-synuclein fibrils or Lewy bodies. 

3. Lewy body pathology in PD can be widespread even without de-
mentia (255). 

4. Vascular A� is common in PD even in patients without dementia 
(256, 257). 

5. In AD, �-synuclein pathology is common and could have contrib-
uted to high retention of PIB (258). 

6. When the studies of Paper V were performed, it was unknown 
whether PIB might bind also to �-synuclein and/or Lewy bodies. If 
so, PIB would provide a possibility to measure the degree of �-
synuclein/Lewy body pathology in vivo. If not, the specificity for 
imaging AD would increase.  
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Paper VI: FDG and L-[�11C]-DOPA PET for the Differential Diagnosis 
of Parkinsonism 
The role of radiotracer imaging in PD was thoroughly reviewed in 2005 
(259). Although many studies demonstrated the potential of radiotracer im-
aging, it was concluded that evidence did not support the use of imaging as a 
diagnostic tool in clinical practice. Specifically, further studies in the target 
population where the methods should be used, i.e. where there is true diag-
nostic uncertainty, were needed for the methods to be recommended. Since, 
further support for the use of FDG in the differential diagnosis of parkinson-
ism has emerged (260). 

SPECT and PET imaging of the dopaminergic system can reliably separate 
parkinsonism caused by a loss of dopaminergic neurons from essential tremor, 
neuroleptic-induced and psychogenic parkinsonism (261-264). A more diffi-
cult task for the imaging techniques is to separate PD from other conditions 
with loss of dopaminergic neurons, such as MSA, PSP and CBS. The pattern 
of dopaminergic degeneration can be used for this (265-267). In PD, the most 
pronounced decrease of dopa-decarboxylase activity is in the dorsal putamen, 
while the ventral putamen and caudate nucleus are relatively spared (268). In 
PSP and MSA, the putaminal decrease is more evenly distributed, and the 
caudate is more affected, especially in PSP (265). However, because of over-
lapping findings, the use of  additional tracers was suggested (266).  

The standard tracer to measure dopa-decarboxylase activity is [18F]-
fluorodopa. It has been widely used both for diagnostic purposes and to fol-
low disease progression (269). The endogenous molecule L-DOPA labelled 
with [11C] in the � position is another option for the same purpose (268, 270-
273). PET using L-[ � 11C]-DOPA (DOP) was applied in clinical practice in 
the Uppsala University PET Centre (Uppsala Imanet, GE Healthcare). Poten-
tial advantages with DOP are the negligible isotope effects on distribution 
and metabolism and the shorter half-life, providing the possibility to perform 
consecutive studies with different studies on the same day. However, rapid 
methods for organic chemistry, analysis and pharmaceutical preparation are 
needed. 

The glucose metabolism in the brain differs between PD, MSA, PSP and 
corticobasal syndrome (CBS) (260, 274, 275). 

Some studies evaluated combinations of fluorodopa and FDG. A major 
challenge is to differentiate MSA from PD. Some found FDG to be superior 
to fluorodopa (276), while others found the opposite (277). From these early 
studies, it was clear that the combination of FDG and dopaminergic imaging 
was highly informative of the underlying disease process and it was sug-
gested for use in differential diagnostic purpose (276-279). Based on this, 
combination studies with DOP and FDG were introduced in clinical practice 
at our centre as early as in the end of the 1990’s. Paper VI presents the accu-
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racy of the PET method as used from the beginning of 1998 until the end 
2004. 
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Aims 

The general aim of the present thesis was to find novel biomarkers in ALS 
and PD using biochemical analyses and PET. 
Specifically, the aims of the different papers were: 
• Paper I: To determine VEGF levels in serum, CSF and spinal cord in 

ALS. 
• Paper II: To determine if FGF-2 levels are altered in serum and/or CSF 

in ALS. 
• Paper III: To apply the novel proteomic approach liquid chromatogra-

phy-Fourier transform ion cyclotron resonance mass spectrometry to ob-
serve alterations in the protein patterns of CSF from ALS patients. 

• Paper IV: To investigate if DED retention is increased in ALS brain 
compared to controls, thereby providing an indirect visualization of astro-
cytosis in vivo in ALS. 

• Paper V: To investigate if PIB retention in PD differs from that in AD 
and/or healthy controls. 

• Paper VI: To evaluate the clinical use of PET FDG and DOP in the 
differential diagnosis of patients with parkinsonism, by determining con-
cordance between suggested diagnoses according to PET and clinical di-
agnosis at long-term follow-up. 
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Patients and Methods 

Patients and Control Subjects 
All patients in Paper I-IV were diagnosed as clinically probable or definite 
ALS according to the El Escorial criteria (280). All control subjects were 
matched for age and sex as far as possible. 

Paper I 
Thirteen ALS patients (age 57 ± 14 years, mean ± SD) contributed serum 
samples to Paper I. Spinal cord samples obtained post mortem from seven 
patients with ALS were investigated for VEGF content. CSF from 10 pa-
tients with ALS was investigated. 

Control serum samples were obtained from 13 healthy blood donors (age 
56 ± 13 years, mean ± SD). The control spinal cord was obtained from six 
subjects who had died from other diseases. 

Paper II 
Fifteen patients with ALS (age 59 ± 14 years, mean ± SD) contributed serum 
samples and CSF from 15 ALS patients (age 57 ± 13 years, mean ± SD) was 
analyzed. 

Control serum samples were obtained from 15 healthy blood donors (age 
56 ± 11 years, mean ± SD). Control CSF was obtained from 10 patients; 
eight women and two men without neurological disease prior to spinal anes-
thesia followed by orthopedic surgery, due to arthrosis of the hip or knee.  

Paper III 
CSF from 12 ALS patients (age 57 ± 17 years, mean ± SD) was analyzed and 
compared to CSF from 10 control subjects (age 52 ± 22 years, mean ± SD). 
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Paper IV 
Seven ALS patients (age 52 ± 15 years, mean ± SD) were investigated with 
DED PET. 

The seven control subjects (age 62 ± 2 years, mean ± SD) were used with 
kind permission from Stephane Nave, MD. F. Hoffman-La Roche Ltd, 
Pharmaceuticals Division. 

Paper V 
Five non-demented PD patients (mean age 69 years, range 63-76) were in-
cluded. The duration of PD symptoms was 2-6 years. 

The results of the PD patients were compared to the results of a previous 
study of 16 AD patients (mean age 68 years, range 53-83 years) and six 
healthy control persons (mean age 70 years, range 63-76 years). 

Paper VI 
All 106 patients who were examined with both FDG and DOP PET at the 
Uppsala University PET Centre (Uppsala Imanet, GE Healthcare) from the 
beginning of 1998 until the end of 2004, were eligible for the study. Fifteen 
patients did not consent to a review of their clinical records, and seven pa-
tients were excluded because their medical records were too sparse to permit 
classification. Two patients were excluded because the examinations were 
not performed in the differential diagnosis of parkinsonism. Thus 82 patients 
(42 men and 40 women) were included in the study. The median total dis-
ease duration at follow-up was 8.6 years.  

