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Ágrip 

Á undanförnum árum hefur aukin áhersla verið lögð á að skilgreina 

Alzheimer-sjúkdóminn út frá líffræðilegum mælikvörðum, þar sem breytingar í 

heila hefjast einum til tveimur áratugum áður en klínísk einkenni gera vart við 

sig. Klassísk meingerð sjúkdómsins einkennist af amyloid skellum, 

taugatrefjaflækjum og sívaxandi taugafrumudauða í heilavef. Ákveðnir lífvísar 

gefa til kynna þessa klassísku meingerð, þ.e. mælingar á magni amyloid beta 

(Aβ), fosfórýleruðu tau (P-tau) og heildar-tau (T-tau) prótína í heila- og 

mænuvökva. 

Þó svo að hæfni þessara lífvísa til greiningar sjúkdómsins sé ásættanleg, þá 

breytist magn þeirra lítið á síðari stigum og sýna þar af leiðandi veika fylgni 

við vitræna skerðingu. Það er því mikilvægt að skoða hvort aðrir lífvísar geti 

betur varpað ljósi á önnur líffræðileg ferli sem liggja að baki meingerðar og 

klínískra einkenna sjúkdómsins. Aðalmarkmið doktorsverkefnisins var að 

rannsaka tengsl valdra lífvísa í heila- og mænuvökva við klassíska meingerð 

Alzheimer-sjúkdóms og vitræna getu meðal einstaklinga á for- eða 

frumstigum heilabilunar. 

Nýlegar rannsóknarniðurstöður gefa til kynna að truflun í starfsemi 

ónæmiskerfis, lípíðefnaskipta og kólvirkra taugafrumna, leiki hlutverk í 

meinmyndun sjúkdómsins. Í þessari rannsókn voru lífvísar mældir í heila- og 

mænuvökva sem taldir eru endurspegla þessi tilteknu líffræðilegu ferli. 

Þátttakendur voru valdir úr gagnagrunni Íslensku MCI rannsóknarinnar. Sú 

rannsókn samanstóð af einstaklingum sem leitað höfðu til Minnismóttöku 

Landspítala Háskólasjúkrahúss og skoruðu 24-30 stig á Mini-Mental State 

Examination (MMSE) og 4 eða færri stig á Informant Questionnaire on 

Cognitive Decline in the Elderly (IQCODE) prófunum í fyrstu heimsókn. Fyrir 

þetta verkefni voru eingöngu þeir valdir sem farið höfðu í mænuvökvastungu. 

Allir þátttakendur voru flokkaðir í annað tveggja einkennasniða, eftir hlutfalli 

T-tau og Aβ42 magns í heila- og mænuvökva. Þátttakendur með ákveðin 

hlutfallsgildi (T-tau/Aβ42 > 0,52), tilheyrðu Alzheimer-einkennasniði og voru 

þar með taldir bera klassíska meingerð sjúkdómsins.   

Markmið rannsóknar I var að skoða tengsl á milli lífvísa í heila- og 

mænuvökva, sem gefa til kynna taugahrörnun (neurofilament light [NFL]) og 

virkjun ónæmisviðbragðs (chitinase-3-like protein 1 [YKL-40], S100 calcium-

binding protein B [S100B], glial fibrillary acidic protein [GFAP]), við bæði 
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Alzheimer-einkennasnið og vitræna getu. Þó niðurstöður hafi gefið til kynna 

að greiningarhæfni lífvísana væri léleg þegar kom að því að greina á milli 

einkennasniða, þá fundust tengsl við vitræna getu. Þessi tengsl voru þó 

aðallega til staðar á meðal þeirra með Alzheimer-einkennasnið. Hærra NFL 

magn tengdist verri útkomu á yrtu atburðaminni en hærra magn af GFAP 

tengdist verri útkomu í mælingu á hugrænum hraða.  

Markmið rannsóknar II var að bera kennsl á þær tegundir lípíða í heila- 

og mænuvökva sem best greina á milli einkennasniða ásamt því að meta 

samband þeirra við mælingar sem endurspegla önnur ferli (amyloid skellur, 

taugahrörnun, ónæmisviðbragð, yrt atburðaminni). Ómiðuð lípíðgreining í 

heila- og mænuvökva var framkvæmd með massagreini tengdum við 

vökvaskilju. Alls greindust 1008 massatoppar og af þeim voru átta valdir sem 

taldir voru greina best á milli einkennasniða. Af þessum átta var þó aðeins 

hægt að auðkenna einn topp með mikilli vissu, þ.e. þann sem samsvaraði 

C18 ceramide. Niðurstöður sýndu að hærra magn af C18 ceramide tengdist 

bæði lægra magni af Aβ42 og hærra magni af T-tau. Að auki tengdist hærra 

magn af S100B hærra magni af C18 ceramide. 

Markmið rannsóknar III var að meta tengsl á milli virkni kólvirku 

ensímanna acetylcholine (AChE) og butyrylcholinesterase (BuChE) og 

mælinga annarra ferla (amyloid skellur, taugahrörnun, ónæmisviðbragð og yrt 

atburðaminni). Engin tengsl fundust á milli Aβ42 og ensímvirkni. Aftur á móti 

tengdist hærra magn tau prótína hærri virkni AChE, og í minna mæli, hærri 

virkni BuChE. Einnig fylgdi hærra magn S100B og YKL-40 hærri virkni beggja 

ensíma. 

Á heildina litið gefa þessar niðurstöður til kynna möguleika ólíkra lífvísa í 

heila- og mænuvökva til þess að betrumbæta greiningu, mælingu á framvindu 

og meðferð Alzheimer-sjúkdóms á byrjunarstigum. C18 ceramide gæti 

möguleika nýst til greiningar og meðferðar, þar sem hærra magn lípíðsins 

tengdist bæði klassískri meingerð sjúkdómsins og virkjun á ónæmisviðbragði. 

Sama gildir um kólvirku ensímin, en hærri virkni þeirra fylgdi bæði aukinni 

taugahrörnun ásamt virkjun á ónæmisviðbragði. NFL og GFAP gætu nýst til 

mælingar á framvindu, en hærra magn þeirra tengdist vitrænni skerðingu 

meðal einstaklinga sem báru klassíska meingerð Alzheimer-sjúkdóms.  

 

Lykilorð:  

Alzheimer-sjúkdómur, heila- og mænuvökvi, lífvísar, ónæmisviðbragð, lípíð, 

kólvirka kerfið 
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Abstract 

The focus has shifted in recent years from clinical towards a biological 

definition of Alzheimer’s disease (AD), as pathophysiological changes 

precede the clinical symptoms by decades. In vivo brain imaging and 

cerebrospinal fluid (CSF) biomarkers have been at the center of this change. 

The core biomarkers are amyloid beta (Aβ), phosphorylated tau (P-tau) and 

total tau (T-tau), reflecting signature aspects of AD pathology (Aβ plaques, 

neurofibrillary tangles and neurodegeneration). Although the diagnostic 

accuracies of these markers are satisfactory, their levels reach a plateau at 

later stages of the disease and do not associate well with the progression of 

cognitive impairment. The discovery of novel biomarkers is therefore of 

importance for a better understanding of different biological processes driving 

the pathology and clinical manifestation of the disease. The overall objective 

of the project was to evaluate the relationships of selected CSF biomarkers 

with signature AD pathology and cognitive functions among individuals at the 

symptomatic pre- or early stages of dementia. 

Recent findings suggest that dysfunction in neuroinflammation, lipid 

metabolism and cholinergic neurons play a critical part in the pathogenesis of 

AD. In this study, we measured novel biomarkers reflecting these different 

biological processes. Subjects were recruited from The Icelandic MCI study, 

which included individuals referred to the Landspitali University Hospital 

(LUH) Memory Clinic. The criteria for inclusion were a score between 24-30 

on the Mini-Mental State Examination (MMSE) and a score of 4.0 or less on 

the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) at 

the first visit. For this project, only subjects who underwent lumbar puncture 

were recruited from the cohort. All subjects were categorized as having a 

CSF AD profile reflecting signature AD pathology or non-AD profile, based on 

a cut-off point (0.52) between the ratio of T-tau and Aβ42 values in CSF.  

The aim of Paper I was to evaluate the association of CSF biomarkers 

reflecting neurodegeneration (neurofilament light [NFL]) and inflammation 

(chitinase-3-like protein 1 [YKL-40], S100 calcium-binding protein B [S100B], 

glial fibrillary acidic protein [GFAP]) with CSF AD profile and cognitive 

decline. Our results showed that although the markers did not accurately 

differentiate between the two CSF profiles, they associated in different ways 

with certain cognitive domains. These relationships were mainly observed 

among subjects with a CSF AD profile, where higher levels of NFL 
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associated with deficits in verbal episodic memory and higher levels of GFAP 

with deficits in processing speed.  

The aim of Paper II was to identify lipid species best distinguishing 

between CSF profiles (AD and non-AD), and to examine their relationships 

with measures reflecting AD-related processes (neurodegeneration, 

inflammation, impairment in verbal episodic memory). Untargeted CSF 

lipidomic analysis was performed for the detection of mass-to-charge ratio 

(m/z) features, by the application of ultra-performance liquid chromatography-

tandem mass spectrometry (UPLC-MS). Out of 1008 features detected, eight 

were selected as best differentiating between the two CSF profiles. One out 

of the eight features was assigned to a lipid species (C18 ceramide), as it 

was the only one to be confirmed with high confidence. Lower levels of Aβ42 

and higher levels of T-tau related to higher levels of C18 ceramide. 

Additionally, a positive relationship was found beween levels of inflammatory 

marker S100B and C18 ceramide.  

The aim of Paper III was to assess the association between the activity of 

cholinesterase enzymes acetylcholine (AChE) and butyrylcholinesterase 

(BuChE) in CSF and measures reflecting AD-related processes (amyloidosis, 

neurodegeneration, inflammation, impairment in verbal episodic memory). 

CSF AChE and BuChE activity did not associate with amyloid status in the 

brain. Higher levels of T-tau and P-tau related to higher activity of AChE, and 

to a lesser extent, higher activity of BuChE. Higher levels of inflammatory 

markers S100B and YKL-40 also related to higher levels of both AChE and 

BuChE activity. 

Overall, these results indicate the potential value of novel CSF biomarkers 

regarding diagnosis, progression and treatment of AD at the early stages of 

the disease. Higher levels of C18 ceramide related to AD pathology and 

inflammatory processes, indicating a potential as a therapeutic target and an 

additional diagnostic marker. The activity of ACh-degrading cholinergic 

enzymes related to inflammatory and neurodegenerative processes. Proteins 

NFL and GFAP, measured in CSF, are promising markers for cognitive 

decline and progression among individuals with signature AD pathology.  

 

Keywords:  

Alzheimer’s disease, cerebrospinal fluid, biomarkers, inflammation, lipids, 

cholinergic system 



ix 

Acknowledgements 

The principal part of the PhD project presented in this thesis was carried out 

at the Faculty of Medicine, University of Iceland (UI). A significant part of the 

project was performed over a course of seven months at the Division of 

Clinical Geriatrics, Center for Alzheimer Research, NVS Department, 

Karolinska Institutet (KI), Huddinge, Sweden.  

I would like to begin by expressing my gratitude to my supervisor, Pétur 

Henry Petersen, for his great mentorship, continuous encouragement, 

positivity and critical discussions throughout my studies. His willingness to 

take on this new project and to support me through it played a crucial part in 

making it achievable. 

I am grateful to the members of my doctoral committee, Jón Snædal, 

Taher Darreh-Shori, Sigrún Helga Lund and Kristinn Johnsen, for their 

valuable contribution and helpful comments. I am thankful to Jón for giving 

me the opportunity to work on the dataset from The Icelandic MCI study, his 

fast response to all types of enquiries along the way and for lending this 

project his vast expertise in the field of geriatrics. I am grateful to Sigrún 

Helga for her excellent guidance regarding the statistical analysis of the data. 

I would especially like to thank Taher for warmly welcoming me to his 

research group at KI. The thorough training he provided me with in laboratory 

techniques and in analyzing the resulting data helped me immensely. I would 

also like to thank my office mates at KI, Amit, Swetha, Maysam and 

Prashant, for all the good times in Stockholm, both inside and outside of lab. 

I would like to express my gratitude towards María Kristín Jónsdóttir, an 

essential member of the research team who contributed significantly to the 

project with her work and advice. I would also like to thank Óttar Rolfsson 

and Skarphéðinn Halldórsson at The Center for Systems Biology, UI, for 

their guidance, work contributions and for giving me a great insight into the 

field of lipidomics.  

I thank Ólöf, Hrafnhildur, Sigrún Sunna, Margrét, Bergþóra, Milan, 

Alfons, Berglind, Vilborg and all other members of the Icelandic 

Gerontological Research Centre for their support and all the wonderful, 

encouraging talks in the kitchen area at Landakot. What a great group to be a 



x 

part of. I especially want to thank Ólöf Guðný Geirsdóttir for her sound 

advice and encouragement at the beginning of my studies. 

Thanks to Unnur Anna, Arna, Dóra, Egill, Thor, Harpa, Harpa Lind, 

Eva, Svava, Hildur and all other colleagues at the Centre of Public Health 

Sciences, for making me feel so welcome in your office. You have helped 

making the last phase of my project so much more enjoyable with your 

company. Your enthusiasm and professionalism for your field of science, 

have been very inspiring to me.  

Special thanks to my dear friend Andrea. I value her friendship greatly, 

the laughs, the fun and her good company which helped me endure many 

gloomy days. How great it is to have a PhD partner in crime that understands 

every step of this long journey. I also want to thank my fellow RTL lab 

member Fatih for the enjoyable conversations throughout the years. 

Furthermore, I would like to thank all my fellow students and colleagues at 

the Biomedical Center for their companionship and advise. 

I would like to express my sincere gratitude to all the individuals 

participating in The Icelandic MCI study. I also thank the staff of the 

Landspitali University Hospital Memory Clinic. Special thanks to Kristín 

Hanna Hannesdóttir, for managing participant administration. 

I greatly appreciate the financial support by the St. Josef’s Hospital Fund, 

Reykjavik, Iceland, the Landspitali University Hospital Research Fund and 

the Icelandic Research Fund of the Icelandic Centre for Research (RANNIS). 

Last but not least, I sincerely want to thank my family and friends for their 

support and encouragement over the last years. I would especially like to 

thank my wonderful mom, Þórunn Halla, for being deeply understanding, for 

her endless support and for always being there for me. 

 

 



 

xi 

Contents 

Ágrip ............................................................................................................... v 

Abstract ........................................................................................................vii 

Acknowledgements ......................................................................................ix 

Contents ........................................................................................................xi 

List of abbreviations ..................................................................................xiii 

List of figures .............................................................................................xvii 

List of tables ...............................................................................................xix 

List of original papers ................................................................................xxi 

Declaration of contribution ......................................................................xxii 

1 Introduction .............................................................................................. 1 

1.1 Overview of Alzheimer’s disease (AD) and other dementias........... 1 
1.2 Risk factors of AD ............................................................................ 2 
1.3 Genetics of AD ................................................................................. 2 
1.4 Signature AD pathology ................................................................... 3 
1.5 Inflammation in AD ........................................................................... 6 

1.6 Lipid metabolism in AD .................................................................... 9 
1.7 The cholinergic system in AD ........................................................10 
1.8 Cognitive manifestation of AD ........................................................13 
1.9 Clinical diagnosis of AD .................................................................14 
1.10 Types of biomarkers.......................................................................16 
1.11 Development of pathological and clinical events leading to AD ....16 
1.12 Research guidelines for the diagnosis of AD .................................18 
1.13 Biomarkers in CSF .........................................................................19 

1.13.1 Core AD biomarkers ............................................................19 

1.13.2 Neurodegeneration markers ...............................................21 

1.13.3 Inflammation markers ..........................................................22 

2 Aims .........................................................................................................27 

3 Materials and methods ..........................................................................29 

3.1 Study design ..................................................................................29 
3.2 Study cohort ...................................................................................30 
3.3 Measurements in CSF ...................................................................32 

3.3.1 Collection and storage .........................................................32 
3.3.2 ELISAs.................................................................................32 

3.3.3 Enzyme activity assays .......................................................34 



xii 

3.3.4 Subject grouping based on CSF measures ....................... 34 
3.4 Lipidomic profiling ......................................................................... 35 

3.4.1 Preparation of samples and UPLC-MS analysis ................ 35 
3.4.2 Spectral processing ............................................................ 36 

3.5 Neuropsychological tests .............................................................. 36 
3.6 Statistical analysis ......................................................................... 39 
3.7 Ethical approval ............................................................................. 40 

4 Results and discussion ........................................................................ 41 

4.1 Accuracy of inflammatory and neurodegeneration CSF markers 

in distinguishing between CSF profiles ......................................... 41 

4.2 Associations between CSF markers reflecting different AD 

related processess ........................................................................ 42 
4.3 Selection of CSF markers best predicting outcomes on tests 

reflecting cognitive domains .......................................................... 44 
4.4 Selection of lipid species best distinguishing between CSF 

profiles ........................................................................................... 48 
4.5 Association between selected lipid species and AD related CSF 

markers ......................................................................................... 49 
4.6 Associations between activity of cholinergic enzymes and AD 

related CSF markers ..................................................................... 54 

4.7 Associations between CSF cholinergic enzymes and verbal 

episodic memory ........................................................................... 58 
4.8 Strengths and limitations ............................................................... 60 

5 Summary and conclusion ..................................................................... 63 

References .................................................................................................. 65 

Original publications ................................................................................ 107 

Paper I ........................................................................................................ 109 

Paper II ....................................................................................................... 125 

Paper III ...................................................................................................... 145 



 

xiii 

List of abbreviations 

Acetyl-CoA Acetyl coenzyme A 

ACh Acetylcholine 

AChE Acetylcholinesterase 

AD Alzheimer’s disease 

ALS Amyotrophic lateral sclerosis 

ApoE Apolipoprotein E 

APP Amyloid precursor protein 

ATC Acetylthiocholine iodide 

AUC Area under curve 

Aβ Amyloid beta 

BACE1 Beta-site amyloid precursor protein cleaving enzyme 1 

BBB Blood-brain barrier 

BSA Bovine serum albumin 

BTC Butyrylthiocholine iodide 

BuChE Butyrylcholinesterase 

CAA Cerebral amyloid angiopathy 

CAD Coronary artery disease 

CBD Corticobasal degeneration 

Ch Choline 

ChAT Choline acetyltransferase 

CHT Choline transporter 

CJD Creutzfeldt-Jakob disease 

CNS Central nervous system 

CSF Cerebrospinal fluid 

DLB Dementia with Lewy bodies 



xiv 

CV Coefficient of variation 

DSST Digit Symbol Substitution Test 

EDTA Ethylenediaminetetraacetic acid 

EEG Electroencephalography 

ELISA Enzyme-linked immunosorbent assay 

EOAD Early-onset Alzheimer’s disease 

EPP Ethopropazine 

FDA The U.S. Food and Drug Administration 

FDG-PET Fluorodeoxyglucose - positron emission tomography 

FTD Frontotemporal dementia 

FTLD Frontotemporal lobar degeneration 

GFAP Glial fibrillary acidic protein 

GWAS Genome-wide association study 

IF Intermediate filament 

IQR  Interquartile range 

ISF Interstitial fluid 

IQCODE Cognitive Decline in the Elderly  

KI Karolinska Institutet 

LASSO Least absolute shrinkage and selection operator 

LBD Lewy body dementia 

LOAD Late-onset Alzheimer’s disease 

LPA Logopenic progressive aphasia 

LUH Landspitali University Hospital 

M/z Mass-to-charge ratio 

mAchR Muscarinic acetylcholine receptor 

MCI Mild cognitive impairment 

MMSE Mini-Mental State Examination 

MRI Magnetic resonance imaging 



xv 

mRNA Messenger RNA 

MS Multiple sclerosis 

MTA Medial temporal lobe atrophy 

MTL Medial temporal lobe 

nAchR Nicotinic acetylcholine receptor 

NBM Nucleus basalis of Meynert 

NFH Neurofilament heavy 

NFL Neurofilament light 

NFM Neurofilament medium 

NFTs Neurofibrillary tangles 

NF-κB Nuclear factor-κB 

NIA-AA National Institute on Aging and Alzheimer’s 

Association 

NIH National Institutes of Health 

NINCDS-ADRDA National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer's Disease and 

Related Disorders Association 

NMDA N-methyl D-aspartate 

PCA Posterior cortical atrophy 

PD Parkinson’s disease  

PDD Parkinson’s disease dementia 

PET Positron emission tomography 

PFER Per-family error rate  

PHP Paired helical filaments 

PiB Pittsburgh compound B 

PLCG2 Phospholipase C-gamma 2 

PPA Primary progressive aphasia 

PP2A Protein phosphatase 2A 

PSEN Presenilin 



xvi 

P-tau Phosphorylated tau 

QC Quality control 

RAGE Receptor for advanced glycation end products 

RAVLT Rey Auditory Verbal Learning Test 

ROCF Rey-Osterrieth Complex Figure 

S100B S100 calcium-binding protein B 

SCD-I Subjective Cognitive Decline Initiative 

SCI Subjective cognitive impairment 

SM Sphingomyelin 

SMase Sphingomyelinase  

TBI Traumatic brain injury 

TBS Tris-buffered saline 

TLR Toll-like receptor 

TMT Trail Making Test 

TREM2 Triggering receptor expressed on myeloid cells 2 

T-tau Total tau 

UI University of Iceland 

UPLC-MS  Ultra-performance liquid chromatography-tandem 

mass 

  spectrometry 

VAT Vesicular acetylcholine transporter 

VD Vascular dementia 

YKL-40 Chitinase-3-like protein 1 

WFSP The World Federation of Societies of Biological 

Psychiatry  

 

 



xvii 

List of figures 

Figure 1. The sequence of major pathogenic events leading to AD 

proposed by the amyloid cascade hypothesis. The curved 

blue arrow indicates that Aβ oligomers may directly injure 

the synapses and neurites of brain neurons, in addition to 

activating microglia and astrocytes. Figure and figure text 

reprinted from (Selkoe & Hardy, 2016) with permission from 

EMBO Molecular Medicine. ............................................................. 4 

Figure 2. Model of astrocyte activation in AD. Reprinted from (Arranz 

& De Strooper, 2019) with permission from The Lancet 

Neurology. ........................................................................................ 8 

Figure 3. Schematic presentation of cholinergic neurotransmission. 

Reprinted from (Wang et al., 2019) with permission from 

BMC Genomics in accordance with the terms of Creative 

Commons Attribution 4.0 International License (https:// 

creativecommons.org/licenses/by/4.0/). No changes were 

made to the original figure. ............................................................ 11 

Figure 4. Dynamic biomarkers of the AD pathological cascade. Aβ is 

identified by CSF Aβ42 or PET amyloid imaging. Tau-

mediated neuronal injury and dysfunction is identified by 

CSF tau or FDG-PET. Brain structure is measured by use of 

structural MRI. Figure and figure text reprinted from (Jack et 

al., 2010) with permission from The Lancet Neurology. ................ 18 

Figure 5. Design of The Icelandic MCI study. .............................................. 30 

Figure 6. Overview of sample selection and sample characteristics 

for each paper. Numbers for age, education, MMSE and 

IQCODE present a median value. Parkinsonism in this 

project included LBD, PD and corticobasal degeneration 

(CBD). Abbreviations: IQR Interquartile range. ............................. 31 

Figure 7. Correlation matrix of CSF markers and demographic 

variables. The numbers inside the squares present 

Pearson‘s r correlation coefficient. A colored square 

presents a statistical significance (p < 0.05). Values of CSF 

markers were natural log-transformed. Reprinted from 



xviii 

(Teitsdottir et al., 2020) with permission from Alzheimer's 

Research & Therapy. ..................................................................... 43 

Figure 8. LASSO linear regression for the stable selection of 

predictors best predicting composite z-scores reflecting a) 

executive functions, b) non-verbal episodic memory, c) 

processing speed, d) verbal episodic memory, and e) 

language. Reprinted from (Teitsdottir et al., 2020) with 

permission from Alzheimer's Research & Therapy. ....................... 45 

Figure 9. Levels of CSF C18 ceramide compared between different 

CSF profiles (non-AD and AD). **p<0.01 significance by use 

of Mann-Whitney U non-parametric test. Values were 

converted to arbitrary units (A.U.), log2-transformed and 

autoscaled. Reprinted from (Teitsdottir et al., 2021) with 

permission from Journal of Alzheimer‘s Disease. .......................... 49 

Figure 10. Scatter plots presenting Pearson’s correlations between 

CSF levels of a) Aβ42, b) T-tau, c) T-tau/Aβ42, d) S100B and 

CSF C18 ceramide. All CSF values were log2-transformed 

and autoscaled. Reprinted from (Teitsdottir et al., 2021) with 

permission from Journal of Alzheimer‘s Disease. .......................... 52 

Figure 11. Scatter plots presenting Pearson’s correlations between 

levels of AChE activity and a) T-tau, b) P-tau, c) S100B, d) 

YKL-40 and BuChE activity and levels of e) S100B and f) 

YKL-40 in CSF. Values of CSF proteins (T-tau, P-tau, YKL-

40 and S100B) were natural log-transformed. ............................... 55 

Figure 12. LASSO linear regression—stability selection analyses for 

prediction of CSF enzyme activities of a) AChE and b) 

BuChE. The cut-off selection value was set at 75% and the 

per-family error rate (PFER) at 1. .................................................. 56 

Figure 13. LASSO linear regression—stability selection analysis for 

the assocation between various measures, including 

cholinergic enzymes, and verbal episodic memory 

performance. The cut-off selection value was set at 75% 

and the per-family error rate (PFER) at 1. ..................................... 59 

 



xix 

List of tables 

Table 1. Intra-assay and inter-assay CV (%) calculations for 

measurements in CSF ................................................................... 33 

Table 2. List of neuropsychological tests administrated. Reprinted 

from (Teitsdottir et al., 2020) with permission from 

Alzheimer's Research & Therapy. ................................................. 38 

Table 3. Linear regression models, unadjusted and adjusted for 

covariates, examining  the association of CSF markers and 

cognitive scores with levels of CSF C18 ceramide. 

Reprinted and modified from (Teitsdottir et al., 2021) with 

permission from Journal of Alzheimer‘s Disease. .......................... 51 

 

 





 

xxi 

List of original papers 

This thesis is based on the following original publications, which are referred 

to in the text by their Roman numerals (I-III):  

 

I. Teitsdottir, U. D., Jonsdottir, M. K., Lund, S. H., Darreh-Shori, T., 

Snaedal, J., & Petersen, P. H. (2020). Association of glial and 

neuronal degeneration markers with Alzheimer's disease 

cerebrospinal fluid profile and cognitive functions. Alzheimer's 

research & therapy, 12(1), 92. doi:10.1186/s13195-020-00657-8 

 

II. Teitsdottir, U. D., Halldorsson, S., Rolfsson, O., Lund, S. H., 

Jonsdottir, M. K., Snaedal, J., & Petersen, P. H. (2021). 

Cerebrospinal Fluid C18 Ceramide Associates with Markers of 

Alzheimer's Disease and Inflammation at the Pre- and Early 

Stages of Dementia. J Alzheimers Dis, 81(1), 231-244. 

doi:10.3233/jad-200964 

 

III. Teitsdottir, U. D., Darreh-Shori, T., M. K., Lund, Jonsdottir, S. H., 

Snaedal, J., & Petersen, P. H. (2021). Phenotypic displays of 

cholinergic enzymes associate with markers of inflammation and 

neurodegeneration in a memory clinic cohort. 

 

 

  

 

In addition, some unpublished data is presented. 

All papers are reprinted by kind permission of the publishers.  



xxii 

Declaration of contribution 

I, Unnur Diljá Teitsdóttir, planned the research in co-operation with my 

supervisor Pétur Henry Petersen and Jón Snædal, the director of The 

Icelandic MCI study. I also took part in writing ethical approvals and grant 

applications. I carried out the enzyme activity assays at Taher Darreh-Shori’s 

lab at KI, Sweden, under his supervision. I performed all ELISAs for 

measurements of protein levels, except for the core AD markers, Aβ42, T-tau 

and P-tau. The medical laboratory MVZ Labor P.D. Dr. Volkmann und 

Kollegen GbR, located in Karlsruhe, Germany, carried out those 

measurements. The identification and quantification of lipids were performed 

by members of Center for Systems Biology, UI (Skarphéðinn Halldórsson and 

Hulda Soffía Jónasdóttir). Neuropsychological tests were administrated by 

licensed psychologists under the supervision of María Kristín Jónsdóttir. I 

analyzed all the data and performed the statistical analysis with the guidance 

of Sigrún Helga Lund. I drafted the manuscripts for all papers, responded to 

comments from reviewers and co-authors and prepared the final manuscripts 

for submission. I wrote this thesis with the guidance of my supervisor and the 

doctoral committee. 

 

  



 

1 

1  Introduction 

1.1 Overview of Alzheimer’s disease (AD) and other 
dementias 

Dementia is a term that covers different medical conditions, most commonly 

found among older people. It is characterized by cognitive decline (e.g. loss 

of memory, language, reasoning, visual and spatial abilities) to the extent of 

impacting daily life and activities. Types of dementia include Alzheimer’s 

disease (AD), vascular dementia (VD), Lewy body dementia (LBD) and 

frontotemporal dementia (FTD). Mixed dementia is also common, which is a 

combination of two or more types of dementias (Arvanitakis et al., 2019). 

Approximately 50 million people worldwide were living with dementia in 

2015. Furthermore, that number is predicted to double every 20 years to 130 

million by 2050 (Prince et al., 2015). AD is the most common neurological 

cause of dementia, accounting for 50-70% of total cases (Prince et al., 2014). 

A key symptom of AD is a gradual decline in memory. Early signs include 

difficulties remembering recent conversations, names or events. As the 

disease progresses, other symptoms like impaired communication skills, poor 

judgment, confusion, disorientation, mood changes and, finally, difficulty 

speaking, eating and walking may emerge (Levenson et al., 2014).  

Despite extensive research into the pathogenesis of AD, no attempts of 

developing pharmacologic treatments for cure have been successful to date. 

It is believed that for future treatments to be effective in haltering disease 

progression, it will be crucial for administration to begin early in the disease 

continuum. Until recently, only four drugs were approved by The U.S. Food 

and Drug Administration (FDA) - rivastigmine, galantamine, donepezil and 

memantine (Qaseem et al., 2008). The first three are cholinesterase 

inhibitors (Birks, 2006) and the last one is a N-methyl D-aspartate (NMDA) 

antagonist (Kishi et al., 2017). These drugs temporarily improve cognitive 

symptoms but do not reverse the pathological damage. In June 2021, the 

FDA approved for the first time in 18 years a new drug, Aduhelm 

(aducanumab), which targets amyloid beta (Aβ) plaques. It is the first 

approved drug with the purpose of treating the possible cause of the disease, 

rather than only the symptoms. Although the drug has the ability to remove 

Aβ plaques from the brain, its clinical efficacy has been questioned as it does 
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not appear to effectively slow down cognitive decline among patients with 

mild AD dementia (Musiek & Bennett, 2021).  

1.2 Risk factors of AD 

AD is caused by the interplay between genetics, lifestyle and environment. 

The most common risk factors for AD are age, APOE genotype, gender, 

educational level, cardiovascular disease and diabetes mellitus type 2 ("2016 

Alzheimer's disease facts and figures," 2016). 

Advanced age is the strongest risk factor for AD and is classified into two 

types based on time of onset; early-onset AD (EOAD) and late-onset AD 

(LOAD). The age of 65 is used as an arbitrary cut-off point for division of the 

two categories (Ayodele et al., 2021).  

1.3 Genetics of AD 

Familiar EOAD cases have been associated with mutations inherited in an 

autosomal-dominant manner. LOAD is a more complex disease and most 

cases are sporadic, with no clear pattern of inheritance within families (Van 

Cauwenberghe et al., 2016).   

EOAD is associated with rare and dominantly inherited mutations in three 

genes involved in Aβ generation - APP (Goate et al., 1991; St George-Hyslop 

et al., 1987), PSEN1 (Sherrington et al., 1995; St George-Hyslop et al., 1992; 

Van Broeckhoven et al., 1992) and PSEN2 (Sherrington et al., 1996). These 

mutations correspond to less than 1% of all cases of AD and usually show 

complete penetrance (Van Cauwenberghe et al., 2016). Symptoms typically 

develop between 30 and 50 years of age (Bateman et al., 2011), much earlier 

compared to sporadic LOAD. Mutations in PSEN1 are the most common 

genetic cause of EOAD and are more frequent than APP and PSEN2 

mutations (Theuns et al., 2000).  

A complex interaction between genetics and environment is thought to 

play a key role in the onset, progression and severity of LOAD. LOAD has a 

strong genetic component and up to 60-80% of cases are estimated to be 

attributable to genetic factors (Gatz et al., 2006). The APOE gene is the 

major risk factor for the pathogenesis of LOAD. The gene encodes 

apolipoprotein E (ApoE), the primary cholesterol carrier in the brain, and is 

located on chromosome 19q13.2. APOE has three common alleles; APOE ε2 

(Cys112, Cys158), APOE ε3 (Cys112, Arg158), and APOE ε4 (Arg112, 

Arg158) (Zannis et al., 1982). The APOE ε4 allele is associated with an 

increased LOAD risk. Individuals carrying one copy of the ε4 allele are about 



 Introduction 

3 

three times more likely to develop AD compared to those with two copies of 

the ε3 allele, while the risk is eight-to 12-fold higher for those with two copies 

of the ε4 allele compared to the same group (Verghese et al., 2011).  