At long-term follow-up, the patients had the following diagnoses: clini-
cally definite (UKPDSBB) or probable (NINDS) PD (n=45), PD with de-
mentia (PDD) (n=7, included in the 45 patients with PD), probable MSA 
(n=10) possible MSA (n=3),  probable PSP (n=2), possible PSP (n=3), psy-
chogenic movement disorder (PMD) without concomitant organic disorder 
(n=3), ALS plus syndrome (n=3), CBS (n=2), NPH (n=2), vascular dementia 
(n=1) and dementia with Lewy bodies (DLB) (n=1). Seven patients were 
unclassifiable at follow-up. Twenty-nine patients died during follow-up. 

The control subjects for DOP imaging consisted of five healthy individu-
als (mean age, 65 ± 8 years, three men and two women). The control sub-
jects for FDG imaging were nine healthy volunteers, four women and five 
men, aged 48-69 years. 
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Methods 
Paper I and II 
Samples were analyzed using commercially available ELISA kits (VEGF: 
DVE00, FGF-2: HSFB75 R&D Systems, Minneapolis, MN). In short, stan-
dards and samples were added to the wells that had been coated with specific 
antibodies for FGF-2 or VEGF, respectively. During an incubation period, 
FGF-2 or VEGF from the standards and samples was bound to the immobi-
lised antibodies. After thorough washing, an enzyme-linked polyclonal anti-
body specific for FGF-2 or VEGF was pipetted into the wells, and after a 
second incubation and wash step, a substrate solution and an amplifier solu-
tion were added and color developed in proportion to the amount of FGF-2 
or VEGF bound. The color development was subsequently stopped and the 
color intensity was measured by photospectrometry. The lower detection 
limits were set at VEGF 5.0 ng/L and FGF-2 0.50 ng/L. Calculation of re-
sults were performed according to the manufacturer’s recommendations. 

The spinal cord samples were obtained from autopsies, where the the spi-
nal cord was taken out, removed from the dura mater, and sectioned into 5-
mm segments. The segments were then immediately frozen on a metal plate 
maintained in liquid nitrogen and stored at -70°C until analyzed. The ranges 
of the post mortem time, i. e. the time from death to freezing of the spinal 
cord, were 8-23 h in the ALS group and 17-34 h in the control group. Ven-
tral horn, dorsal horn and lateral white matter were dissected from the frozen 
spinal cord segments and then frozen again at -70°C until homogenization. 
The tissue samples were homogenized (1 part tissue and 4 parts buffer, w/w) 
in PBS (0.02 M NaH2PO4, 0.15 M NaCl, pH 7.2) for 1 min at 0°C with a 
glass homogenizer. 

Paper III 
The proteomic approach in this paper utilized liquid chromatography-Fourier 
transform ion cyclotron resonance mass spectrometry (LC FT ICR MS). 
Briefly, aliquots of 400 μL CSF were centrifuged to dryness using a Speed-
vac® system ISS110 (Savant, Holbrook, NY, USA). The pellets were then 
dissolved and exposed overnight to tryptic digestion by 5 μg trypsin from 
bovine pancreas. The samples were desalted on ZipTip® C18 columns (Milli-
pore, Bedford, MA, USA). 

Then 10 μL of each sample was injected on the liquid chromatography 
(LC) column. The peptides were separated on a 10-cm-long packed capillary 
C18 column of 200-μm LD before they were electrosprayed on-line to a 9.4 
T-Bruker Daltonics BioAPEX –94e Fourier transform ion cyclotron reso-
nance mass spectrometer (Bruker Daltonics, Billerica, MA, USA). 
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Data were collected on a computer running Xmass™. In total, 256 mass 
spectra of 128 K data points were created in each experiment. Each spectrum 
was a sum of 10 individual scans, and the total time for collecting one spec-
trum was 10 s. 

The mass chromatograms were compared using a pattern recognition al-
gorithm. The first steps in this algorithm was calibration of the chroma-
tograms in time by using high-abundant signals common to all pictures and 
normalization of the signals to the average signal intensity. To extract classi-
fication criteria, intensities of all peaks in the mass chromatograms of nine 
ALS patients and eight controls were compared. Because there were no 
peaks with non-overlapping intensity distributions, a less strict algorithm 
was used where peaks with higher intensity in six of the mass chroma-
tograms of the corresponding group were used as classification peaks. The 
ability of this algorithm to correctly classify unknown samples was finally 
tested on five samples, where a normalized distance to all classification pep-
tide peaks was determined.  

Paper IV 
All subjects were examined in either of two Siemens ECAT HR+ whole 
body PET scanners with neuroinsert, providing 63 contiguous 2.46-mm 
slices with a 5.6-mm transaxial and 5.4-mm axial resolution (CTI PET Sys-
tems Inc. 1999). The subjects were administered a rapid intravenous bolus 
dose of approximately 400 MBq of DED. PET measured the time-dependent 
radioactivity in the brain for 59-60 min. Identical standardized regions of 
interest (ROIs) were placed on the activity images and summarized to form 
volumes of interest (VOIs) in pons, cerebellum, white matter and frontal, 
parietal, temporal and motor cortex. 

For the kinetic analysis a modified reference-Patlak method compensating 
for irreversible binding in the reference region was used (281-283). Occipital 
cortex was chosen as reference region. 

Paper V 
PET measured the time-dependent radioactivity during 60 min after intrave-
nous injection of 297 ± 69 MBq (mean ± SD) of PIB. ROIs were drawn and 
summarized to form VOIs in frontal, parietal, temporal, and occipital cortex, 
posterior cingulum, subcortical white matter, pons and striatum. Regional 
uptake at late times of scan normalized to the corresponding uptake in the 
cerebellar reference region was analyzed. 
DOP PET was performed according to the standard clinical procedure at the 
Uppsala University PET Centre (Uppsala Imanet, GE Healthcare). 
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Paper VI 
PET using DOP and FDG had been performed as part of the diagnostic 
work-up in clinical practice as described in Paper VI. An expert visual reader 
evaluated the DOP and FDG images and wrote the PET report descriptive of 
regional changes in dopa-decarboxylase activitiy and glucose metabolism. 
The most likely diagnosis and other plausible diagnoses according to the 
PET results were stated. Moreover, if a diagnosis was unlikely according to 
the PET findings, this was sometimes mentioned, especially the diseases the 
referring physician had asked for. The PET evaluator was provided with 
brief clinical information when the patients were referred. The reports were 
written in a non-standardised manner, often responding to specific questions 
in the referrals.  