The ε4 allele of the APOE gene is the most prevalent genetic risk factor 

for LOAD and was, before the era of large-scale genome-wide association 

studies (GWAS), the only one. With technological advances, a number of 

regions within the genome that contribute to the risk of developing LOAD 

have been discovered over the past decade. More than 20 genetic risk 

genes, associated with inflammatory, lipid metabolism and endosomal vesicle 

recycling pathways have been identified with GWAS (Karch & Goate, 2015). 

The genes each contribute only minimally to increased risk, but can almost 

double the chances of developing the disease when combined into a 

polygenic risk score (Escott-Price et al., 2015). Many of these genes are 

predominantly expressed by microglia, including the triggering receptor 

expressed on myeloid cells 2 (TREM2), Phospholipase C-gamma 2 (PLCG2) 

and CD33 genes. Those findings indicate that microglial activation plays a 

critical part in the pathogenesis of the disease (Hansen et al., 2017; Jonsson 

et al., 2013; Sims et al., 2017). 

1.4 Signature AD pathology  

The neuropathological features of AD were first described by the German 

neuropathologist Alois Alzheimer at the beginning of the twentieth century 

(Hippius & Neundörfer, 2003). Neuropathologically, AD is characterized by 

the accumulation of Aβ protein into senile plaques (Gouras et al., 2010) and 

intraneuronal tangles of hyperphosphorylated tau protein (Wang & 

Mandelkow, 2016). Other pathological features include neuropil threads, 

dystrophic neurites and the activation of astrocytes and microglial cells. 

Cerebral amyloid angiopathy (CAA) frequently coexists with AD as well 

(Greenberg et al., 2020). The downstream consequences of Aβ aggregation 

include neurodegeneration such as synaptic dysfunction, neuronal loss and 

brain atrophy (Serrano-Pozo et al., 2011) (Figure 1). 
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Figure 1. The sequence of major pathogenic events leading to AD proposed by the 

amyloid cascade hypothesis. The curved blue arrow indicates that Aβ oligomers may 
directly injure the synapses and neurites of brain neurons, in addition to activating 
microglia and astrocytes. Figure and figure text reprinted from (Selkoe & Hardy, 2016) 
with permission from EMBO Molecular Medicine. 

The amyloid hypothesis, the most accepted theory of AD pathogenesis, 

indicates that aggregation of pathological forms of Aβ in the brain is the 
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fundamental pathological process, caused by an imbalance between the 

production and clearance of Aβ. Aβ is generated from the amyloid precursor 

protein (APP), a type I transmembrane protein, through two major steps of 

cleavage by aspartic proteases. The amyloidogenic processing is initiated by 

beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), which cuts 

of the bulk of the APP extracellular domain. This is followed by a cleavage 

within the membrane by y-secretase, releasing the protein into the 

extracellular space (Chen et al., 2017). As the site of y-secretase cleavage 

can vary, alloforms of different lengths can be formed. Typically, they have 

between 39 to 43 amino acids. The most common alloform is Aβ40 (90%), 

followed by Aβ42 (10%) (Olubiyi & Strodel, 2012). Monomeric Aβ 

spontaneously self-aggregates into various types of assemblies, including 

soluble oligomers (2 to 6 peptides), which can cluster together into insoluble 

fibrils, and eventually form plaques. Within plaques, Aβ42 is more abundant 

than Aβ40, due to its higher rate of fibrillization and insolubility (Kayed et al., 

2003). 

Strong support for a central role of the amyloid hypothesis of AD comes 

from genetics. All known familial AD mutations (APP, PSEN1 and PSEN2) 

are involved in Aβ generation. The APP gene encodes the APP protein 

(Yoshikai et al., 1990). A mutation in the APP gene, discovered in the 

Icelandic population, showed a strong protective effect against AD, further 

illustrating the central role of APP in the disease (Jonsson et al., 2012). The 

missense mutation (A673T) results in a decrease of Aβ accumulation. 

Presenilins (PSENs), the proteins encoded by PSEN1 and PSEN2, constitute 

the catalytic subunits of γ-secretases (Vetrivel et al., 2006). 

According to the amyloid hypothesis, Aβ aggregation triggers a chain of 

events, including the formation of neurofibrillary tangles (NFTs) within 

neurons, oxidation and inflammation, which eventually lead to neuronal 

dysfunction and death. Tau is predominantly expressed in neurons, where it 

is primarily localized in axons for the purpose of microtubule stabilization and 

axonal transport. Functions of tau can be regulated by post-translational 

modification. Tau binding to microtubules is, for example, regulated mainly by 

phosphorylation. In AD, tau is hyperphosphorylated at numerous sites 

(including serines, threonines and tyrosines), which results in reduced ability 

to bind microtubules and enhanced tau aggregation. Under those conditions, 

tau starts to self-assemble into oligomers, paired helical filaments (PHP) and 

finally, NFTs (Wang & Mandelkow, 2016).  
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The spatiotemporal progression of Aβ plaques and NFTs within the AD 

brain is considerably consistent. The accumulation of Aβ starts in the 

association cortices and spreads from the neocortex to the allocortex, from 

there to the brainstem and finally, to the cerebellum (van der Kant et al., 

2020). The progression pattern of NFTs is different from Aβ plaques and is 

typically divided into six stages, first described by Braak (1991). 

Accumulation of tau initially develops within the (trans)entorhinal cortex (I-II), 

spreads into the limbic areas (e.g. hippocampus, III-IV) and eventually into 

the isocortex (V-VI).  

1.5 Inflammation in AD 

The discovery of AD risk genes linked to innate immune functions has 

resulted in neuroinflammation being central to the research of AD. The 

leading players of the innate immune system in the central nervous system 

(CNS) are microglia and astrocytes. Under physiological conditions, microglia 

serve various roles, including immune surveillance, control of synaptic 

homeostasis, plasticity and trophic support. The processes of microglia 

constantly survey their microenvironment, making contact with synapses and 

axons, sensing the presence of pathogens and cellular debris (Ousman & 

Kubes, 2012; Salter & Stevens, 2017). Similarly, the roles of astrocytes under 

physiological conditions include maintenance of synaptic homeostasis, 

trophic support, recycling of neurotransmitters and regulation of cerebral 

blood flood. Astrocytic processes support the blood-brain barrier (BBB) and 

synapses (Arranz & De Strooper, 2019). 

Microglia are essentially involved in the pathogenesis of AD. Soluble Aβ 

oligomers and Aβ fibrils act on microglial surface receptors, including Toll-like 

receptors (TLR1, TLR2, TLR4 and TLR6), CD14, CD47, α6β1 integrin and 

scavenger receptors (including CD36). The recognition of pathological 

triggers activates phagocytic abilities of the microglia and enables the 

internalization and degradation of Aβ. It also activates the nuclear factor-κB 

(NF-κB) pathway, inducing to the secretion of pro-inflammatory cytokines. 

This, in turn, promotes further the activation of glial cells, neuronal 

dysfunction and upregulation of BACE1, the APP cleaving enzyme 

generating pathogenic Aβ (Leng & Edison, 2021). Smaller oligomers of Aβ 

have been found to be more toxic compared to fibrils, inducing stronger 

microglial immune response (Yang et al., 2017). 

Research suggests that astrocytes are pivotally involved in AD 

neurodegeneration rather than just being innocent bystanders (González-
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Reyes et al., 2017). Figure 2 depicts a theoretical model of astrocyte 

activation in AD (Arranz & De Strooper, 2019). The combination of secretion 

of cytokines by activated microglia and Aβ activating the NF-κB pathway, can 

possibly induce the A1 reactive astrocyte phenotype and related neurotoxic 

reactive cell states of astrocytes. Neurotoxic A1 reactive astrocytes secrete 

an unknown neurotoxin, leading to the loss of neurons and oligodendrocytes. 

Astrocytic NF-κB activation results in the extracellular release of the 

complement protein C3. The binding of C3 to the neuronal receptor C3aR 

disrupts dendritic morphology and network function while binding to microglial 

C3aR changes Aβ phagocytosis (Lian et al., 2015; Liddelow et al., 2017). 
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Figure 2. Model of astrocyte activation in AD. Reprinted from (Arranz & De Strooper, 

2019) with permission from The Lancet Neurology. 
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1.6 Lipid metabolism in AD 

Lipids are among the principal classes of biomolecules and are involved in 

various biological functions such as energy storage and signaling, as well as 

being the key component of membranes (van Meer et al., 2008). In general, 

lipids have been defined as compounds soluble in organic solvents but 

hydrophobic in nature (Currie, 1998). The LIPID MAPS classification system 

was established in 2005 (Fahy et al., 2005) and has since become 

internationally accepted. According to this system, lipids are divided into eight 

categories which are comprised of fatty acyls, sphingolipids, saccharolipids, 

glycerolipids, glycerophospholipids, polyketides, sterol lipids and prenol 

lipids. Furthermore, each of these categories can be divided into 

subcategories such as lipid class (e.g. ceramide) and lipid species (lipids 

expressed as lipid class, total number of carbon atoms and total number of 

double bonds) (Liebisch et al., 2013). 

Lipid metabolism has been associated with AD and could possibly 

contribute to the pathogenesis of the disease. Membrane lipids, for example, 

are thought to play a role in the production of Aβ. As previously mentioned, 

Aβ is generated by cleavage of the APP protein by secretases (Walter & van 

Echten-Deckert, 2013). Lipids, as the main components of membranes, can 

alter the cleavage of these secretases and subsequently the processing of 

APP (Hartmann et al., 2007). Aβ peptides, implicated in AD, interact with the 

cellular membrane and induce amyloid toxicity. The enzymes and APP can, 

in turn, modify the lipid structure of membranes. Lipids are therefore likely to 

be implicated in the pathogenesis and progression of AD (Walter & van 

Echten-Deckert, 2013). 

Ceramides are the core components of sphingolipid metabolism, 

consisting of a sphingosine backbone tethered to a fatty acid chain varying in 

length of carbon atoms (C14-C26) (Fanani & Maggio, 2017). They play 

significant roles in maintaining the function and integrity of membranes as 

well as affecting cellular processes including differentiation, proliferation, 

inflammation and apoptosis (Cuvillier, 2002; Gomez-Munoz et al., 2016). 

Changes in sphingolipid metabolism have been associated with normal aging 

and neurodegenerative diseases such as AD (Stranahan et al., 

2011).  Cellular and animal studies indicate that ceramides can increase Aβ 

production and contribute to AD pathogenesis (Jazvinšćak Jembrek et al., 

2015). Ceramides promote Aβ production by post-translational stabilization of 

BACE1, thereby extending its half-life (Kalvodova et al., 2005; Puglielli et al., 

2003). Aβ (both soluble and insoluble assemblies) can also incite the 
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hydrolysis of sphingomyelin (SM) into ceramide by sphingomyelinases 

(SMases) (Grimm et al., 2005; Lee et al., 2004) through oxidative stress-

mediated mechanisms (Cutler et al., 2004). This creates a vicious cycle 

resulting in increased production of ceramide, which in turn leads to elevated 

immune response and, eventually, loss of neurons in AD. Ceramides of 

longer chain lengths, particularly C18 ceramide, have been associated with 

increased phosphorylation of tau via Protein phosphatase 2A (PP2A) activity 

(Chalfant et al., 1999; Dobrowsky et al., 1993; Goedert et al., 1995; Gong et 

al., 1994; Mukhopadhyay et al., 2009). Elevated levels of ceramide have 

been observed in brain tissues of AD patients compared to a healthy control 

group according to several post-mortem studies (Cutler et al., 2004; Filippov 

et al., 2012; Han et al., 2002; He et al., 2010; Stranahan et al., 2011). 

Although post-mortem studies are important, in vivo studies are critical for 

further evaluating the roles of lipids in pathogenesis and progression of AD. 

For example, very few studies have been performed for the evaluation of 

ceramide levels with AD in cerebrospinal fluid (CSF). 

1.7 The cholinergic system in AD 

Cholinergic dysfunction is an early hallmark of AD, usually ascribed to an 

early breakdown of cholinergic neurons. Cholinergic neurons are widely 

distributed in the CNS, with almost all regions of the brain being innervated 

by them (Armstrong et al., 1983; Woolf & Butcher, 2011). Studies have 

shown a prominent loss of this type of neurons in the basal forebrain of AD 

patients, particularly the nucleus basalis of Meynert (NBM). Other functions 

outside of NBM appear to be spared, pointing to a preferential vulnerability of 

the NBM in relation to AD.  

The cholinergic hypothesis of AD originated from observations made by 

Davies & Maloney (1976). They were the first to report the loss of cholinergic 

neurons in brain tissue of AD patients at post-mortem. It was proposed that a 

shortage of the neurotransmitter acetylcholine (ACh) in the brain and the 

following reduction in neurotransmission at central cholinergic synapses 

caused some of the cognitive impairment experienced by AD patients. 

Although other components of AD pathology have received more attention in 

recent years, treatments that target the cholinergic system still remain an 

essential part of AD patient management. This has further validated the 

cholinergic system as an essential biological target in the treatment of the 

disease. 
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The classical view of cholinergic neurotransmission (Fisher & Wonnacott, 

2012) is presented in Figure 3. The neurotransmitter ACh is synthesized from 

choline and acetyl coenzyme A (acetyl-CoA) by the enzyme choline 

acetyltransferase (ChAT) in the cytosol of cholinergic presynaptic neurons. 

ChAT is then loaded into synaptic vesicles by the vesicular acetylcholine 

transporter (VAT). Depolarization of the presynaptic neuron triggers the 

release of ACh into the synaptic cleft, where it can bind to nicotinic (nAchRs) 

or muscarinic (mAchRs) ACh receptors, propagating neurotransmission. The 

transmission is subsequently terminated by the cleavage of ACh into choline 

(Ch) and acetate by acetylcholinesterase (AChE). Choline is then transported 

back to the presynaptic neuron through choline transporters (CHT).  

Figure 3. Schematic presentation of cholinergic neurotransmission. Reprinted from 

(Wang et al., 2019) with permission from BMC Genomics in accordance with the 
terms of Creative Commons Attribution 4.0 International License (https:// 
creativecommons.org/licenses/by/4.0/). No changes were made to the original figure. 
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Butyrylcholinesterase (BuChE), like the related AChE, is a serine 

hydrolase that rapidly affects the hydrolysis of the neurotransmitter (Darvesh 

et al., 2003). At the time when the cholinergic hypothesis was first proposed 

in 1976, the enzyme considered to be mainly involved in the regulation of 

ACh was AChE, with BuChE thought to only have minor effect on the 

regulation of ACh. However, more recent studies have found that BuChE can 

also play a critical role in the regulation of ACh in the human brain (Darvesh 

et al., 1998; Mesulam et al., 2002). Synaptic membrane-bound AChE is more 

critical in regulating cholinergic neurotransmission, while BuChE plays a 

more important role in the control of extracellular ACh levels that modulate 

the functional properties of glial cells (Darreh-Shori et al., 2013; Darvesh et 

al., 2003; Lane & Darreh-Shori, 2015). BuChE is primarily localized to glial 

cells but can also be found near neurons and endothelial cells (Darvesh et 

al., 1998; Darvesh & Hopkins, 2003). It has been hypothezised that the close 

proximity of synaptic AChE and glial BuChE facilitates the degradation of 

ACh by BuChE when AChE becomes substrate-inhibited (Greig et al., 2001). 

The excess substrate binding to the peripheral anionic site causes the 

hydrolytic activity of AChE to decrease while it causes the hydrolytic activity 

of BuChE to increase (Masson et al., 2002; Masson et al., 1999). Studies 

have also indicated that both the enzymes may possibly be involved in 

functions other than hydrolysis of ACh, such as neuroinflammation and in the 

formation of Aβ plaques and NFTs (Lane et al., 2006). 

A relationship between the dysfunction of the cholinergic system and Aβ 

pathology has long been established. Perry et al. (1978) found the 

diminishing activity of ChAT to be correlated with increasing numbers of 

neuritic plaques in AD brains at post-mortem. Previous studies have reported 

short-term oligomeric Aβ exposure to affect both ACh synthesis and release 

of rat brain hippocampal slices and cultured neurons, thereby contributing to 

cholinergic dysfunction (Hoshi et al., 1997; Kar et al., 1998; Kar et al., 1996; 

Nunes-Tavares et al., 2012; Pedersen & Blusztajn, 1997; Pedersen et al., 

1996; Satoh et al., 2001). Interestingly, recent studies have suggested that 

Aβ peptides can form highly stable and soluble complexes with ApoE and 

cholinesterases, named BaβACs (Darreh-Shori et al., 2011a; Darreh-Shori et 

al., 2011b; Kumar et al., 2016; Vijayaraghavan et al., 2013). BaβACs possibly 

act as direct modulators of cholinergic signaling, promoting hyper-activation 

of cholinesterases which leads to increased degradation of AD. 