For the purpose of the present study, a collaborator blinded to clinical in-
formation, extracted from the PET reports three categories. These were the 
one most likely diagnosis according to the PET findings, 1-2 other possible 
diagnoses and all diagnoses explicitly stated as unlikely. 

Clinical records were collected from all the hospitals and outpatient clin-
ics that the patients reported to have visited. The clinical records were scru-
tinised for factors of differential diagnostic importance. A case summary of 
each patient was written. Features not mentioned in the clinical records were 
considered absent. A follow-up diagnosis was made, irrespective of PET 
results, based on applicable published diagnostic criteria for PD (246, 247), 
MSA (128, 284), PSP (285), CBS (286), NPH (287), PDD (288), DLB 
(289), PMD (290), ALS (280) and vascular dementia (291). Probable drug-
induced parkinsonism was defined as parkinsonism occurring during expo-
sure to antidopaminergic agents and persisting up to 12 months after with-
drawal (292). 

To investigate the degree of diagnostic uncertainty by the time of referral 
to PET, the diagnostic classification was also performed based on all infor-
mation stated in the clinical records before PET. 
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Results 

Paper I: Serum VEGF levels were higher in ALS than in controls (p<0.01). 
There was a moderate inverse relationship (r = -0.53) between duration of 
disease and serum VEGF levels. No difference could be demonstrated in the 
spinal cord between ALS subjects and controls. VEGF was not detectable in 
CSF from 10 ALS patients.  
 
Paper II: Serum FGF-2 levels were higher in the ALS patients than in con-
trols (p<0.001). FGF-2 was detected in CSF in 11 out of 15 of the ALS pa-
tients but in none of the 10 controls (p<0.001). 
 
Paper III: In each sample, approximately 4000 (range 1645-7152) tryptic 
peptides were detected. After thorough validation of the method, four out of 
five test samples were correctly classified based on their characteristic pep-
tide peaks. No single biomarker could be identified from the list of charac-
teristic peaks. 
 
Paper IV: DED PET revealed increased uptake rate in pons (p<0.01) and 
white matter (p<0.01) in ALS. 

 
Paper V: None of the PD patients had increased PIB retention. PIB retention 
in PD was lower than in controls in cingulus posterior, frontal and parietal 
cortex (p<0.05). PD patients had lower PIB retention than AD patients in 
frontal, parietal, temporal and occipital cortex, striatum and cingulus poste-
rior. 
All PD patients had reduced DOP uptake in the putamen consistent with PD. 
 
Paper VI: The most likely diagnosis according to the PET reports agreed 
with the follow-up clinical diagnosis in 49 out of 75 classifiable patients 
(65.3%). In 62 out of 75 classifiable patients (82.7%), the follow-up clinical 
diagnosis was mentioned as possible in the PET reports. The sensitivity for 
PD was 93.3% (42 out of 45) and the specificity was 83.8% (31 out of 37), 
based on all possible PET diagnoses. For MSA (possible and probable), the 
sensitivity was 92.3% (12 out of 13) and the specificity 82.6% (57 out of 
69). 
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The 13 patients with another clinical diagnosis than the possible PET di-
agnoses included three PD patients (PET; MSA), one patient with possible 
MSA (PET; diffuse Lewy body disease), two ALS patients, and one each 
with vascular dementia, PSP and CBS. In addition, all the patients with iso-
lated PMD had no mention of PMD in their PET reports. Although the sug-
gested PET diagnoses lacked a clinical correlate in the patients with ALS 
and PMD, normal DOP findings were useful in excluding other suspected 
diagnoses. 

All patients had been referred because of diagnostic uncertainty. Formal 
diagnostic criteria were not cited in the clinical records. Fifty patients were 
assigned another clinical classification at follow-up than before PET. Eleven 
patients changed to another diagnosis or became unclassifiable. Thirty-four 
patients changed to a higher degree of certainty of the same diagnosis, for 
example from possible to probable PD. Among the others, three PD patients 
became demented, and two PD patients with concomitant PMD before PET 
had no mention of PMD at follow-up. 
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Discussion and Conclusions 

Paper I 
Paper I was the first study of VEGF levels in ALS patients. Our findings of 
increased serum levels suggested preserved capacity to synthesize VEGF. The 
nondetectable levels of VEGF in CSF and absence of significant differences in 
the spinal cord argued against a CNS origin of the increased serum levels.  

Serum 
Subsequent studies have not replicated our findings. Two serum studies found 
no significant change in ALS (136, 139). Furthermore, a large study of plasma 
levels detected 50% lower levels in ALS plasma (293). In this study, VEGF 
levels were also correlated to at-risk haplotypes in the VEGF promoter/leading 
sequence. A serum analysis was not performed in ALS, but in 295 control 
subjects, where a similar correlation to at-risk haplotypes was found. How-
ever, a later a meta-analysis could not confirm the correlation to these at-risk 
haplotypes (294). Two additional studies of plasma levels showed no signicant 
differences between ALS and control subjects (134, 136). It can be concluded 
that serum or plasma levels are normally not increased in ALS, and they ap-
pear not to be suitable for use as biomarkers in ALS.  

Multiple factors may have contributed to our finding of increased serum 
levels, which is in conflict with subsequent studies. The restricted sample size 
per se limits the possibility to generalize our findings to the total ALS popula-
tion. Normal biological variations may affect results from studies with few 
participating patients. This is likely to explain many of the discordant findings 
in ALS biomarker studies. Another likely cause of the conflicting results is 
related to the sampling procedure. Normally, VEGF levels in serum are ap-
proximately ten times higher than in plasma, because platelet-derived VEGF is 
secreted during coagulation (295). To avoid this factor of variability, plasma 
samples are preferable. We chose to analyse serum samples because at the 
time of planning Paper I, VEGF was more studied in serum than in plasma. 
Interestingly, in the only study reporting VEGF levels in ALS in both serum 
and plasma, the normal difference between serum and plasma VEGF was not 
detected, neither in controls nor ALS patients (136). Instead, both levels are in 
the normal range for serum VEGF, which may reflect the difficulties to cor-
rectly measure VEGF. Both our patients and control samples were centrifuged 
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within 30-60 minutes, but differences within that time-span may have existed 
because exact times were not recorded. A systematic error may also have been 
introduced by the fact that patient samples were taken at the neurologic clinic, 
and control samples were collected at another department.  

The serum findings of Paper I highlight the importance of a finding to be 
confirmed by several studies. VEGF measurements in blood are unlikely to 
be of any use as a biomarker of ALS, but if one regardless wishes to measure 
VEGF in ALS blood, results are probably more reproducible if plasma is 
analyzed.  

CSF 
We were unable to detect VEGF in CSF from ALS patients with our ELISA 
method (DVE00 Quantikine, R&D systems). Three subsequent studies, us-
ing a more sensitive assay (QuantiGlo, R&D systems), have detected de-
creased levels in ALS (136), or decreased levels in hypoxic ALS patients 
compared to normoxemic ALS patients and hypoxemic controls (134, 135). 
Another study detected no significant change in CSF (137). This study, 
which did not state whether QuantiGlo or Quantikine was used, reported far 
higher values than all other studies, raising questions about sample handling. 

We did not formally document the respiratory status of the included pa-
tients, but none had severe symptomatic hypoxia. Because VEGF is upregu-
lated in response to hypoxia, it would have been wise to stratify the patients 
according to degree of hypoxia, as the French group who performed most 
VEGF studies in ALS did. If hypoxic patients are included in VEGF studies, 
the respiratory status must be taken into account when evaluating results. To 
summarize, their findings indicate a lack of upregulation of VEGF in re-
sponse to hypoxia caused by ALS, as compared to hypoxia from other dis-
eases. This is in full accordance with the fact that a deletion in the hypoxia 
response element of the VEGF gene can cause MND. However, VEGF lev-
els in CSF in these studies are low, close to the lower detection limit, in both 
ALS and control subjects. 

Our inability to detect VEGF in CSF from ALS patients is likely to have 
been caused by the relative insensitivity of our assay. The lowest standard 
point of our method (Quantikine) is at 15.6 ng/L, and the detection limit was 
set at 5.0 ng/L. QuantiGlo, which was used by three other studies, has its 
lowest standard point at 6.4 ng/L, and the detection limit was 1.76 ng/L in 
one of the studies, but not stated in the others. Thus QuantiGlo is 2.5 times 
more sensitive than Quantikine. However, even the QuantiGlo assay may be 
too insensitive, because many reported VEGF levels are below its lowest 
standard point, making quantification more uncertain. Reported levels are in 
fact close to the detection limit. Normally, the minimum detectable VEGF 
dose of the assay is determined by adding two standard deviations to the 
mean optical density value of 20 zero standard replicates and calculating the 
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corresponding concentration. According to the QuantiGlo kit insert from the 
manufacturer, the minimum detectable dose of 60 repeated assays ranged 
from 1.61 to 5.99 ng/L (mean 3.30 ng/L). The median levels in published 
studies using QuantiGlo to study VEGF in CSF from ALS and controls are 
1.7-9.5 ng/L. In conclusion, VEGF levels are low in ALS CSF. Alternative 
methods for analysis should be considered for future studies of CSF VEGF 
to confirm findings with the methods used hitherto. 

Spinal Cord 
We found no difference between VEGF in spinal cord from ALS patients 
and controls. While this finding in our restricted sample does not exclude 
that differences may exist, it does show that some capacity to synthesize 
VEGF is preserved at end-stage of the disease. The tissue homogenate meth-
odology does not allow exact localization of changes. Furthermore, the func-
tional role of possible changes in VEGF levels depends on the VEGF recep-
tor expression. The major agonist receptor for VEGF is VEGF-R2. 

In 2004, increased expression of VEGF-R1 in reactive astroglial cells in 
the ALS spinal cord, both the white matter and the ventral horn, was demon-
strated in an immunohistochemical study (296). In addition, increased ex-
pression of both VEGF-R1 and VEGF-R2 was found in blood vessels of 
ALS spinal cord, and decreased expression of VEGF-R3 in the ventral horn, 
paralleling the loss of neurons. (VEGF does in fact not bind to VEGF-3, 
which is the receptor of VEGFC and VEGFD). This study did not report 
VEGF levels. A subsequent immunohistochemical study, which also con-
firmed alterations with additional methods, showed an increased proportion 
of anterior horn cells with decreased VEGF and VEGF-R2 expression in 
ALS (297). Thus the first of these studies supported the role for VEGF in-
volvement in the reactive astrocytosis and the latter a decrease in motor neu-
rons compatible with the theory of insufficient neurotrophic support.  

To summarize, several findings of VEGF-related change in ALS has 
emerged during the last decade, but the importance of these changes and the 
role of VEGF in ALS is yet to be determined. 

Paper II 
FGF-2 was increased in both CSF and serum in ALS. We concluded that the 
capacity to synthesize FGF-2 was preserved or enhanced in ALS but the 
origin of the increased FGF-2 levels was unknown. We hypothesized that the 
origin could be release from an increased number of astrocytes in the spinal 
cord or from cells in the vessel walls or muscles induced by hypoxia. It was 
difficult to draw conclusions about the functional consequences of the in-
creased FGF-2 levels because of the redundancy among the different FGFs 
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for their receptors. In addition, the receptor status was unknown, and the 
effect of FGF-2 is affected by surrounding glycosaminoglycans. 

Paper II was the first to report FGF-2 levels in serum or CSF in patients 
with ALS, and there are no subsequent publications of this. A previous im-
munohistochemical post mortem study had failed to demonstrate differences 
in FGF-2 levels between ALS and controls in muscles or motor neurons 
(298). A role for FGF-2 in ALS was questioned, despite its known neurotro-
phic effects (299). In that study, FGF-2 was present in motor neurons and 
astroglia, but not in muscle fibers (298). Given the absence of FGF-2 in 
muscles in post mortem tissue, release from muscle fibers as a cause for 
increased serum levels in vivo may have been unlikely. 

In April 2009, a post mortem study of ALS showed preserved expression 
of mRNA for FGF-2 and FGF receptor 1 (300). In this study, mRNA of 
FGF-2 and its receptors were similarly expressed in the brains and spinal 
cords of six patients with ALS and six controls. The expression of FGF re-
ceptor 1 and FGF-2 was predominantly neuronal, and both were expressed in 
morphologically intact as well as damaged motor neurons. The preserved 
expression of FGF-2 in the end-stage of disease is compatible with our find-
ings, although it cannot explain the increased in vivo levels. The co-
localization of FGF-2 and its receptor in motor neurons indicates an 
autocrine mode of action, and the predominantly neuronal localization ar-
gues against our speculation of release from an increased number of astro-
cytes. Thus our increased levels may have originated from motor neurons. 
However, if FGF-2 passes the blood-brain barrier, as it does in rats, the in-
creased CSF levels are more likely to be caused by leakage from serum, 
especially because serum levels were higher than CSF levels. 

Given the diversity of functions of FGF-2, including its role in response 
to different injuries, the alteration of FGF-2 will not be specific for ALS. 
FGF-2 levels in CSF have not been extensively studied in human diseases, 
but increased CSF levels have been demonstrated in for example gliomas 
(301), multiple sclerosis (302) and moyamoya disease (303, 304). One study 
found CSF FGF-2 levels close to the detection limit without significant dif-
ferences between patients with AD, frontotemporal lobe dementia, alcohol-
induced dementia and depression, and did not detect FGF-2 in CSF from 
controls (305). The reported levels were in the same order of magnitude as 
we found in ALS, but their detection limit was 10 ng/L, compared to our of 
0.50 ng/L. FGF-2 was slightly decreased in CSF from three groups of pa-
tients with HIV, Tropical spastic paraparesis / HTLV-1 associated myelopa-
thy and Creutzfeld Jacob disease (306). The controls for this study were 
women undergoing spinal anesthesia for gynaecological disorders and pa-
tients with noninflammatory or degenerative neurological diseases requiring 
lumbar puncture. 
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Serum levels of FGF-2 are increased in many conditions, including neo-
plastic disorders (307), children with biliary atresia (308), limb ischemia 
(309), diabetes type II (310), coronary heart disease and exercise (311) . 