The cholinergic signaling system has also been associated with 

inflammation, both in general and in neurodegenerative diseases like AD. 

ACh is hypothesized to act as a suppressor on non-excitable cholinoceptive 
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cells, including astrocytes and microglia, exerting long distant regulatory 

effects through activation of nicotinic α7-ACh receptors (Pavlov et al., 2009; 

van Westerloo et al., 2005). This is called the cholinergic anti-inflammatory 

pathway (CAP). However, it has been difficult in the past to explain how ACh 

molecules can possibly reach and act on the distantly located non-excitable 

cells since extracellular ACh is very short-lived due to the abundant presence 

of the very efficient ACh-degrading enzymes AChE and BuChE in CSF. A 

previous study (Vijayaraghavan et al., 2013) offered a plausible explanation 

for this dilemma. It showed compelling evidence that ChAT is not solely a 

cytosolic enzyme but is also plentifully present in CSF and is secreted by 

cultured human astrocytes (both under resting and stimulatory conditions). 

Their hypothesis is that long-distance action of ACh is regulated through 

maintenance of steady-state equilibrium between ACh hydrolysis and 

synthesis, which in turn could regulate glial activation status. 

1.8 Cognitive manifestation of AD 

Deficits in episodic memory are the most prominent and salient early 

symptoms of AD (Hodges, 2000; Tromp et al., 2015). This cognitive domain 

refers to the recollection of previously experienced events (Tulving, 1983), 

and is typically measured by verbal list learning tests involving subjects 

recalling or recognizing words from a verbally presented list (Dubois et al., 

2014). Measures of delayed recall (the ability to recall information after a 

period of time), have specifically been shown to be sensitive to early memory 

changes in AD (Estévez-González et al., 2003). Neuropathological studies 

have reported the medial temporal lobe (MTL) structures (e.g. entorhinal 

cortex and the hippocampus) to be critical for memory functions (Squire & 

Zola-Morgan, 1991; Weissberger et al., 2017) as well as being susceptible to 

early changes in AD (Braak & Braak, 1991; Schöll et al., 2016). The 

entorhinal cortex and hippocampus, in particular, are important for the 

encoding and the storage of new information (Du et al., 2001). It has also 

been widely confirmed that MTL structures are mostly unaffected in the 

normal aging brain, while significant neuronal loss can be found within these 

structures at the earliest stages of diagnosed AD (Gallagher & Koh, 2011).  

Other cognitive domains are also affected in AD as the neurodegenerative 

changes, specifically characterized by NFTs, spread beyond MTL structures 

to the association cortices of temporal, frontal and parietal lobes (Salmon & 

Bondi, 2009). Impairment in executive functions (Guarino et al., 2019; Perry 

& Hodges, 1999) and language abilities (Hodges & Patterson, 1995; Verma & 

Howard, 2012) can occur relatively early in AD. Executive functions present a 
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wide range of higher-level cognitive processes essential for goal-directed 

behavior. Those include planning, problem-solving, inhibitory control and 

multitasking (Diamond, 2013; Grafman & Litvan, 1999). Impairment in 

language abilities are frequently measured by tests reflecting verbal fluency 

(the ability to find and express words), confrontation naming (connecting a 

label to a corresponding viewed stimulus) and semantic categorization 

(classification of items based on meaning) (Henry et al., 2004; Nebes, 1989). 

Deficits in other cognitive domains are also likely to appear during the course 

of AD, for example in non-verbal memory (Smith & Bondi, 2013) and 

processing speed (van Deursen et al., 2009; Warkentin et al., 2008). 

Visuoconstruction (the ability to reproduce objects or pictures previously 

viewed) is a part of non-verbal memory and is frequently affected. Processing 

speed refers to the time it takes to process and respond to information 

(Salthouse, 2000). The tests measuring this cognitive domain are commonly 

simple and do not require higher-level thinking.  

A small portion (6-14%) of AD patients do not initially express the 

amnestic phenotype of the disease (Villain & Dubois, 2019). These cases are 

categorized as atypical AD and are more frequently found among younger 

patients under 65 years of age. Pathological changes are initiated in different 

regions of the brain compared to typical AD, although pathological hallmarks 

(Aβ plaques and NFTs) are the same (Graff-Radford et al., 2021). The most 

common variants of atypical AD are posterior cortical atrophy (PCA) and 

logopenic progressive aphasia (LPA). PCA is a syndrome characterized by a 

progressive decline in visual and spatial processing, with atrophy most 

prominently found in the occipital cortex and the parietal cortex (Crutch et al., 

2012). LPA, a type of primary progressive aphasia (PPA), is a syndrome 

characterized by language impairment (e.g. difficulties finding words) caused 

by atrophy in the left posterior temporal cortex and inferior parietal lobule 

(Henry & Gorno-Tempini, 2010). 

1.9 Clinical diagnosis of AD 

The process of AD diagnosis differs between centers in clinical practice but is 

generally followed by a certain set of criteria. One of the most used criteria 

was published in 1984 by the National Institute of Neurological and 

Communicative Disorders and Stroke and the Alzheimer's Disease and 

Related Disorders Association (NINCDS‐ADRDA) in 1984 (McKhann et al., 

1984). In this criteria, AD was essentially defined as a clinical-pathological 

entity. An individual with a gradual onset of cognitive impairment, typically 

involving memory, which substantially affected daily activities, would be 
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diagnosed as having dementia. After ruling out other potential contributing 

factors, a degenerative disorder was confirmed and the label possible or 

probable AD given. The criteria was mostly based on clinical assessment, 

with laboratory tests only used to exclude other causes of cognitive decline. 

Diagnosis of definite AD could only be made after death through post-mortem 

identification of Aβ plaques and NFTs in brain tissue.  

Between 1984 and 2011, considerable progress was made in 

understanding AD-related pathological changes. In 2011, the National 

Institute on Aging and the Alzheimer’s Association (NIA-AA) (McKhann et al., 

2011) redefined the criteria intended for routine diagnosis in clinical practice. 

The major difference between the old and the new criteria was in regards to 

the application of disease stages. The previous guidelines recognized only 

the dementia stage of AD. In contrast, the 2011 criteria identified three 

distinct stages - preclinical AD, mild cognitive impairment (MCI) and AD 

dementia. MCI is considered a transitional state between normal aging and 

dementia (Petersen, 2004). The condition is characterized by cognitive 

decline beyond what is expected from normal aging, without interfering with 

the ability to carry out daily activites. In addition, the term subjective cognitive 

impairment (SCI) was introduced in 2014 by the Subjective Cognitive Decline 

Initiative (SCD-I) international working group (Jessen et al., 2014). SCI is a 

condition defined as a self-perceived decline in cognitive functions without 

being verified by neuropsychological tests and commonly precedes MCI. 

Like dementia, MCI is heterogeneous in its underlying pathology as well 

as in clinical expressions. Approximately 10% of MCI cases convert annually 

to AD on average (Mitchell & Shiri-Feshki, 2009). A proportion of individuals 

with MCI will remain stable however and do not convert to AD or other types 

of dementia (Winblad et al., 2004). 

Numerous studies have demonstrated a discordance between the clinical 

manifestation of AD and its pathological hallmarks. Aβ plaques and NFTs 

have been detected in the brains of elderly cognitively unimpaired individuals, 

and conversely, individuals with clinical symptoms of AD do not always have 

the defining pathology on post-mortem examination. This is not surprising as 

symptoms are clinical consequences rather than the etiology of a disease. It 

is therefore of importance to base the diagnosis of AD not only on symptoms, 

but also on biomarkers indicative of specific biological processes. It is 

necessary for disease-modifying treatments to be successful, as they target 

specific biological pathways. It is also essential to find biomarkers qualified to 

monitor disease progression and treatment response (Jack et al., 2018). 
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1.10 Types of biomarkers 

The Biomarkers Definitions Working Group of the National Institutes of Health 

(NIH) define a biomarker as “a  characteristic that is objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention” 

("Biomarkers and surrogate endpoints: preferred definitions and conceptual 

framework," 2001, p. 91). 

Biomarkers can be categorized into different types ("Biomarkers and 

surrogate endpoints: preferred definitions and conceptual framework," 2001), 

according to their intended use. A diagnostic biomarker, for example, is used 

to determine the presence of a disease, its subtype or a condition of interest. 

Predictive biomarker identifies individuals who are more likely to respond in a 

positive or negative way to a particular intervention. This type of marker can 

be of importance in selecting the proper treatment for a patient. A prognostic 

biomarker indicates the likelihood of a health outcome or disease 

progression, irrespective of the treatment. Monitoring biomarker is repeatedly 

measured for assessment of the status of a disease or a particular condition. 

They can be of value to measure therapeutic effect or disease progression 

while on treatment. A pharmacodynamic or response biomarker measures 

changes in levels in response to an intervention. 

1.11 Development of pathological and clinical events 
leading to AD 

Since the publication of the NIA-AA 2011 guidelines, more emphasis has 

been on in vivo biomarker research. Studies have strengthen the idea that 

imaging and CSF biomarkers are valid measurements for pathological 

change in AD (Jack et al., 2018). The disease is now considered as a 

continuum rather than three separated entities (Dubois et al., 2016). It has 

become evident that cognitive impairment and change in biomarker values 

gradually evolve (Fagan et al., 2014; Resnick et al., 2010), and the 

appearance of clinical symptoms and pathology varies in time (Bateman et 

al., 2012; Villemagne et al., 2013). 

With the buildup of data regarding biomarkers for AD, Jack et al. (2010) 

proposed a theoretical model describing the temporal course of the 

pathological and clinical events leading to the disease. The model and the 

biomarker staging are depicted in Figure 4. The model focuses on the five 

most extensively researched biomarkers of AD pathology; decreased CSF 

Aβ42, positron emission tomography (PET) amyloid imaging, increased CSF 
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tau, decreased uptake on fluorodeoxyglucose-PET (FDG-PET), and 

structural magnetic resonance imaging (MRI) measures of cerebral atrophy.  

Both CSF Aβ42 and amyloid PET imaging reflect Aβ plaque load in the 

brain. The radioligands utilized in amyloid PET imaging, such as carbon 11 

labeled Pittsburgh compound B (PiB) and the various F
18

 ligands, bind 

explicitly to fibrillar Aβ (Bacskai et al., 2007; Ikonomovic et al., 2008). A high 

correlation has been found between PiB binding and fibrillar Aβ deposition, 

both at antemortem and post-mortem examination (Bacskai et al., 2007; 

Ikonomovic et al., 2008). Similarly, a high correlation has been found 

between low concentrations of CSF Aβ with Aβ neuropathology at autopsy 

(Clark et al., 2003; Strozyk et al., 2003). The validation of both CSF Aβ42 and 

amyloid PET as biomarkers for Aβ plaque load have further been established 

by the very high concordance found between the two measurements (Fagan 

et al., 2006; Grimmer et al., 2009; Jagust et al., 2009; Tolboom et al., 2009). 

CSF tau, FDG-PET and structural MRI are all measurements of 

neurodegeneration. Different forms of tau can be measured in CSF, such as 

total tau (T-tau) and phosphorylated tau (P-tau). T-tau presents both 

phosphorylated and non-phosphorylated tau. CSF tau is an indicator of 

neuronal injury (T-tau) and NFTs (P-tau), with increased CSF levels believed 

to be a direct consequence of tau accumulation in neurons. Decreased FDG-

PET uptake serves as a proxy for synaptic dysfunction. FDG-PET measures 

brain glucose metabolism, with glucose mainly being utilized for synaptic 

transmission in order to restore membrane potentials (Kadekaro et al., 1985). 

The validation of the marker has further been confirmed by high correlations 

with post-mortem measurements of the synaptic structural protein 

synaptophysin (Rocher et al., 2003). Structural MRI uses strong magnetic 

fields and radio waves for the production of detailed organs and tissues 

images. It can provide measures of atrophy, which in the brain describes a 

loss of volume within neurons, extracellular space, or glia. Atrophy on MRI is 

not considered a good diagnostic marker for AD, but the degree of atrophy 

correlates well with Braak staging at autopsy (Jack et al., 2002).  

The highly accepted hypothetical model of AD (Figure 4) postulates that 

the biomarkers become abnormal in a temporally ordered manner as the 

disease progresses. Biomarker magnitude is depicted with sigmoidal curves, 

where biomarker change happens first rapidly, then more slowly as the 

disease progresses. Biomarkers of Aβ deposition (CSF Aβ42 or PET amyloid 

imaging) become abnormal first, prior to neurodegeneration, and have mostly 

reached a plateau by the time clinical symptoms appear. This is followed by 
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changes in biomarkers of tau-mediated neuronal injury (CSF tau) and 

dysfunction (FDG-PET), which also associate with the severity of clinical 

symptoms. Structural MRI, measuring the rate of atrophy, is the last 

biomarker to become abnormal. It though retains a closer relationship with 

cognitive performance later into the disease than other biomarkers. All of the 

biomarkers precede the development memory deficits and other clinical 

symptoms.  

Figure 4. Dynamic biomarkers of the AD pathological cascade. Aβ is identified by 

CSF Aβ42 or PET amyloid imaging. Tau-mediated neuronal injury and dysfunction is 
identified by CSF tau or FDG-PET. Brain structure is measured by use of structural 
MRI. Figure and figure text reprinted from (Jack et al., 2010) with permission from The 
Lancet Neurology. 

1.12 Research guidelines for the diagnosis of AD 

The NIA-AA working group updated their research guidelines for the 

diagnosis of AD in 2018 (Jack et al., 2018) from the previous one set in 2011 

(McKhann et al., 2011). Within this framework, AD is defined as a 

pathological process identified primarily by biomarkers. This is important as it 

shifts the definition of AD from the clinical outcomes of the disease to the 

biological construct. Emphasis on the biological construct will facilitate a more 

precise understanding of the etiology of the disease and the series of events 

leading to cognitive decline. This approach will most likely also be beneficial 

for clinical trials as specific pathways can be targeted in selected patient 

groups. In  2018, NIA-AA working group proposed the biomarker based 

AT(N) framework. Biomarkers were divided into three classes, with each 

having a positive or a negative outcome. The letter “A” stands for Aβ 
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deposition (CSF Aβ42, CSF Aβ42/ Aβ40 or PET amyloid imaging), “T” for tau 

pathology (CSF P-tau or PET tau imaging) and “N” for neurodegeneration 

(CSF T-tau, FDG-PET or structural MRI). Negative outcome within each 

class (A
-
B

-
N

-
) defines a normal biomarker profile. A

+
T

-
N

-
 indicates AD 

pathological change while A
+
T

+
, with or without N

+
, presents AD. Biomarker 

profiles with A
-
 and T

+
/N

+
, indicate non-AD pathology. Cognitive symptoms 

are only used for staging purposes. An important aspect of the framework is 

the flexibility to incorporate newly validated biomarkers. 

Another widely known research criteria for AD comes from the 

International Working Group (IWG), published in 2014 (Dubois et al., 2014). 

Like the 2018 NIA-AA research framework, it emphasizes the use of 

biomarkers. The difference lies in the dependence of clinical manifestation. 

The diagnosis of AD depends on both the presence of cognitive decline and 

signature AD biomarker profile (increased amyloid PET deposition or lowered 

CSF amyloid42 and elevated CSF T-tau or P-tau). Although biomarkers are 

only part of the AD research criteria for as of now, it is expected that they will 

be integrated into clinical criteria in the future. 

1.13 Biomarkers in CSF 

CSF is a clear bodily fluid that fills the subarachnoid space and the ventricles 

in the brain. CSF acts as a liquid buffer for the protection of the CNS and can 

be obtained via lumbar puncture. CSF is in direct contact with the brain and is 

tightly separated from blood by the BBB. It is, therefore, a very informative 

fluid in biomarkers discovery for neurodegenerative diseases (Blennow et al., 

2010) and can provide specific insight into disease pathogenesis (Blennow et 

al., 2015). 

1.13.1 Core AD biomarkers 

The core CSF biomarkers reflecting signature AD pathology, Aβ, T-tau and 

P-tau, have been extensively studied (Ittner & Götz, 2011). Although the 

diagnostic accuracies of these markers are generally satisfactory (Ferreira et 

al., 2014), their levels reach a plateau during the symptomatic stages of the 

disease and do not strongly follow the progression of cognitive decline (Jack 

et al., 2010; Perrin et al., 2009; Zhou et al., 2009). This requires the discovery 

of novel biomarkers for a better understanding of other AD-related 

pathological processes which could aid diagnosis and better monitor the 

progression of the disease. 
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1.13.1.1 Aβ 

Under normal conditions, Aβ peptides are either cleared from interstitial fluid 

(ISF) to the CSF or transported from ISF through the BBB (Spies et al., 

2012). In AD, overproduction or dysfunction in clearance of Aβ results in the 

formation of neuritic plaques in the brain parenchyma (Ovod et al., 2017). 

The plaques primarily consist of Aβ42 and work like a “sink” for the peptide, 

reducing the levels of Aβ42 in both CSF and blood. 