We were unable to demonstrate any correlation to clinical parameters in 
Paper II, but our sample was too restricted to exclude that correlations exist. 
A much larger study, preferably with repeated sampling throughout the dis-
ease course, is required to determine this.  

Thirteen of the patients included for the serum analysis of FGF-2 were the 
same as in Paper I. The serum findings of VEGF have not been reproduced, 
and possibly this can be explained by some unknown systematic difference 
in sampling procedure between controls and patients. Therefore a word of 
caution is necessary when interpreting also our FGF-2 findings. FGF-2, like 
VEGF, shows differences between serum and plasma levels, indicating that 
levels may be affected by the clotting procedure, but the difference is less 
pronounced than for VEGF (295). We chose serum levels because they were 
more studied than plasma levels. 

In contrast to the findings in the wobbler mouse, FGF-2 had no neuropro-
tective effect in a model of chronic motor neuron degeneration (312) or in 
SOD1 ALS mice (313). However, the use of FGF-2 as a therapeutic agent in 
ALS has not been discarded yet. Recently, a study with mice carrying the 
human G93A SOD1 mutation suggested that neural precursor cells, which 
normally reside in the subependymal zone near the central canal of the spinal 
cord, proliferate and migrate into the ventral horns (314). This migration and 
proliferation was activated in symptomatic transgenic ALS mice and further 
enhanced by treatment with intrathecal FGF-2 in combination with epider-
mal growth factor. Furthermore, FGF-2 and epidermal growth factor treat-
ment caused the precursor cells to preferentially differentiate into neuronal 
precursor cells instead of astrocytes.   

To further investigate the potential of FGF-2 as a biomarker of ALS, the 
findings of Paper II need to be replicated. The odds are against FGF-2 be-
cause of the issue of specificity and the absence of significant aberrations in 
post mortem studies. However, the latter represent end-stage of disease and 
may not reflect changes of importance earlier in the disease course. A large 
study of FGF-2 in blood and CSF, with sampling at the time-point for diag-
nostic evaluation and subsequently repeated sampling during the disease 
course would clarify whether FGF-2 can be used as a diagnostic aid or corre-
lates with disease progression or prognosis. In such a study, preferably both 
healthy controls and controls with neurological disease with similarities to 
ALS, such as other neuropathies should be used, and the sampling procedure 
should be identical between patients and controls. Obstacles to overcome 
include access to control CSF and recruitment of sufficient number of pa-
tients. 
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Paper III 
Paper III, the first proteomic study of CSF from ALS patients, was the result 
of a collaborative effort of physicians with a clinical need for improved bio-
markers, chemists and ion physicists. Apart from the novelty in the proteo-
mic approach in the ALS field per se, the validation of the technique and 
demonstration that it was applicable in clinical research are strengths of Pa-
per III. My contribution was to take part in the study planning, collection of 
samples, clinical characterization of ALS patients and preparation of the 
manuscript. 

Enormous amounts of data were evaluated in a restricted number of sam-
ples. The numbers of peptide peaks ranged from 1645 to 7152. This proba-
bly reflects the biological variation. There were no significant differences 
between controls and ALS in the number of detected peptides.  

The algorithm that was created with the pattern of tryptic peptides of the 
training sample was able to assign 4 out of 5 unknown samples to the correct 
category. Although the classification peaks could not be coupled to any sin-
gle protein biomarker, this suggests that there are systematic differences 
between ALS and control CSF. The syndrome of ALS is a heterogenous 
disorder. It is plausible that no single biomarker will identify the disease 
with acceptable sensitivity and specificity, but to detect candidate proteins 
the number of samples must be increased and both healthy and diseased con-
trol groups included. 

Collaboration between many clinics in future studies is desirable to in-
crease the number of samples in a disease as rare as ALS. However, MS is 
very sensitive to differences in the sampling procedure, and strict conformity 
is probably impossible to obtain in multi-center studies. Variability in sam-
ple handling may thus obscure true differences in CSF.  

The wide dynamic range of protein concentrations in the CSF is a chal-
lenge for biomarker studies. The 20 most common proteins in the CSF repre-
sent 97% of the total protein content in CSF (315). Most putative biomarkers 
have been identified at low concentrations. To increase sensitivity for low-
abundant proteins, fractionation/depleting techniques are suggested to ex-
tract proteins with low abundance and separate high-abundant protein such 
as albumin and immunoglobulins. Such fractionation can give up to a tenfold 
increase in the number of proteins identified (316). 

There are many alternative ways of performing MS, and the research field 
is rapidly expanding. FT ICR MS has subsequently been used in combina-
tion with albumin depletion and gel separation techniques for biomarker 
discovery in CSF of AD patients (317). LC FT ICR MS has been applied in 
basic research (318), but to my knowledge there are no subsequent clinical 
publications of CSF with LC FT ICR MS.  

After the publication of Paper III, three larger CSF studies using surface-
enhanced laser desorption/ionization time-of-flight mass spectrometry 
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(SELDI-TOF-MS) to analyze the protein profile in ALS CSF have been 
performed (130, 131, 319). Decreased levels of cystatin C, thansthyretin and 
VGF were found. In addition, increased levels of neuroendoctrine peptide 
7B2 were identified. Panels of these proteins were suggested as biomarkers. 
The protein composition of plasma from 7 patients with ALS and 8 controls 
has also been studied using 2D-gel electrophoresis, matrix-assisted laser 
desorption time-of-flight MS (MALDI-TOF-MS) and LC electrospray ioni-
zation MS (204, 320). 

To find a diagnostically useful panel of biomarkers in future proteomic 
studies, the samples need to be obtained by the time of diagnostic evaluation. 
Longitudinal studies with repeated sampling in the same individuals are 
preferable to find biomarkers for following disease progression.  The ideal 
control material should consist of both healthy persons and patients with 
other neurological diseases.  

In parallel, the human CSF proteome in health is being characterized 
(321). From these studies, it is evident that CSF protein findings are highly 
dependent on the applied technique. Different techniques are considered 
complementary. MALDI-based platforms and FT ICR MS identified a simi-
lar number of proteins, but the overlap was only partial (321).  

To summarize, in ALS biomarker studies using proteomic methodology, 
the number of samples in each group needs to be increased and samples from 
clinically well-characterized patients are needed to detect markers of sub-
groups of ALS. Furthermore, a strict sampling protocol is required, and iden-
tified markers should be verified by repeated studies using different tech-
niques. Despite these challenges, highly informative studies with a proteo-
mic approach to ALS CSF are very likely to emerge in the future. 

Paper IV 
Paper IV was the first in vivo study in ALS displaying evidence for astrocy-
tosis. Only two of the patients underwent a second scan. In those patients 
who had clinically deteriorated by the time of their second scan, there was 
no trend in the slope values that cannot be explained by methodological 
variability. This finding dampened our enthusiasm for the feasibility of DED 
as a marker of disease progression. Different MRI techniques including dif-
fusion tensor imaging may become more useful in this respect (129, 322). 
On the other hand, DED may be used in longitudinal studies to investigate 
the temporal evolution of astrocytosis in ALS. There may be an early in-
crease without further progression, as appears to be the case for PIB binding 
in AD (323).  

In mouse models of ALS astrocytosis precedes microglial activation, but 
it is not known whether this is the case in the human disease (324, 325). A 
longitudinal study with the combination of one of the activated microglia 
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markers PK11195 or DAA1106 and DED has the potential to resolve this 
issue.  

The kinetic model used to evaluate PET is probably the best approxima-
tion possible without blood data as an input function. The choice of refer-
ence region was based on reports of normal postmortal L-deprenyl binding 
in occipital cortex in ALS (326). Although it is convenient in clinical studies 
not to use blood samples for kinetic modelling, its use would improve the 
validity of the findings. 

DED PET has been applied to a number of other neurological diseases 
where it has consistently shown increased retention in areas known to be 
affected by gliosis or with increased MAO B activity. These include tempo-
ral lobe epilepsy (327-329), traumatic brain injury (330), Kjellin syndrome 
(331), Creutzfeld Jacob disease (332) and Alzheimer disease (333). The 
finding of increased retention in areas with known high MAO B activity / 
astrocytosis in other diseases supports that the findings of Paper IV reflects 
astrocytosis in ALS. 

For future studies of ALS with DED, blood data for use as an input func-
tion would provide a possibility to further validate the kinetic model. A lon-
gitudinal study with DED in combination with one of the microglial PET 
markers and diffusion tensor magnetic resonance imaging may clarify the 
spatiotemporal relationship between astrocytosis, microglial activation and 
corticospinal tract affection.  

Paper V 
Paper V was a pilot study with PIB in PD. None of the patients with PD had 
increased retention of PIB. Thus it is unlikely that these patients had signifi-
cant increase of A� in the brain. The absence of increased PIB retention 
reflected either that PIB does not to any significant degree bind to �-
synuclein pathology in PD or that the �-synuclein pathology of these 5 pa-
tients was restricted to small areas such as the substantia nigra, below the 
resolution of the PET method. 

Several subsequent studies have investigated PIB binding to Lewy bodies 
in vitro and in vivo. It has been demonstrated that PIB binds to �-synuclein 
with lower affinity than for A� in vitro, and to brain homogenates from pa-
tients with DLB containing A� and Lewy bodies, but not to homogenates 
from brain tissue with Lewy bodies and no A� (334). Furthermore, PIB fluo-
rescence staining of brain sections did not stain Lewy bodies (334). Ye et al. 
confirmed that PIB binds to �-synuclein fibrils in vitro but does not bind to 
Lewy bodies in brain tissue slices (335). They concluded that Lewy body 
binding is unlikely to contribute significantly to PIB retention in PET stud-
ies. However, another study demonstrated that PIB did bind to Lewy bodies 
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and neuromelanin in the substantia nigra of PD patients but not to controls 
(336). 

In PIB PET studies, cortical retention was high in DLB, low in PDD and 
normal in PD without dementia (336-338). The uptake in DLB is more vari-
able than in AD. One study showed that the PDD patients with normal corti-
cal PIB binding had slightly increased uptake in the mesencephalon and pons 
compared to controls, whereas the AD patients had marginally lower uptake 
than controls in these regions (336). The retention in pons in our study did 
not differ significantly between groups, but in the PD patients it was slightly 
higher than in the AD patients and slightly lower than in the healthy con-
trols. Mesencephalon was not included among the ROIs in our study. 

A recent study showed no increased PIB binding in 14 non-demented PD 
patients, increased binding in 4 out of 9 DLB patients, and increased binding 
in 4 out of 12 PDD patients (339). The patients with increased PIB binding 
had AD-like characteristics. Approximately 22% of elderly healthy control 
persons have increased PIB retention (340). The non-demented PD patients 
published so far did not have markedly elevated PIB retention (337-339). 
Possibly, the combination of Lewy bodies and A� is especially deleterious 
for cognition. A prospective study is needed to clarify this. 

Paper VI 
In contrast to Papers I to V, which were performed in an early exploratory 
phase of biomarker discovery, paper VI evaluated the use of a biomarker 
after its introduction in clinical practice. In conclusion, Paper VI, which is 
the first large report on the use of DOP in combination with FDG, showed 
that such an investigation should be useful for earlier diagnosis of parkinson-
ian syndromes when the clinical diagnosis is uncertain. 

FDG and DOP PET, performed in parkinsonian patients when there was 
diagnostic uncertainty, provided support for the follow-up clinical diagnosis 
in 62 out of 75 classifiable patients (82.7%), and served to exclude suspected 
diagnoses in another 5 patients. In 49 out of 75 patients, the most likely di-
agnosis according to PET agreed with the follow-up clinical diagnosis. There 
were difficulties to determine by PET which PD patients had or would de-
velop dementia, but in all 9 such misdiagnoses the correct follow-up diagno-
sis was mentioned as another possible diagnosis. 

The clinical diagnosis changes in the majority of parkinsonian patients 
with another final clinical diagnosis than PD after a mean disease duration of 
approximately five years (5). In most previous studies of radiotracer imaging 
of parkinsonian patients, clinically well-defined cases with relatively short 
follow-up have been included (259, 341). In Paper VI, the median follow-up 
after PET was four years, and the total disease duration median was 8.6 
years. Twenty-nine patients died during follow-up, with the last follow-up 8 
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months (mean) prior to death. Thus the follow-up clinical diagnoses of the 
majority of the patients in Paper VI are unlikely to change. However, even 
the final clinical diagnosis agreed with the clinicopathological diagnosis in 
only 85.3% of cases in a movement disorder specialist service (5). Given 
this, our finding of 82.7% agreement between PET and follow-up clinical 
diagnosis was as accurate as any diagnostic method can become without 
autopsy confirmation of diagnosis. Because we did not identify any patient 
where autopsy had been performed to investigate the cause of parkinsonism, 
we do not know the clinicopathological diagnosis. The reluctance to investi-
gate the cause of parkinsonism postmortem hampers the study of all diseases 
causing parkinsonism and makes the work of dedicated brain bank centres 
crucial. 