A decrease in CSF Aβ42 levels in AD patients was first described by Motter 

et al. (1995) and has been confirmed in numerous studies (Olsson et al., 

2016). An inverse relationship of CSF Aβ42 levels with both amyloid PET 

imaging (Fagan et al., 2006; Grimmer et al., 2009) and plaque load in AD 

brains at autopsy (Strozyk et al., 2003; Tapiola et al., 2009) has also been 

established. 

Aβ species other than Aβ42 are present in human CSF, with Aβ40 having 

the highest concentration (Portelius et al., 2007; Portelius et al., 2006). The 

CSF Aβ42/Aβ40 ratio has proven to be a more accurate biomarker for AD in 

comparison to CSF Aβ42 (Hansson et al., 2007; Lewczuk et al., 2004; 

Wiltfang et al., 2007). Multiple studies have though reported no or minor CSF 

Aβ40 concentration changes in AD (Olsson et al., 2016). It is not entirely clear 

why the ratio improves the performance, but a likely hypothesis is that Aβ40 

can be used as a measurement of total Aβ levels and the ratio corrects for 

individual differences in the production of Aβ (Lewczuk et al., 2015).  

1.13.1.2 P-tau 

Studies have revealed a correlation between P-tau levels measured in 

antemortem CSF samples and the amount of neocortical NFTs at autopsy 

(Buerger et al., 2006; Tapiola et al., 2009). This indicates that P-tau reflects 

the hyperphosphorylation of tau and its formation into tangles in the brain. 

CSF levels of P‐tau, unlike T-tau, do not alter in relation to acute brain 

injury such as acute ischaemic stroke (Hesse et al., 2001). The levels are 

also normal or only marginally increased in neurodegenerative disorders 

such as Creutzfeldt–Jakob disease (CJD), which is characterized with 

neurodegeneration but no tangles (Riemenschneider et al., 2003; Skillbäck et 

al., 2014b). Those findings support the idea that CSF levels of P‐tau probably 

reflect the state of tau phosphorylation and not only neurodegeneration. 

Furthermore, CSF P-tau appears to be specific for AD, as higher levels are 

mainly observed in AD and not in other tauopathies (neurodegenerative 

diseases characterized by aggregation of tau proteins into NFTs in the brain) 
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(Skillbäck et al., 2015). One possible explanation could be that the tau 

release from neurons in AD is due to Aβ exposure (Maia et al., 2013; Sato et 

al., 2018). 

1.13.1.3 T-tau 

Like P-tau, higher levels of CSF T-tau are not detected among patients with 

non-AD tauopathies (Skillbäck et al., 2015). CSF T‐tau is though regarded as 

a general neurodegeneration marker, serving as a proxy for the intensity of 

neurodegeneration or acute neuronal damage (Blennow & Hampel, 2003). 

Indeed, CSF T-tau levels have shown to increase rapidly within days 

following acute brain damage, before reaching normal levels weeks later 

(Hesse et al., 2001; Zetterberg et al., 2006). The highest T-tau levels can be 

found in diseases characterized by severe  neurodegeneration. CJD, for 

example, has 10‐ to 20‐fold higher T-tau levels compared to AD 

(Riemenschneider et al., 2003; Skillbäck et al., 2014b). Other 

neurodegenerative disease reported to have elevated CSF levels of T-tau is 

dementia with Lewy bodies (DLB) (Arai et al., 1997; Parnetti et al., 2008). 

CSF T-tau is therefore considered a less specific biomarker for AD compared 

to P-tau. 

1.13.2 Neurodegeneration markers 

1.13.2.1 NFL 

Neurofilaments are major components of the neural cytoskeleton and are 

classified into three types of subunits based on their molecular mass; 

Neurofilament light (NFL), neurofilament medium (NFM), and neurofilament 

heavy (NFH) (Lépinoux-Chambaud & Eyer, 2013). Although the precise 

functions of neurofilaments are unknown, they are believed to be critical in 

maintaining neuronal structure and enabling high-velocity nerve conductions 

(Barry et al., 2012; Rao et al., 2003). NFL, the lightest chain of 68 kD 

(Petzold, 2005), is mainly located in the axoplasm of large myelinated 

neurons.  

Axonal damage leads to cytoskeletal proteins, including neurofilaments, to 

be released into the extracellular space and subsequently into bodily fluids 

(CSF and blood) (Zetterberg, 2016). Increased CSF concentrations of NFL 

have been associated with age (Vågberg et al., 2015) and neurodegenerative 

diseases (Skillbäck et al., 2014a) including AD, FTD (Landqvist Waldö et al., 

2013; Pijnenburg et al., 2007; Sjögren et al., 2000) and amyotrophic lateral 

sclerosis (ALS) (Zetterberg et al., 2007). 
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Several studies have consistently found higher CSF levels of NFL in AD 

patients compared to controls (Molinuevo et al., 2018). A large meta-analysis 

by Olsson et al. (Olsson et al., 2016) found a large effect size for 

differentiating between the two groups. One study also found higher CSF 

NFL levels in AD compared to stable MCI as well as higher levels in both 

study groups compared to controls (Zetterberg et al., 2016). 

NFL appears not to be an AD-specific marker as levels of the protein is 

also elevated in other neurodegenerative diseases. Higher CSF NFL 

concentrations have, for example, been found in FTD compared to AD 

(Skillbäck et al., 2014a). CSF NFL levels also correlate with changes in white 

matter, brain atrophy and cognitive decline independently of Aβ pathology 

(Mattsson et al., 2016; Zetterberg et al., 2016). The marker therefore has a 

potential to be used as a non-specific biomarker for disease progression and 

severity and as an aid in differential diagnosis of neurodegenerative 

diseases.  

A strong correlation can be found between levels of NFL in CSF and 

blood, as demonstrated in numerous studies across different neurological 

diseases (Bacioglu et al., 2016; Kuhle et al., 2016; Wilke et al., 2016). This 

gives hope that plasma or serum NFL could be utilized as a non-invasive 

biomarker, avoiding the risk involved in obtaining CSF samples by lumbar 

puncture. 

1.13.3 Inflammation markers 

Increasing evidence reveal that inflammation plays a critical role in the 

pathogenesis and progression of AD and other neurodegenerative diseases 

(Ardura-Fabregat et al., 2017; Calsolaro & Edison, 2016). Studies have 

shown toxic forms of Aβ to elicit an immune response through activation of 

microglia and astrocytes (El Khoury et al., 2003; Medeiros & LaFerla, 2013; 

Steardo et al., 2015). Furthermore, inflammation is also believed to contribute 

to the formation of NFTs, affecting dysfunction and loss of neurons (Heppner 

et al., 2015). It is therefore of interest to explore glial activation markers in 

relation to the diagnosis and monitoring of AD. 

1.13.3.1 YKL-40 

YKL-40, also known as chitinase 3-like protein 1, is one of four inactive 

chitinases that bind to chitin but has no chitinase activity (Hakala et al., 

1993). It belongs to the glycosyl hydrolase family 18  and consists of 383 

amino acids (Rehli et al., 2003). The protein is encoded by the CHI3L1 gene 

in humans and is located on chromosome 1q31-q32 (Rehli et al., 1997; Rehli 
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et al., 2003). Although the physiological role of YKL-40 remains unknown, it is 

thought to play a role in tissue remodeling during inflammation (Craig-

Schapiro et al., 2010). 

At the cellular level, YKL-40 is secreted by various types of cells including 

neutrophils, synovial fibroblasts, chondrocytes and macrophages (Kirkpatrick 

et al., 1997). Although YKL-40 is widely used as a glial activation marker, the 

cellular source of expression in the brain remains uncertain. Some studies 

have revealed an increased expression of YKL-40 in astrocytes in 

neuroinflammatory conditions, such as multiple sclerosis (MS) and traumatic 

brain injury (TBS) (Bonneh-Barkay et al., 2010; Cantó et al., 2015). On the 

other hand, other studies have reported increased expression of the protein 

in macrophages/microglia in the same conditions (Cantó et al., 2015; 

Hinsinger et al., 2015). For AD specifically, the expression of YKL-40 has 

been related to both microglia and astrocytes as well as, occasionally, 

neurons (Bonneh-Barkay et al., 2012; Craig-Schapiro et al., 2010; Mattsson 

et al., 2011). 

YKL-40 is upregulated in the brain in multiple pathological conditions such 

as cardiovascular disorders (Rathcke & Vestergaard, 2009), diabetes 

mellitus, inflammatory diseases, cancer (Johansen, 2006) and neurological 

disorders including AD, ALS, MS (Comabella et al., 2010) and TBS (Bonneh-

Barkay et al., 2010). YKL-40 has frequently been found surrounding amyloid 

plaques in AD brains (Craig-Schapiro et al., 2010). Increased YKL-40 

expression has also been found to associate with higher tau pathology 

burden, linking glial activation to neurodegeneration (Querol-Vilaseca et al., 

2017).  

Higher CSF YKL-40 levels have been reported to be higher in AD 

compared to controls (Molinuevo et al., 2018) as well as in preclinical late AD 

vs. early AD stages (Alcolea et al., 2017). The degree of increase was though 

found to be modest compared to neurodegeneration markers NFL and T-tau 

in a large meta-analysis performed by Olsson et al. (Olsson et al., 2016). 

Difference in CSF YKL-40 levels have been observed in AD compared to 

DLB, Parkinson’s disease (PD) (Wennström et al., 2015) and FTLD (Baldacci 

et al., 2017), albeit an early study did not find difference between disease 

groups (Mattsson et al., 2011). Studies have found a strong association of 

CSF YKL-40 with tau protein levels, but not with Aβ42 (Alcolea et al., 2014; 

Alcolea et al., 2015b; Antonell et al., 2014; Craig-Schapiro et al., 2010). A 

strong association has also been found between CSF levels of YKL-40 and 
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NFL (Melah et al., 2016), further establishing a connection between the 

activation between glial cells and neurodegeneration. 

1.13.3.2 S100B 

S100 calcium-binding protein B (S100B) belongs to a highly homologous 

family of calcium-binding proteins. The human gene encoding the S100B 

protein, maps to chromosome 21q22.3 (Allore et al., 1988). S100B carries 

two Ca
2+

-binding sites of the EF-hand (helix-loop-helix) type (Donato, 2001; 

Heizmann et al., 2002), with the binding of calcium triggering conformational 

changes allowing interaction with tharget proteins (Donato, 2003). In CNS, 

S100B is primarily expressed in astrocytes but also in other types of glial 

cells such as oligodendrocytes, Schwann cells, ependymal cells, retinal 

Muller cells, enteric glial cells, as well as in definite neuron subpopulations 

(Brockes et al., 1979; Didier et al., 1986; Ferri et al., 1982; Ludwin et al., 

1976; Rickmann & Wolff, 1995; Yang et al., 1995). 

S100B exerts both intracellular and extracellular functions. As an 

intracellular regulator, it has been implicated as having roles in the regulation 

of many diverse processes such as calcium homeostasis, interaction with 

elements of the cytoskeleton, protein phosphorylation and degradation. 

S100B can also act as a cytokine by secretion into the extracellular space. Its 

release can be triggered by various molecules including glutamate, serotonin, 

TNF, IL-1β, Aβ and lysophosphatidic acid. Extracellular S100B mediates both 

paracrine and autocrine effects on neurons and glia by interaction with 

receptor for advanced glycation end products (RAGE) and likely other 

receptors (Donato, 2003). The effect of extracellular S100B can be either 

trophic or toxic, depending on its concentration. In nanomolar concentrations, 

the protein is neuroprotective by inducing neurite outgrowth and triggers 

proliferation, while in micromolar concentrations, it has neurotoxic effects 

(Huttunen et al., 2000; Selinfreund et al., 1991; Tramontina et al., 2002). High 

levels of extracellular S100B have been detected in various conditions 

including brain trauma, ischemia and neurodegenerative, inflammatory and 

psychiatric diseases (Rothermundt et al., 2003). 

Very few studies have evaluated CSF S100B levels in relation to AD. 

Studies by Nooijen et al. (Nooijen et al., 1997) and Jesse et al. (2009) did not 

find any significant differences in levels of the protein between AD patients 

and non-demented controls. In both studies, higher levels of the protein were 

though detected in patients with CJD compared to both the study groups. 

Interestingly, Peskind et al. (Peskind et al., 2001) did find higher levels of 

CSF S100B in patients with mild to moderate AD compared to healthy older 
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controls and patients with advanced AD. Few studies have explored the 

association between S100B and core AD markers in CSF. Hov et al. (Hov et 

al., 2017) detected a relationship between S100B and P-tau, but not Aβ42, 

among elective surgery patients free from dementia and delirium.  

1.13.3.3 GFAP 

Intermediate filaments (IF), along with microtubules and microfilaments, 

make up the cytoskeleton of most eukaryotic cells. Glial fibrillary acidic 

protein (GFAP), a class-III IF, is a key component of the astrocyte’s 

cytoskeleton in addition to vimentin, nestin and synemin (Yang & Wang, 

2015). The protein is encoded by the GFAP gene, located on chromosome 

17q21 in humans (Bongcam-Rudloff et al., 1991). GFAP is almost exclusively 

present in astrocytes and is highly expressed in the CNS (Yang & Wang, 

2015). IFs play pivotal roles in providing support for the plasma membrane 

and the cytoskeleton. The exact function of GFAP is though poorly 

understood. Astrocytes react to toxic and traumatic insults by a change in 

morphology and function (reactive astrogliosis) (Burda & Sofroniew, 2014). 

Those changes include hypertrophy, increased proliferation and production of 

IFs such as GFAP (Sofroniew & Vinters, 2010). GFAP is therefore commonly 

used as a marker of reactive astrocytes. Diseases that express increased 

GFAP messenger RNA (mRNA) and protein levels include AD, scrapies and 

CJD (Middeldorp & Hol, 2011). 

Expression of GFAP has been associated with amyloid plaque load in AD 

(Hanzel et al., 1999). A strong association between GFAP mRNA levels and 

the density of neuritic plaques was found in the frontal neocortex of the AD 

brain (Le Prince et al., 1993). Another study (Pike et al., 1995) demonstrated 

a significant increase in GFAP mRNA levels in relation to the elevation of Aβ 

deposits density. GFAP expression has also, to a lesser extent, been 

associated with the number of NFTs in the entorhinal cortex (Beach et al., 

1989; Muramori et al., 1998; Porchet et al., 2003). 

Studies exploring the relationship between levels of GFAP and AD in CSF 

are few, with results being inconsistent. Andreasen et al. (2001) and Rosén 

et al. (2011) did not find a significant difference in levels between AD and 

controls. In contrast, other studies (Abu-Rumeileh et al., 2019; Fukuyama et 

al., 2001; Ishiki et al., 2016; Jesse et al., 2009) have found higher levels in 

patients with AD compared to controls. Ishiki et al. (2016) also found higher 

levels of CSF GFAP in FTD compared to AD. GFAP has been recently 

measured in plasma and serum, where increased levels were found in 

different neurological conditions, including AD (Chen et al., 2020; Elahi et al., 

2020; Heller et al., 2020). 
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2 Aims 

The general aim of this thesis was to examine the relationships of selected 

CSF novel biomarkers with a CSF profile reflecting signature AD pathology, 

AD-related biological processes (brain amyloid status, neurodegeneration, 

inflammation) and cognitive functions among subjects at the symptomatic 

pre- or early dementia stages. 

Specific aims were: 

 

I. to evaluate the association of CSF glial and neurodegeneration 

markers with a CSF AD profile, AD-related biological processes and 

different cognitive domains (Paper I). 

 

II. to identify CSF lipid species associating with CSF AD profile (Paper 

II). 

 

III. to explore the relationships between selected lipid species and 

measures reflecting AD-related biological processes and impairment 

in verbal episodic memory (Paper II). 

 

IV. to examine the association between the activity of cholinergic 

enzymes and measures reflecting AD-related biological processes 

and impairment in verbal episodic memory (Paper III). 
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3 Materials and methods 

3.1 Study design 

Individuals, who were referred to the Landspitali University Hospital (LUH) 

Memory Clinic over a four-year period, were potential candidates for The 

Icelandic MCI study. The design of the study is presented in Figure 5. At first 

visit, each candidate´s cognitive status was evaluated. All those who scored 

24-30 points on the Mini-Mental State Examination (MMSE) (Folstein et al., 

1975) and 4.0 points or less on the Informant Questionnaire on Cognitive 

Decline in the Elderly (IQCODE) (Jorm, 2004), were invited to join the study. 

The criteria for excluding candiates included i) cognitive impairment as a 

consequence of a pre-existing condition, ii) complications due to issues 

regarding health or social status, and iii) residency outside the Reykjavík 

Metropolitan Area. 