All patients were referred because of diagnostic uncertainty, but clinical 
features noted in the medical records already before PET permitted a diag-
nostic classification of the majority of the patients. However, 50 out of 82 
patients changed classification during follow-up, reflecting that there was 
true diagnostic uncertainty by the time of referral. One factor that caused 
diagnostic uncertainty in classifiable patients was concomitant diseases. The 
application of formal diagnostic criteria in clinical practice would have in-
creased diagnostic accuracy before PET. Still, only 15 of the 41 patients who 
eventually had probable PD (NINDS) fulfilled these criteria before PET. If 
these patients had been given an adequate trial of levodopa or dopamine 
agonists, the majority would have fulfilled requirements for probable PD 
already by the time of PET. 

The retrospective nature of Paper VI has weaknesses that need to be men-
tioned: missing data, selection bias, lack of adherence among clinicians to 
published diagnostic criteria, and drop-outs. During the inclusion period of 
seven years, ours was the only Swedish centre offering this diagnostic 
method in clinical practice. Despite this, only 104 patients were examined in 
the differential diagnosis of parkinsonism. This reflects that the method was 
used restrictively. 

[18F]-fluorodopa is likely to be similar to DOP PET. The shorter half-life 
of [11C] enables a new scan with FDG to be performed on the same day. 
FDG and DOP provide complementary information. 

From the findings in the cohort studied in Paper VI, the following sugges-
tions for an earlier correct diagnosis can be made: apply diagnostic criteria, 
give the patients an adequate trial of levodopa up to 1 g daily if needed and 
tolerated, and perform FDG and DOP PET if there is still diagnostic uncer-
tainty. 
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Sammanfattning på svenska – Summary in 
Swedish 

Bakgrund 
De neurodegenerativa sjukdomarna amyotrofisk lateralskleros (ALS) och 
Parkinsons sjukdom orsakar stort lidande. Orsakerna till de sporadiska for-
merna av dessa sjukdomar är till stor del okänd, men man tror att de såsom 
många andra sjukdomar uppkommer genom samspel mellan genetisk sårbar-
het och exponering för olika miljöfaktorer. 

ALS drabbar varje år 1-3 personer per 100 000, och förekomsten är 4-6 
per 100 000. Symptomen är tilltagande muskelförtvining, spasticitet och 
svaghet som orsakas av att motoriska nervceller degenererar och dör i förtid. 
Det tar normalt ungefär ett år från symptomdebut tills att diagnosen kan fast-
ställas. De flesta som får ALS avlider inom några år till följd av andningsin-
sufficiens, men en minoritet kan överleva i decennier. Man vet inte varför 
prognosen skiljer så mycket, men tror att det kan bero på att olika underlig-
gande sjukdomsprocesser drabbar samma typ av nervceller och därför ger 
samma symptom men med olika tidsförlopp. Det finns stöd för att flera olika 
sjukdomsmekanismer samverkar vid ALS, såsom ärftlig sårbarhet, oxidativ 
stress, excitoxicitet, sjuklig proteininlagring, defekt axonal transport, mito-
kondriell dysfunktion, programmerad celldöd, brist på trofiska faktorer, 
skadlig inverkan av astrocyter och microglia, syrebrist och kärlförändringar 
samt miljöfaktorer. 

I olika undersökningar har man funnit att 4.5 till 19 personer per 100 000 
och år får Parkinsons sjukdom och förekomsten är 100 till 200 per 100 000. 
Förekomsten av Parkinsons sjukdom ökar tydligt med stigande ålder, men 
sjunker vid mycket hög ålder. Parkinsons sjukdom kan ge många symptom, 
men kardinalsymptomen är vilotremor (skakning), bradykinesi (långsamhet 
vid initiering av rörelser och sjunkande frekvens och amplitud vid upprepade 
rörelser), rigiditet (en speciell form av stelhet) och bristande jämviktskon-
troll. Dessa symptom brukar sammanfattas med benämningen parkinsonism 
och orsakas av degeneration av dopamininnehållande celler i den nigrostria-
tala banan i hjärnan. I de degenererande nervcellerna bildas Lewy kroppar, 
en typ av inlagringar, som bland annat innehåller �-synuclein. Parkinsons 
sjukdom är den vanligaste orsaken till parkinsonism, men eftersom även 
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andra sjukdomar kan ge samma symptom, kan det vara svårt att ställa rätt 
diagnos, särskilt tidigt i förloppet. Studier har visat att majoriteten av dem 
vars parkinsonism inte orsakas av Parkinsons sjukdom har bytt diagnos un-
der sjukdomsförloppet efter cirka 5 års sjukdom. För att definitivt ställa dia-
gnosen Parkinsons sjukdom krävs postmortal undersökning, och även för 
den diagnos man har efter lång tids uppföljning finns viss osäkerhet, men 
mindre än tidigt i förloppet. Den diagnostiska osäkerheten gör att i alla un-
dersökningar av människor med diagnosen Parkinsons sjukdom är det sanno-
likt att en viss andel, uppskattningsvis 10%, inte har Parkinsons sjukdom, 
utan någon annan förklaring till sina symptom. Detta hindrar forskning 
rörande både Parkinsons sjukdom och de sjukdomar den kan förväxlas med. 

Biomarkörer definieras som objektiva mått som kan användas som indi-
katorer för biologiska processer eller behandingseffekter. De kan avspegla 
viktiga egenskaper hos sjukdomen, användas för att ställa diagnos och för att 
särskilja undergrupper av sjukdom. Biomarkörer kan också användas för att 
mäta sjukdomsprogress och för att utvärdera behandlingseffekter. Det finns 
en klar förbättringspotential när det gäller biomarkörer för både ALS och 
Parkinsons sjukdom för alla dessa syften. 

Cerebrospinalvätska och positronemissionstomografi 
Cerebrospinalvätska (ryggmärgsvätska) är den vätska som omger ryggmär-
gen och hjärnan. Idén bakom att ta prover i ryggmärgsvätska för att söka 
efter biomarkörer för sjukdomar i nervsystemet är närheten till det drabbade 
organet, då det är sannolikt att sjukliga förändringar i ryggmärg eller hjärna 
kan avspeglas i sammansättningen av cerebrospinalvätskan. 

Positronemissionstomografi (PET) är en etablerad metod för att mäta spe-
cifika funktioner i bland annat hjärnan. Kemister märker en intressant mole-
kyl, som avspeglar den process man vill studera, med en kortlivad radioaktiv 
isotop. Sedan injicerar man ämnet när undersökningspersonen ligger i en 
PET ”kamera” (scanner). När den kortlivade isotopen sönderfaller avges 
positroner. Positroner krockar efter 1-2 mm med elektroner, vilket resulterar 
i två fotoner med hög energi som avges med 180 graders vinkel. Dessa de-
tekteras sedan i PET scannern, och med hjälp av den informationen kan man 
kartlägga hur det injicerade ämnet fördelade sig i hjärnan. 

Delarbete I och II 
Nervceller behöver trofiska faktorer för sitt välmående. En hypotes vid ALS 
är att de motoriska nervcellerna degenererar på grund av brist på trofiska 
faktorer. Nivåerna av två trofiska faktorer mättes i delarbete I och II, vascu-
lar endothelial growth factor (VEGF) och fibroblast growth factor 2 (FGF-
2). VEGF och FGF-2 har traditionellt betraktats i huvudsak som angiogena 
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faktorer (som behövs för blodkärlen), men har visat sig vara viktiga även för 
nervcellers välmående och läkning efter skador. 

Man hade nyligen oväntat funnit att möss med en mutation i den del av 
promotorgenen för VEGF som reagerar på syrebrist utvecklade en ALS-
liknande sjukdomsbild. För att förstå vilken roll VEGF har vid ALS hos 
människor var det av intresse att ta reda på om nivåerna av VEGF var ändra-
de hos människor med ALS. I Delarbete I fann vi förhöjda nivåer av VEGF i 
serum från 13 patienter med ALS jämfört med 13 ålders- och könsmatchade 
friska blodgivare. Vidare fann vi ingen skillnad i nivåerna i postmortal 
ryggmärg från 7 patienter som avlidit med ALS jämfört med 6 personer som 
avlidit av andra orsaker. I ryggmärgsvätska från 10 patienter med ALS kun-
de vi inte detektera VEGF. Vi drog slutsatsen att förmågan att syntetisera 
VEGF är bevarad även i avancerade stadier av ALS.  

FGF-2 som vi mätte i Delarbete II har mängder av funktioner och har 
bland annat visat sig viktigt för motoriska nervcellers förmåga att läka ska-
dor. FGF-2 samverkar med VEGF och förefaller vara inblandat vid flera 
andra neurodegenerativa sjukdomar, såsom Alzheimers, Parkinsons och 
Huntingtons sjukdomar. Vi fann förhöjda nivåer av FGF-2 i serum från 15 
patienter med ALS jämfört med 15 ålders- och könsmatchade friska blodgi-
vare. FGF-2 var detekterbart i ryggmärgsvätska från 11 av 15 patienter med 
ALS, men inte i ryggmärgsvätskan från någon av de 10 kontrollpersoner 
som lämnat prov i samband med att de skulle få spinalbedövning inför 
artros-operationer. Vår slutsats var att de förändrade nivåerna antyder att 
FGF-2 på något sätt är inblandat i sjukdomsprocessen vid ALS. Vid flera 
andra sjukdomar har man påvisat förhöjda nivåer, så vi vet att höjningen inte 
är specifik för ALS. 

Delarbete III 
Istället för att som tidigare hypotesdrivet söka efter förutbestämda ämnen i 
ryggmärgsvätskan, utnyttjade vi i Delarbete III de möjligheter den teknolo-
giska utvecklingen medfört genom att analysera hela proteininnehållet i 
ryggmärgsvätska från patienter med ALS och kontrollpersoner. Det var den 
första studien i sitt slag för undersökning ryggmärgsvätska från patienter 
med ALS. I ett samarbete mellan läkare, kemister och jonfysiker undersöktes 
ryggmärgsvätska från 12 patienter och 10 kontrollpersoner med vätskekro-
matografisk separation kombinerad med högupplösande masspektrometri 
(Liquid chromatography – Fourier transform ion cyclotron mass spectrome-
try, LC FT ICR MS). Proverna förbehandlades med trypsin som klyver pro-
teiner på förutbestämda positioner. De trypsinerade peptiderna analyserades 
sedan med LC FT ICR MS. Varje prov gav upphov till cirka 4000 tryptiska 
peptider. Ett mönsterigenkänningsprogram skapades baserat på skillnader 
mellan prover från 9 patienter med ALS och 8 kontrollpersoner. Mönsteri-
genkänningsprogrammet klassificerade sedan resten av proverna och 4 av 5 
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”okända” prover klassificerades till rätt grupp. Dock kunde inte skillnaderna 
i peptidmönster kopplas till något specifikt protein. 

Delarbete IV 
PET med [11C](L)-deprenyl-D2 (DED) visade förhöjt upptag vid ALS i pons 
och den vita substansen i storhjärnshemisfärerna. I studien ingick 7 patienter 
med ALS och 7 friska kontrollpersoner. Två patienter undersöktes två gång-
er, men PET visade inte någon säker skillnad trots att patienternas tillstånd 
försämrats. DED binder till MAO B som i hjärnan främst är lokaliserat i 
astrocyter. Det finns ökad mängd astrocyter vid ALS och på senare år har 
man börjat förstå att de har en aktiv roll i sjukdomsprocessen. 

Delarbete V 
Fem patienter med Parkinsons sjukdom genomgick PET med PIB (N-
methyl[11C]2-(4´-methylaminophenyl)-6-hydroxy-benzothiazole) och DOP 
(L-[�11C]-DOPA). Resultaten från PIB-undersökningarna jämfördes med 6 
friska försökspersoner och 16 patienter med Alzheimers sjukdom från en 
tidigare studie. DOP visade reducerat upptag i putamen som vid Parkinsons 
sjukdom. Ingen av patienterna med Parkinsons sjukdom hade förhöjt upptag 
av PIB. PIB binder till amyloid, som inlagras i hjärnan vid Alzheimers sjuk-
dom, men också kan förekomma i begränsad omfattning vid Parkinsons 
sjukdom. Det var möjligt att PIB skulle binda till Lewy kroppar vid Parkin-
sons sjukdom. 

Delarbete VI 
I detta arbete utvärderade vi DOP och FDG ([18F]-Fluorodeoxyglucose) PET 
genom att gå igenom journalerna för 82 patienter som undersökts med PET 
med DOP och FDG från början av 1998 till slutet av 2004 i utredning av 
parkinsonism. Undersökningarna var utförda som en del av den kliniska 
utredningen. Diagnosen efter lång tids uppföljning, baserad på publicerade 
diagnoskriterier för de sjukdomar som var aktuella, jämfördes med de före-
slagna diagnoserna enligt PET. I PET-utlåtanden angavs misstänkt första-
handsdiagnos och ofta 1-2 andra möjliga diagnoser. Ibland angavs att dia-
gnoser var osannolika utifrån PET. För 49 av 75 klassificerbara patienter 
stämde förstahandsdiagnos enligt PET med klinisk diagnos efter lång tids 
uppföljning. För 62 av 75 gav PET stöd för den diagnos patienterna hade 
efter lång tids uppföljning, och för ytterligare 5 patienter var undersökningen 
till nytta genom att utesluta misstänkta diagnoser. Vår slutsats är att under-
sökningarna sannolikt är användbara för att ställa rätt diagnos tidigare vid 
parkinsonism. 
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