In entering the study, each subject underwent standard clinical and 

neuropsychological assessment, brain imaging with MRI for the estimation of 

medial temporal lobe atrophy (MTA) and white matter lesions, and an 

electroencephalography (EEG) recording (Johannsson et al., 2015; Snaedal 

et al., 2012). Furthermore, lumbar puncture for collection of CSF was carried 

out, although optional by the requirement of the National Bioethics 

Committee. 

These investigations, except for the EEG recordings, formed the basis for 

the diagnosis of each subject. Only subjects with SCI or MCI diagnosis at 

baseline had an annual re-evaluation of diagnosis based on 

neuropsychological assessment of their cognitive status. If the diagnosis at 

first follow-up was stable (SCI/MCI), the subject had a second follow-up 

planned a year later. 

The clinical diagnosis of AD was both dependent on the NIA-AA criteria 

for probable AD dementia (McKhann et al., 2011), as well as evidence of AD 

pathology based on MTA score and core CSF markers, if available. Subjects 

with LBD required the consensus criteria of McKeith (McKeith et al., 2017). 

Diagnosis of MCI was based on the Winblad criteria (Winblad et al., 2004). 

None of the subjects had been treated with cholinesterase inhibitors, such as 

donepezil, galantamine and rivastigmine, before joining the study. 
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Figure 5. Design of The Icelandic MCI study. 

3.2 Study cohort 

A total of 218 subjects were recruited into The Icelandic MCI study. 

Recruitment of subjects took place over a four-year period, from April 2014 to 

June 2018 (Figure 6). Only subjects who had undergone lumbar puncture for 

the collection of CSF, were eligible for selection for this PhD project (n=76). 

Final sample selection was slightly different between Paper I (n=52), Paper II 

(n=60) and Paper III (n=46). The reason was mainly twofold. First, CSF 

analytes were measured at different time points, during or after the enrolment 

period. Cholinergic enzyme activity assays were performed first (exclusively 

used for Paper III) and lipidomics analysis second (exclusively used for 

Paper II), before the end of enrolment. Protein levels were measured last, 

after the end of enrolment. Second, 16 subjects were excluded for Paper I 

because of incomplete neuropsychological assessment across different 

cognitive domains. Only in Paper I were data from more than one cognitive 

domain (verbal episodic memory) used. 
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Figure 6. Overview of sample selection and sample characteristics for each paper. 

Numbers for age, education, MMSE and IQCODE present a median value. 
Parkinsonism in this project included LBD, PD and corticobasal degeneration (CBD). 
Abbreviations: IQR Interquartile range.  
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3.3 Measurements in CSF 

3.3.1  Collection and storage 

Lumbar puncture was performed in the morning for the collection of CSF. A 

22-gauge spinal needle was inserted into the L3/4 or the L4/5 interspace. 

Samples, uncentrifuged, were stored at -80 °C in 2 ml polypropylene tubes 

(Sarstedt 72.694.006) within one hour after collection. Part of the samples for 

each subject was sent to a medical laboratory in Germany for the 

measurement of the core CSF AD markers Aβ42, P-tau and T-tau. For 

analysis of other proteins, the 2 ml tubes were thawed (first freeze-thaw 

cycle) and the CSF aliquoted into 0.5 ml tubes (Sarstedt 72.730.105), before 

stored again. Proteins NFL, S100B and AChE were measured following two 

freeze-thaw cycles and YKL-40, GFAP and BuChE following three freeze-

thaw cycles. 

3.3.2  ELISAs 

Commercially available sandwich enzyme‐linked immunosorbent assays 

(ELISAs) for measuring levels of proteins, were performed according to 

manufacturer‘s instructions. Levels of T-tau (IBL International, Hamburg, 

Germany), P-tau181 (INNOTEST, Gent, Belgium) and Aβ42 (IBL 

International, Hamburg, Germany), were measured in the ISO 15189 

accredited medical laboratory MVZ Labor P.D. Dr. Volkmann und Kollegen 

GbR (Karlsruhe, Germany). Levels of NFL (Uman Diagnostics, Umeå, 

Sweden), YKL-40 (Quantikine ELISA Human Chitinase-3–like 1; R&D 

systems, MN, USA), S100B (BioVendor GmbH, Heidelberg, Germany) and 

GFAP (BioVendor GmbH, Heidelberg, Germany) were measured in a 

laboratory at the University of Iceland (UI). Samples were run in dublicates. 

Intra-assay coefficient of variation (CV) is a measure of variance between 

sample replicates within the same batch (plate) while inter-assay CV is a 

measure of variance between sample replicates run on different batches. The 

core CSF AD markers measured at the medical laboratory in Germany have 

intra-assay and inter-assay CVs generally below 10%. All protein assays 

performed at the UI had mean intra-assay CV <10% and inter-assay CV 

<15% (Table 1).  
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Table 1. Intra-assay and inter-assay CV (%) calculations for measurements in CSF 

Abbreviations: CV Coefficient of variation, N/A Not available  

†
Aβ42, P-tau and T-tau proteins were measured by the medical laboratory MVZ Labor P.D. Dr. 

Volkmann und Kollegen GbR (Karlsruhe, Germany). *CV (%) for each set of replicates was 

calculated by dividing the standard deviation of the set by its mean and multiple by 100 to 

produce a percentage. Intra-assay CV (%) was then calculated by averaging the sample CVs 

(%). 
a
Both kits for S100B and GFAP included two quality controls (QCs), with a known 

concentration of the protein of interest (high and low). CV (%) for each QC was calculated by first 

finding the mean of replicates within both batches. Next, the standard deviation between means 

of each batch was divided by the mean between batches and multiplied by 100. Finally, inter-

assay CV (%) was calculated by averaging the CVs (%) for the high and low QCs. 
b
No QCs were 

provided with the kits for NFL and YKL-40. Instead, the calculations of inter-assay CV was based 

on three different subject samples. Sample nr. 36 was run on batches 1 and 2, sample nr. 152 

on batches 1 and 3, and sample nr. 175 on batches 2 and 3. For each subject sample, mean of 

replicates were calculated between batches. Subsequently, the standard deviation between 

batches was divided by the mean of the batch means multiplied by 100. For inter-assay CV(%), 

the average of the subject sample CVs (%) were calculated. 

 

 

Protein 

Intra-assay 

CV (%)* 

Inter-assay 

CV (%) 

Number of 

batches 

S100B (pg/ml) 4.3 13.6
a
 2 

GFAP (ng/ml) 3.0 1.5
a
 2 

NFL (ng/ml) 1.6 6.5
b
 3 

YKL-40 (ng/ml) 3.3 9.6
b
 3 

AChE (nmol/min/ml) 2.1 - 1 

BuChE (nmol/min/ml) 2.2 - 1 

Aβ42 (pg/ml)
†
 <10.0 <10.0 N/A 

P-tau (pg/ml)
†
 <10.0 <10.0 N/A 

T-tau (pg/ml)
†
 <10.0 <10.0 N/A 
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3.3.3  Enzyme activity assays 

AChE and BuChE activities were measured for Paper III, using a modified 

Ellman‘s colorimetric method (Darreh-Shori et al., 2002; Ellman et al., 1961) 

at Karolinska Institutet (KI), Sweden. The assays were performed in 384-well 

plates (Thermo Scientific Nunc Maxisorb, Cat no 464718). For both 

measurements, the CSF samples were diluted 4X with dilution buffer, pH 7.4 

(Tris-buffered saline (TBS; 10mM Tris–HCl); 0.1% Bovine serum albumin 

[BSA]; 1mM Ethylenediaminetetraacetic acid [EDTA] and 0.05%Triton X-

100). All samples were run in triplicate (50 µl per well of diluted sample). The 

reaction was started by adding 25 µl of reagent mixture into each well. The 

mixture contained the substrates Acetylthiocholine iodide (ATC; final 

concentration 0.5 mM, Sigma 01480) or Butyrylthiocholine iodide (BTC; final 

concentration 5.0 mM, Sigma-Aldrich B3253), the selective inhibitors 1,5-

bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284C51; 

final concentration 1.0 µM, Sigma) or Ethopropazine (EPP; final 

concentration 0.1 mM, Sigma), Ellman’s reagent 5,5'-dithio-bis(2-nitrobenzoic 

acid) (DTNB; final concentration 0.4 mM, Sigma-Aldrich D8130) and 

sodium/potassium phosphate buffer (50 mM, pH 7.4). The AChE substrate 

ATC and BuChE inhibitor EPP were used as a part of the reagent mixture for 

measurement of AChE activity, while BuChE substrate BTC and AChE 

inhibitor BW284C51 were used for measurement of BuChE activity. A 

microplate spectrophotometer reader was used for monitoring the reaction for 

at least 10 minutes at 412-nm wavelength, using SOFTmax PRO software 

(version 2.6.1 for PC; Molecular Devices Corp.). Reaction rates were 

calculated based on the linear portion of the reaction curves as changes of 

absorbance per minute. The intra-assay CV (%) for both assays were below 

3%, with all samples measured in one batch (Table 1). 

3.3.4  Subject grouping based on CSF measures 

Subjects were classified as having a CSF AD or a non-AD profile, based on 

the ratio of T-tau and Aβ42 values. The cut-off point of 0.52 was choosen 

based on results from a large memory clinic cohort study (Duits et al., 2014), 

where different methods of classification were compared. CSF AD profile, 

reflecting signature AD pathology, was defined as T-tau/Aβ42 ratio > 0.52. 

This method of calculation is very similar to the Hulstaert regresson formula, 

(1240 + 1.18*T-tau)/ Aβ42, which was recommended for classification by the 

medical laboratory measuring the core CSF AD markers. The Hulstaert 

formula gives approximately the same results as the ratio between T-tau and 

Aβ42 with a cut-off point of 0.52. Identical categorization of subjects into CSF 
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profile groups resulted from the use of both of the methods. The classification 

into CSF profiles was independent of clinical diagnosis, but the clinical 

diagnosis of AD was partly based on CSF AD profile. Therefore, a full 

concordance existed between CSF AD profile and AD clinical diagnosis. 

For Paper III, three different CSF biomarker profiles were created, one for 

each core CSF AD marker (Aβ42, T-tau and P-tau). For each profile, subjects 

were dichotomized into two categories based on protein levels; abnormal 

(positive) or normal (negative). The specific cut-off points were established by 

the medical laboratory performing the assays, with abnormal values being 

defined as Aβ42 < 375 pg/ml, T-tau > 445 pg/ml and P-tau > 61 pg/ml.  

3.4 Lipidomic profiling 

Lipidomic profiling was performed for Paper II. 

3.4.1 Preparation of samples and UPLC-MS analysis 

CSF sample extraction was performed as described in Bird et al. (Bird et al., 

2011). C12 ceramide and C17 sphingomyelin (SM d18:1/17:0), purchased 

from Avanti Polar Lipids (Alabaster, AL, USA), were used as internal 

standards and added to 30 µl of CSF prior to lipid extraction. Dried lipid 

extracts were resuspended in 300 μL of ACN/IPA/H2O (65:30:5 v/v/v) and 

stored at –80 °C befure further analyses. Reference samples C18 SM 

(d18:1/18:0) and C18 ceramide (d18:1/18:0) were run alongside other 

samples as both SMs and ceramides have been related to AD in the 

literature (Haughey et al., 2010).  Ultra-performance liquid chromatography-

tandem mass spectrometry (UPLC-MS) lipidomic analysis were performed as 

described in Kotronoulas et al. (2020). The analytical instrumentation used 

was an ACQUITY UPLC system (UPLC ACQUITY, Waters Corporation, 

Milford, MA) coupled to a traveling-wave ion mobility (IMS) qTOF mass 

spectrometer (Synapt G2 HDMS, Waters Corporation, Manchester, U.K.). 

The chromatographic gradient separation was performed on an ACQUITY 

CSH C18 column (2.1 mm × 150 mm, 1.7 µm particle size, Waters 

Corporation) at 60 °C. Mobile phase A was H2O/2-isopropanol (80:20) and 

mobile phase B 2-isopropanol/ACN/H2O (90:9.1), both with 0.05% of formic 

acid and 5 mM ammonium formate. Injection volume was 10 µL, flow rate 

was 0.4 mL/min, and the run time was 17 min. The following gradient pattern 

(solvent B) was used: 0 min, 40%B; 1 min, 40%B; 3 min, 60%B; 10 min, 

100%B; 13.5 min, 100%B; 14 min, 40%B; 17 min, 40 %B. Both positive (+) 

and negative (-) electrospray ionization (ESI) modes were acquired. The 

capillary and cone voltage were 2.5 kV and 30 V, respectively. The source 

and desolvation temperature were 120 and 500 °C and the desolvation gas 

flow was 800 L/h. During High Definition MSE (HDMSE) experiments, the 
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collision energy in the trap cell was off. It ranged from 20 to 30 eV for the 

positive mode and from 25 to 40 eV for the negative mode in the transfer cell. 

The MS-Dial program was used for further analysis of the resulting MS data. 

3.4.2  Spectral processing 

The Reifycs Abf Converter tool was applied for convertion of Waters RAW 

files to ABF format. ABF files from all subjects and pooled samples (either 

positive or negative controls) were loaded into the MS-Dial application 

(Tsugawa et al., 2015). Sample alignment and peak detection was performed 

in MS-Dial. Selected mass-to-charge ratio (m/z) peaks, hereafter referred to 

as m/z features, were manually curated to minimize the effect of sample drift. 

All m/z features were normalized by internal standards for reduction of 

variations between samples due to sample handling and processing. 

Annotations of m/z features were performed with MS-Dial and compared to 

MS/MS spectra in the LipidBlast Library (Kind et al., 2013). A total of 1013 

m/z features were identified based on their peak mass. Five of the m/z 

features had more than 5% missing values and were therefore dropped from 

the analysis. The final dataset included 1008 features, with remaining missing 

values (5% or less) imputed by the smallest number of that particular feature. 

Annotations of lipids are commonly reported in a specific manner and at 

various levels (Liebisch et al., 2013). At the lipid species level the lipid class 

is reported first, followed by the total number of carbon atoms and lastly by 

the number of double bonds (e.g. ceramide 36:1). The specific structure of a 

lipid species can also be analyzed in more detail. For example, one possible 

structure of ceramide 36:1 is C18 ceramide (d18:1/18:0). The first part of the 

parenthese (d18:1) refers to a sphingosine base of 18 carbons with one 

double bond, and the second part (18:0) to a fatty acid chain with 18 carbons 

and no double bond. 

3.5 Neuropsychological tests 

A detailed neuropsychological assessment was performed by licensed 

psychologists under the supervision of a clinical neuropsychologist. Specific 

tests were selected from the assessment for the evaluation of five cognitive 

domains frequently associated with aging and AD (Figure 2). It should though 

be emphasized that there is an overlap between tests across domains and 

that domains are not entirely independent from one another.  

Two tests were used for the assessment of verbal episodic memory. The 

first, Rey Auditory Verbal Learning Test (RAVLT) (Lezak et al., 2004), was 

composed of 15 nouns read to the subject for five consecutive trials. Each 
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trial was followed by a free-recall test. After a 30 min delay, subjects were 

asked to recall the words without hearing the list again. Finally, a list of the 15 

nouns previously presented to the subject as well as 30 new ones, were read 

again (recognition). The subject was then required to identify the previously 

heard nouns from the list. The second test was an orally presented story 

(Wechsler, 1987), which included 25 ideas. The story was read aloud and the 

subject asked to recall it without any hints (immediate free recall). The 

subjects were then asked to recall the story again 30 min later (delayed free 

recall).  

The Rey–Osterrieth complex figure (ROCF) is a test widely used for the 

assessment of non-verbal episodic memory (Lezak et al., 2004) and requires 

the subject to reproduce a complex geometrical figure. First, the figure is 

copied free-hand and second, from memory (both immediately and after a 30 

min delay). 

Verbal fluency tests typically evaluate either semantic or phonemic 

fluency (Shao et al., 2014). For the former category, subjects were asked to 

generate as many animal names as possible within 60 seconds. For the 

latter, subjects were asked to name as many words starting with the letters H 

and S within same time limits.  

Two subtests were utilized for the assessment of processing speed. Part 

A of The Trail Making Test (TMT-A) (Tombaugh, 2004) consists of 25 

numbered circles randomly positioned on a piece of paper. The task of the 

subject is to draw a line between the circles in ascending order. Word 

reading, the most simple part of the Stroop test, was also used for the 

evaluation of processing speed (Stroop, 1935). The task requires subjects to 

read colored names out loud, written in black ink, in the fastest time possible. 

The Digit Symbol Substitution Test (DSST), part B of TMT and Stroop 

4th/3rd parts were administrated for the evaluation of executive functions. 

DSST (Wechsler, 1955) is a test consisting of digit-symbol pairs. A key 

containing digits from 1 to 9 is shown to the subject. Under each digit is a 

corresponding geometric symbol. The task of the subject is to copy the 

symbols into spaces below rows of digits. The number of correct symbols 

within 120 seconds is counted. TMT-B includes both numbered circles (1-13), 

just as in TMT-A, as well as circles containing letters (A-L). The subject is 

required to draw lines between the circles, alternating between numbers and 

letters in an ascending pattern (1-A-2-B-3-C, etc.). Part 3 of the Stroop test 

requires subjects to name colors of squares, while part 4 requires naming 

color of words when colors and words don’t match. The ratio between part 3 

and part 4 was calculated for the purpose of controlling for speed. 
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Table 2. List of neuropsychological tests administrated. Reprinted from (Teitsdottir et 

al., 2020) with permission from Alzheimer's Research & Therapy. 

Cognitive domain Neuropsychological 

test 

Scores (range) 

Verbal episodic 
memory 

RAVLT immediate 
recall 

Free recall  - the sum of the 
number of words recalled from 
trials 1 through 5 (0 to 75)  

 RAVLT delayed recall Delayed free recall –number of 
words recalled after 30 minutes 
delay (0 to 15) 

 RAVLT recognition – 
false positives 

Recognition - number of words 
recognized from a list of 45 
words. Number of false positives 
subtracted from the score (-30 to 
15)  

 Story immediate recall Recall of a story containing 25 
ideas (0 to 25) 

 Story delayed recall Recall of a story containing 25 
ideas again after 30 minutes 
delay (0 to 25) 

Non-verbal episodic 
memory 

ROCF immediate 
recall  
 

Complicated drawing reproduced 
(0 to 36) 

 ROCF delayed recall  
 

Complicated drawing reproduced 
again after 30 minutes delay (0 to 
36) 

Language Verbal fluency animals Number of animal names 
produced in 60 seconds 

 Verbal fluency H+S Number of words that begin with 
H/S in 60 seconds 

Processing speed 
 

TMT-A Time in seconds to connect a set 
of 25 numbered dots in sequential 
order  

 Stroop test, part I Time in seconds to read a set of 
color words written in black 

Executive functions DSST Number of symbols correctly 
produced in 120 seconds 

 TMT-B 
 

Time in seconds to connect 25 
targets, alternating between 
numbers and letters 

 Stroop 4
th

/3
rd

 part Part 3 – Time in seconds it takes 
to name squares of given colors 
Part 4 – Time in seconds it takes 
to name the color of a word  

Abbreviations: RAVLT Rey Auditory Verbal Learning Test, ROCF Rey–Osterrieth complex figure, 
DSST Digit symbol substitution test, TMT Trail Making Test  
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3.6 Statistical analysis 

Mann-Whitney U and Kruskal-Wallis tests were used for comparisons 

between independent groups when the dependent variable was continuous 

and chi-square tests when it was categorical. Raw values of CSF protein 

levels (Paper I and Paper III) were naturally log-transformed to make 

distribution conform to normality. Raw values of CSF measures in Paper II 

(m/z features and proteins) were both log2-transformed and autoscaled. 

Autoscaling (value subtracted by mean and divided by standard deviation) 

lead to each measure having average and standard deviation of 0 and 1, 

respectively. In Paper I, calculations for composite scores were done by 

converting the scores of each neuropsychological tests into z-scores, 

averaging them for each cognitive domain and subsequently converting them 

again into z-scores. Z-scores for tests based on time of reaction were 

reversed (TMT, Stroop test, DSST) before the calculations of composite 

scores for the purpose of score consistency (higher scores equalizing better 

performance).  

In Paper II, the sample was divided into discovery and validation sets for 

the purpose of selecting the m/z features best distinguishing between CSF 

profiles (AD and non-AD). A bootstrap sampling method (Efron & Gong, 

1983) was utilized for creating the sets. For the creation of a discovery set, a 

random sample was drawn with replacement (n=60) from the original one 

(n=60). On average, a bootstrap sample includes approximately 63% of the 

original observations (Chernick & Labudde, 2011). The discovery set, 

therefore, included on average 38 subjects (63%), while the rest of the 

subjects (n=22) made up the validation set (37%). Comparisons of the levels 

of each m/z feature between the two profile groups were done by the use of 

Mann-Whitney U tests. The comparison 

s were performed for both discovery and validation sets, with the 

significance level set at 0.05. The whole procedure (creation of sets and 

comparisons of feature levels between groups) was repeated 1000 times with 

the goal of increasing the stability of feature selection. The m/z features most 

often distinguishing between profile groups within both sets at each 

repetition, were selected for a more precise identification. The selection of the 

optimal percentage as a cut-off point was based on the distribution of 

significant m/z features after 1000 bootstrap replications. The cut-off point of 

20% was chosen, as frequencies of m/z features started to slowly increase 

below that point.  



Unnur Diljá Teitsdóttir 

40 

The area under curve (AUC) method (DeLong et al., 1988) is used in 

Paper I for evaluating the ability of CSF protein levels and outcomes on 

neuropsychological tests to discriminate between the two CSF profiles. AUC 

values range from 0 to 1, where 0.5 corresponds to distinguishability being 

equal to random chance and 1 to perfect.  

Pearson’s correlations and linear regression models were applied for 

estimation of relationships between continuous variables. In Papers I and III, 

least absolute shrinkage and selection operator (LASSO) regression 

(Tibshirani, 1996) was utilized as it is especially useful when dealing with 

highly correlated predictors (multicollinearity). Large variance due to 

multicollinearity is reduced by introducing a penalty, in exhange for a bias of 

a tolerable amount. This regression method also performs a variable 

selection as some coefficients shrink towards zero. Stable selection was 

performed in combination with LASSO regression, by fitting the model on 

subsamples drawn from it instead of the whole sample. This approach is 

advantageous, as resampling the data reduces the danger of overfitting when 

handling small sample size. The R package glmnet and stabs were used to 

perform LASSO model fitting and stable selection (Hofner et al., 2015; 

Meinshausen & Bühlmann, 2010). A cut-off value of 75% (the frequency of a 

variable selected into a model) and a per-family error rate (PFER) of 1 were 

set for stable selection. Number of subsamples were drawn from the original 

sample (n=100), each containing half the size of the original one. Scatter 

plots were used for the display of relationships between continuous variables. 

Before the calculations of Pearson‘s r coefficients in Paper I, composite 

scores for cognitive domains were adjusted for age and education. A linear 

regression model was created for each cognitive domain, with age and 

education as independent variables and composite z-score as the dependent 

variable. Subsequently, the residual (observed minus predicted score) for 

each subject was calculated.  

 The aim of the study was on discovering relationships, rather than 

confirmation. Therefore, values of significance were not adjusted for multiple 

comparisons. The statistical sofware R was used for all statistical analyses 

(version 3.6.1, The R Foundation for Statistical Computing). 

3.7 Ethical approval 

All procedures performed in The Icelandic MCI study were approved by the 

National Research Ethics Committee of Iceland (VSN-14-028). Written, 

informed consent was obtained from all subjects. The study was conducted in 

accordance with the current version of Helsinki Declaration (published in 

2013). 



 

41 

4 Results and discussion 

4.1 Accuracy of inflammatory and neurodegeneration CSF 
markers in distinguishing between CSF profiles  

The first objective of Paper I was to evaluate the ability of CSF inflammatory 

(YKL-40, S100B, GFAP) and neurodegeneration (NFL) markers to distinguish 

between CSF AD (n=28) and non-AD (n=24) profiles. Accuracies for 

differentiating between the two CSF profiles were based on univariable ROC 

analyses. Results showed discrimination abilities for the novel CSF markers 

GFAP (AUC=0.64, CI=0.48-0.79), YKL-40 (AUC=0.63, CI=0.47-0.78), NFL 

(AUC=0.62, CI=0.45-0.78) and S100B (AUC=0.61, CI=0.46-0.77) to be poor 

(AUC < 0.70). For comparison, the discrimination ability of 

neuropsychological tests reflecting five different cognitive domains (verbal 

episodic memory, non-verbal episodic memory, language, processing speed 

and executive functions), were also calculated. Out of all measurements 

(CSF and tests), the tests reflecting verbal episodic memory (composite 

score, RAVLT immediate recall, delayed recall and recognition, Story 

immediate and delayed recall) distinguished the best between the profiles 

(AUC > 0.70). The highest AUCs were detected for the composite score 

(AUC=0.80, CI=0.69-0.92) and RAVLT delayed recall (AUC=0.80, CI=0.68-

0.93). 

LASSO logistic regression was also performed for the selection of a set of 

variables best distinguishing between the two CSF profiles. The four novel 

CSF markers and the five composite tests reflecting each cognitive domain 

were eligible for the selection. Stability selection was applied, by fitting the 

model on 100 subsamples drawn from the whole sample. The cut-off value 

for selecting a predictor was set at 75% (number of times a variable is 

selected into the model). Only the composite test for verbal episodic memory 

reached this criteria, selected 96 times out of 100 (96%) into the model as a 

predictor. The selection frequency for all other possible predictors was much 

lower (≤ 20%). 

Our results indicated that the inflammatory (YKL-40, S100B, GFAP) and 

neurodegeneration (NFL) markers performed poorly in differentiating 

between the CSF AD and non-AD profiles. In comparison to both CSF 

markers and all cognitive measures, neuropsychological tests reflecting 

verbal episodic memory did show the highest accuracy in distinguishing 
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between the different CSF profiles. These results are in accordance with 

previous studies. A meta-analysis (Weissberger et al., 2017) reported that 

tests reflecting immediate and delayed memory did consistently differentiate 

with high accuracy (above 80%) between AD and healthy control groups, 

especially those that were based on list recall. It is likely that the slighty 

higher accuracy is due to these studies being based on clinical diagnosis of 

AD, while our study focused on a CSF profile reflecting AD pathology, 

independent of diagnosis. 

4.2 Associations between CSF markers reflecting different 
AD related processess 

The second objective of Paper I was to examine the relationships between 

CSF markers and measures reflecting different AD related processes. Figure 

7 presents a Pearson’s r correlation matrix between the CSF markers, age 

and length of education. Biomarkers NFL, T-tau, YKL-40 and S100B all 

positively correlated with each other. Of the CSF markers, GFAP only 

correlated significantly with S100B (r = 0.53, p < 0.001). None of the variables 

correlated significantly (p < 0.05) with Aβ42. Positive, significant correlations 

were found between age and CSF markers, with the exception of Aβ42.  
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Figure 7. Correlation matrix of CSF markers and demographic variables. The 

numbers inside the squares present Pearson‘s r correlation coefficient. A colored 
square presents a statistical significance (p < 0.05). Values of CSF markers were 
natural log-transformed. Reprinted from (Teitsdottir et al., 2020) with permission from 
Alzheimer's Research & Therapy. 

In our study, both NFL and YKL-40 levels correlated with T-tau, a 

neurodegeneration marker, but not with Aβ42, an indicator of amyloid plaques 

in the brain. These results further point to these proteins reflecting biological 

processes independent of Aβ pathology (Alcolea et al., 2015a; Gangishetti et 

al., 2018; Mattsson et al., 2016; Olsson et al., 2019; Pereira et al., 2020). In 

comparison to NFL and YKL-40, CSF markers S100B and GFAP have much 

less been studied in relation to core AD markers. Our results showed S100B 

strongly associating with CSF levels of NFL and T-tau, but not with Aβ42. Two 

previous studies (Christl et al., 2019; Hov et al., 2017) have also reported no 

relationship between S100B levels and Aβ42 levels. Results regarding the 

association between S100B and neurodegeneration markers have though not 

been as consistent. One of the studies (Hov et al., 2017), conducted among 

elective surgery patients free from dementia and delirium, reported 

association with P-tau, while the other (Christl et al., 2019), conducted among 

AD patients and healthy controls, did not find any relationship with tau. In 

contrast with our results for the other novel markers, GFAP did neither 

correlate with the CSF levels of T-tau nor Aβ42. This is in accordance with the 

results from another study (Ishiki et al., 2016) based on a sample comprised 

of dementia cases and healthy controls.  
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Overall, CSF NFL, YKL-40, S100B, and GFAP all performed poorly in 

differentiating between the CSF AD and non-AD profiles and did not correlate 

with CSF Aβ42 levels. These results are in line with previous findings that 

have indicated markers NFL, YKL-40, S100B, and GFAP to be non-AD 

specific. 

4.3 Selection of CSF markers best predicting outcomes on 
tests reflecting cognitive domains 

The third objective of Paper I was to evaluate the association between the 

novel CSF markers with the composite scores reflecting each of the five 

cognitive domains. LASSO linear regression with a stability selection was 

applied for identifying a set of measures (CSF markers and demographic 

variables) most reliably predicting composite scores of each domain. Two 

LASSO regression analyses were performed for each cognitive domain. The 

first analysis included all subjects (n=52), and the second only those with a 

CSF AD profile (n=28). Selection criteria was set at 75%. The variables 

reaching that criteria were considered reliable predictors. The results for each 

cognitive domain are presented in Figure 8. Only GFAP (78%) reached the 

selection criteria as a reliable predictor for executive functions, when all 

subjects were part of the analysis (Figure 8a). Similarly, only age (95%) was 

selected as a predictor for non-verbal memory (Figure 8b). For both cognitive 

domains, no variables reached the criteria when only those with CSF AD 

profile were included. In contrast, GFAP (87%) and age (81%) were selected 

as predictors for processing speed (Figure 8c) and NFL (80%) for verbal 

episodic memory (Figure 8d) only among those with a CSF AD profile. No 

potential predictors reached the selection criteria for predictions of score 

reflecting language (Figure 8e). 
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Figure 8. LASSO linear regression for the stable selection of predictors best 

predicting composite z-scores reflecting a) executive functions, b) non-verbal episodic 
memory, c) processing speed, d) verbal episodic memory, and e) language. Reprinted 
from (Teitsdottir et al., 2020) with permission from Alzheimer's Research & Therapy. 

 

 

 



Unnur Diljá Teitsdóttir 

46 

The associations between the CSF measures and the cognitive domains 

selected by the LASSO regression-stability selection method, were further 

explored. Pearson’s r correlation analysis was performed among subjects 

within each profile group. It is well known that age and level of education can 

affect performance on cognitive tests (Ganguli et al., 2010). The composite z-

scores of each cognitive domain were, therefore, adjusted for these two 

covariates prior to the correlation analysis. A significant correlation was 

detected between the levels of CSF NFL and verbal episodic memory 

performance among subjects with a CSF AD profile (r = − 0.43, p = 0.02), but 

not among those with a non-AD profile (r = − 0.05, p = 0.82). Similarly, a 

correlation was found between CSF GFAP levels and performance on 

processing speed among subjects with CSF AD profile (r = − 0.68, p < 0.001), 

but not those without (r=0.02, p=0.94). Weak correlation was observed 

between GFAP and executive functions performance within the whole cohort 

(r = − 0.37, p = 0.01). 

Overall, the results indicate that the novel CSF markers exhibited different 

patterns of association with certain cognitive domains. These patterns were 

primarily detected among subjects with a CSF AD profile. Within that profile, 

higher levels of the neurodegeneration marker NFL related to worse verbal 

episodic memory performance while higher levels of inflammatory marker 

GFAP related to worse performance on processing speed. In addition, a 

relationship between higher levels of GFAP and worse executive functions 

performance was observed within the whole cohort. These results are 

particularly interesting as neither NFL nor GFAP did distinguish between CSF 

AD and non-AD profiles. 

Our results, regarding the relationship between NFL and cognitive decline 

are in line with results from a recent review (Ramani et al., 2021). The review, 

based on 37 research studies, reported that higher levels of NFL associates 

in general with worse cognitive performance across various neurological 

diseases. Out of 37 articles, 16 included AD or FTD patients with different 

types of biofluid samples (serum, plasma, CSF). NFL consistently associated 

with worse cognitive functions, regardless of the type of biofluid collected. In 

majority of the studies, the relationship between the protein and global 

cognition was estimated, by the use of MMSE. Only four of the studies 

evaluated NFL levels in relation to different cognitive domains in AD. The 

results of these studies indicated associations between the protein with 

various domains including memory, language, speed processing and 

executive functions. As well as correlating with cognitive decline, studies 

have shown NFL to associate with brain atrophy, strengthening the case for 

the protein as a progression marker. Higher CSF levels of NFL correlated 
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with lower hippocampal and whole-brain volume as well as larger ventricular 

volume over time in individuals with MCI (Zetterberg et al., 2016). Association 

of NFL with hippocampal and ventricular volumes has also been reported in a 

cohort (controls, MCI and AD), regardless of Aβ load status in the brain 

(Mattsson et al., 2016). 

T-tau, a neurodegeneration marker like NFL, did not reach criteria as a 

reliable predictor for any of the cognitive domains. This is not surprising, 

considering that T-Tau levels reach plateau in the early stages of the disease 

and is therefore not a great marker of disease progression (Jack et al., 2010). 

A recent in vivo study by Pereira et al. (Pereira et al., 2020) reported that  

amyloid-related synaptic changes occurred first in AD, followed by tau-related 

axonal degeneration. Indeed, their results suggested tau to be contributor to 

increasing NfL levels. This further implicates that axonal degeneration, 

indirectly measured by CSF NFL levels, is a downstream event of tau 

pathology. This hypothetical cascade of events is also supported by findings 

from animal studies (Koffie et al., 2009; Spires-Jones & Hyman, 2014; 

Zempel et al., 2010). Aβ plaques are thought to induce reduction in number 

of postsynaptic spines and presynaptic vesicles. As synaptic alterations 

become more prominent, tau becomes hyperphosphorylated, dissociates 

from microtubules and assembles into NFTs. Furthermore, this structural 

change is followed by neurofilament dissociation from microtubules, axonal 

degeneration and finally, cognitive decline.  

Very few studies have evaluated the relationship between GFAP levels 

and cognitive decline in CSF. Two studies tested the relationship between 

CSF GFAP levels and MMSE scores, one among AD patients (Darreh-Shori 

et al., 2013) and the other among dementia patients and healthy controls 

(Ishiki et al., 2016). Unlike our study, neither observed a relationship between 

the protein and cognitive decline. A possible explanation is that we evaluated 

different cognitive domains, not only global cognition. In comparison to CSF, 

the relationship between GFAP and AD has been better explored in blood. 

The relationships between the protein and cognitive domains have, for 

example, been examined in serum. Verberk et al. (Verberk et al., 2021) found 

baseline serum GFAP levels to be related to greater rate of decline in 

memory, processing speed and executive functions in a memory clinic cohort 

presenting cognitively normal individuals. These results are in accordance 

with our results, as we found an association between higher levels og GFAP 

and processing speed. Higher serum baseline GFAP levels have also been 

associated with faster decline in hippocampal volume and cortical thickness 

in a cohort of older individuals (Rajan et al., 2020), further indicating the 

potential of the protein as a progression marker. 
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4.4 Selection of lipid species best distinguishing between 
CSF profiles 

An untargeted lipidomic analysis was performed on CSF samples from 

subjects in Paper II, with the purpose of selecting those lipid species best 

differentiating between CSF AD and non-AD profiles. Mann-Whitney U non-

parametric tests were used for the selection of the m/z features best 

discriminating between the two CSF profiles (AD and non-AD). Eight out of 

1008 features did significantly differ in levels between the two profiles within 

both the discovery and validation sets in 20% (200 of 1000) of the boostrap 

replicates. Vast majority of the features (n=969) reached significance in less 

than 2% of the replicates. Each of the eight features was assigned a lipid 

species annotation by the use of the LipidBlast spectral library. The chemical 

structure of seven out of the eight annotated lipid species could not clearly be 

confirmed based on comparison of MS/MS fragmentation spectra to the 

LipidBlast reference spectra. In contrast, the structure of C18 ceramide was 

confirmed by a comparison to a reference standard. Two reference standards 

were run, with one being C18 ceramide (d18:1/18:0). Comparison of CSF 

C18 ceramide levels between different CSF profiles are presented in Figure 

9. Levels were elevated among those with a CSF AD profile compared to 

those with a non-AD profile (p=0.002). 
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Figure 9. Levels of CSF C18 ceramide compared between different CSF profiles 

(non-AD and AD). **p<0.01 significance by use of Mann-Whitney U non-parametric 
test. Values were converted to arbitrary units (A.U.), log2-transformed and 
autoscaled. Reprinted from (Teitsdottir et al., 2021) with permission from Journal of 
Alzheimer‘s Disease. 

This is, to the best of my knowledge, the first time higher levels of C18 

ceramide have been associated with CSF profile reflecting signature AD 

pathology. Very few studies have been conducted comparing CSF ceramide 

levels between AD patients and healthy controls or other disease groups. A 

study by Satoi et al. (Satoi et al., 2005) found a significantly higher levels of 

ceramide among AD patients compared to patients with other neurological 

diseases. Fonteh et al. (Fonteh et al., 2015) also found a slightly higher levels 

of ceramides in supernatant CSF fluid among AD compared to MCI and 

controls, although the difference did not reach significance. 

4.5 Association between selected lipid species and AD 
related CSF markers  

The second aim of Paper II was to examine the relationship of CSF markers 

reflecting signature AD pathology (Aβ42, T-tau, P-tau), inflammation (YKL-40, 

S100B, GFAP) and neurodegeneration (NFL) with CSF C18 ceramide. The 

estimations were performed using linear regression (Table 3). Unadjusted 
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standardized beta (st. β) coefficients were calculated as well as adjusted for 

covariates age, gender and education. After adjustment of covariates, a 

negative relationship was found between Aβ42  and C18 ceramide levels (st. 

β=-0.36, p=0.007) while a positive relationship was found between levels of 

T-tau and the same lipid species (st. β=0.41, p=0.005). No statistically 

significant association was found between either levels of P-tau or NFL and 

C18 ceramide. Of the inflammatory markers, C18 ceramide only positively 

related to S100B (st. β=0.51, p=0.001) after adjustment of covariates. The 

same CSF markers that significantly associated with C18 ceramide, also did 

so when linear regression was not adjusted for covariates, although the 

associations were not as strong. Test scores reflecting verbal episodic 

memory (RAVLT, Story) did not significantly relate to levels of C18 ceramide. 

As one subject did not take the RAVLT test, the linear regression analyses 

for the subtests were only based on 59 subjects. This did though not skew 

results as the outcome was approximately the same when calculated without 

that particular subject. 
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Table 3. Linear regression models, unadjusted and adjusted for covariates, examining  

the association of CSF markers and cognitive scores with levels of CSF C18 
ceramide. Reprinted and modified from (Teitsdottir et al., 2021) with permission from 
Journal of Alzheimer‘s Disease. 

  CSF C18 ceramide (A.U.)
a
 

  Unadjusted model  Adjusted model* 

  St.  β p  St.  β p 

Demographics      

 Age, yrs -0.02 0.902  -0.05 0.765 

 Education, yrs -0.05 0.688  -0.07 0.596 

 CSF proteins
a
      

 Aβ42 (pg/ml) -0.35 0.006  -0.36 0.007 

 T-tau (pg/ml)  0.30 0.018   0.41 0.005 

 P-tau (pg/ml)   0.17 0.188    0.21 0.129 

 T-tau/Aβ42    0.44 <0.001    0.52 <0.001 

 NFL (ng/ml)   0.03 0.835    0.05 0.782 

 YKL-40 (ng/ml)   0.11 0.411    0.25 0.194 

 S100B (pg/ml)   0.37 0.004    0.51 0.001 

 GFAP (ng/ml)   0.22 0.087    0.26 0.087 

Verbal episodic memory      

 Composite z-score
b
 -0.18 0.172  -0.28 0.120 

 RAVLT immediate recall, score
b
 -0.02 0.893  -0.01 0.928 

 RAVLT delayed recall, score
b
 -0.18 0.339  -0.29 0.095 

 RAVLT recognition-fp, score
b
 -0.16 0.240  -0.20 0.223 

 Story immediate recall, score -0.13 0.356  -0.14 0.345 

 Story delayed recall, score -0.13 0.305  -0.15 0.335 

Abbreviations: A.U. Arbitrary units, RAVLT Rey Auditory Verbal Learning Test, St.β Standardized 
beta coefficients. *Adjusted for age, gender and years of education. 

a
Values log2-transformed 

and autoscaled. 
 b
Analysis was only based 59 subjects, with one subject not having a score 

 

The statistically significant relationships between CSF markers and C18 

ceramide are presented in Figure 10. Relationships between the CSF 

markers with C18 ceramide were also evaluated within each CSF profile 

group by calculations of Pearson’s coefficients, but none reached 

significance (p>0.05). 
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Figure 10. Scatter plots presenting Pearson’s correlations between CSF levels of a) 

Aβ42, b) T-tau, c) T-tau/Aβ42, d) S100B and CSF C18 ceramide. All CSF values were 
log2-transformed and autoscaled. Reprinted from (Teitsdottir et al., 2021) with 
permission from Journal of Alzheimer‘s Disease. 

The potential of ceramide species as CSF biomarkers in AD has not been 

much researched, including their association with core markers. One study 

by Mielke et al. (Mielke et al., 2014), examined those relationships in a cohort 

of cognitively healthy individuals aged 36–69 years (n = 91) with a parental 

history of AD. In that study, C18 ceramide correlated positively with all 

measured Aβ species, except for Aβ42. In contrast, our study showed that 

higher levels of C18 ceramide associated with lower levels of Aβ42. This 

could possibly be explained by difference in sample composition. Our sample 

included subjects at the symptomatic pre- or early stages of dementia and 

the higher correlation between Aβ42 and C18 ceramide could be due to 

progression of disease severity. Our results also showed higher levels of the 
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lipid species associating with higher levels of T-tau, but not with P-tau. This 

was in accordance with the results from the study by Mielke et al (2014). 

Interestingly, these collective results are in contrast with results from cellular 

studies, which have found a relationship between C18 ceramide and P-tau 

(Chalfant et al., 1999; Dobrowsky et al., 1993; Goedert et al., 1995; Gong et 

al., 1994; Mukhopadhyay et al., 2009). 

Surprisingly, we did not detect a relationship between C18 ceramide and 

NFL levels. NFL is a marker of both axonal degeneration and white matter 

changes, while the precursor of ceramide, SM, is abundant in the myelin 

sheath of neurons. Our hypothesis is that C18 ceramide could be a marker of 

apoptosis, rather than axonal degeneration. Previous studies suggest that 

ceramides could play a role in neuronal apoptosis, acting as second 

messenger in activating the apoptotic cascade, ultimately leading to neuronal 

death (Jazvinšćak Jembrek et al., 2015).  

We found a positive relationship between the levels of the lipid species 

and S100B. In comparison, we did not detect association between C18 

ceramide and YKL-40 or GFAP, which are also inflammatory markers. One 

possible explanation could be that both ceramides and S100B have been 

associated with the induction of neuronal apoptosis (Donato et al., 2009; 

Jazvinšćak Jembrek et al., 2015). At high concentrations, extracellular S100B 

can contribute to neuronal death through activation of RAGE. Excessive 

stimulation of neurons expressing RAGE causes hyperactivation of the 

Ras/MEK/ERK pathway, which subsequently can lead to apoptosis (Fanò et 

al., 1993; Huttunen et al., 2000). S100B can also contribute to neuronal death 

through activation of RAGE as it can lead to release of nitric oxide by 

microglia and astrocytes (Adami et al., 2001; Hu et al., 1997). 

The relationship between ceramides and cognitive functions have not 

been much researched, especially not in CSF. We did not observe an 

association between C18 ceramide and verbal memory performance, which 

is in accordance with results from the previously mentioned study by Mielke 

et al. (2014). They, on the other hand, found a relationship between longer 

carbon chain species (C20, C22, and C26) and the same cognitive domain. 

The relationship between ceramide species and cognitive functions have 

been better explored in blood. Previous studies have suggested that higher 

levels of long ceramide species (C14 – C24) in plasma or serum relate to 

worse memory in health (Mielke et al., 2010a), MCI (Mielke et al., 2010b) and 

in diseases including Parkinson’s disease dementia (PDD) (Xing et al., 2016) 

and coronary artery disease (CAD) (Chan et al., 2018; Saleem et al., 2013). 

Only the research by Chan et al. (Chan et al., 2018), observed an association 

between plasma C18 ceramide and memory.  
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4.6 Associations between activity of cholinergic enzymes 
and AD related CSF markers 

The first objective of Paper III was to evaluate the relationships between the 

activity of the ACh-degrading enzymes of the cholinergic system (AChE and 

BuChE) and CSF markers reflecting the state of brain amyloidosis, 

neurodegeneration and inflammation. Three different biomarker profiles were 

created for each core CSF AD marker (Aβ42, T-tau, P-tau). Subjects were 

divided into two categories, reflecting either abnormal (positive; +) or normal 

(negative; -) protein levels.  

No differences were observed in AChE (p=0.35) or BuChE activity 

(p=0.92) between the Aβ42 based profile groups. In contrast, AChE activity 

was higher among subjects with T-tau+ (p=0.008) or P-tau+ profiles 

compared to those without. No differences were detected between T-tau 

(p=0.11) or P-tau profiles regarding BuChE activity. When subjects were 

divided into CSF AD and non-AD profile groups, a slightly higher levels were 

observed amond the AD group (p=0.03). No statistical difference was found 

between the profile groups regarding BuChE levels (p=0.52). Pearsons‘r 

correlations were also calculated for the estimation of associations between 

the CSF markers of amyloidosis, neurodegeneration, inflammation and 

activity of the cholinergic enzymes (Figure 11). T-tau (r=0.46, p=0.001) and 

P-tau (r=0.45, p=0.002) levels positively corelated with AChE activity. 

Inflammatory markers S100B (r=0.43, p=0.003) and YKL-40 (r=0.32, p=0.03) 

showed a postive association with activity of AChE. Similarly, both S100B 

(r=0.47, p<0.001) and YKL-40 (r=0.38, p=0.009) positively related to BuChE 

activity. 
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Figure 11. Scatter plots presenting Pearson’s correlations between levels of AChE 

activity and a) T-tau, b) P-tau, c) S100B, d) YKL-40 and BuChE activity and levels of 
e) S100B and f) YKL-40 in CSF. Values of CSF proteins (T-tau, P-tau, YKL-40 and 
S100B) were natural log-transformed. 
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LASSO linear regression with a stability selection was employed for the 

selection of variables best predicting the activity of each cholinergic enzyme 

(Figure 12). Variables which were selected more than 75% of the time into 

the regression model, were considered reliable as predictors. The potential 

predictors included the seven CSF markers (Aβ42, T-tau, P-tau, NFL, YKL-40, 

S100B, GFAP) as well as gender, age and length of education. None of the 

variables reached the selection criteria for either AChE (Figure 12a) nor 

BuChE activity (Figure 12b). Nonetheless, S100B was the CSF marker with 

the highest selection frequency, both for prediction of AChE (68%) and 

BuChE (73%) activity. The variables with the next highest selection frequency 

for the prediction of AChE activity, were education (68%), T-tau (45%) and P-

tau (40%). All other variables had frequency below 25%. For BuChE, the next 

potential predictors were gender (64%), YKL-40 (61%) and education (38%). 

All other variables had a selection frequency below 15%. 

 

Figure 12. LASSO linear regression—stability selection analyses for prediction of 

CSF enzyme activities of a) AChE and b) BuChE. The cut-off selection value was set 
at 75% and the per-family error rate (PFER) at 1. 

Results from previous studies examining the relationship between Aβ42 

levels and AChE activity in CSF have been inconsistent. An association 

between Aβ42 levels and AChE activity was not observed here, which is in 

accordance with some (Darreh-Shori et al., 2006; Johansson et al., 2013), 

but not all (García-Ayllón et al., 2008) studies. In comparison, a clearer 

relationship has been established between Aβ pathology and cholinergic 

abnormalities through in vitro and post-mortem studies. AChE activity has 

been found to be decreased in the AD brain, although the activity is 

frequently increased in regions around Aβ plaques and NFTs (Mesulam & 

Asuncion Morán, 1987; Perry et al., 1980; Ulrich et al., 1990). Furthermore, 

studies have revealed that ACh synthesis is reduced by 40-50% in cultured 
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cholinergic neurons when exposed to high nanomolar concentration of Aβ42 

(Hoshi et al., 1997; Kar et al., 1998; Nunes-Tavares et al., 2012; Pedersen et 

al., 1996). As with AChE, we did not detect relationship between BuChE 

activity and Aβ42 levels. Those results are in accordance with previous 

studies (Darreh-Shori et al., 2006; Gabriel et al., 2017). In summary, more 

research is needed for a better understanding the interactions between Aβ 

and the cholinergic system, especially in vivo as the biochemical environment 

is very complex.  

Very few studies have evaluated the relationship between tau levels and 

cholinesterase activity in CSF. Our study did find an association between 

either T-tau or P-tau and AChE activity. The results are in line with findings 

from a previous study (Johansson et al., 2013), where a positive relationship 

was also found between levels of tau and AChE activity in CSF among 

dementia patients and healthy controls. Furthermore, these results are in line 

with post-mortem and animal studies. NFTs in the NBM of the basal forebrain 

have been associated with cholinergic neuronal loss (Braak & Del Tredici, 

2013; Geula & Mesulam, 1995; Mesulam, 2013). P-tau is also thought to play 

a role in the regulation of AChE expression (Silveyra et al., 2012). For 

example, over-expression of mutant P-tau in the brains in transgenic mice led 

to increased AChE activity, suggesting that abnormally high tau 

phosphorylation was the cause of increased AChE expression around NFTs. 

In contrast, we did not find a relationship between tau and BuChE activity. 

That is in accordance with a study by Gabriel et al. (Gabriel et al., 2017), 

which did not detect a relationship within a group of AD patients. The 

difference in our results between the two enzymes could possibly be due to 

difference in localizations. Tau is mainly expressed in neurons and AChE is 

predominantly anchored to neuronal synapses, while BuChE is mainly 

secreted by glial cells as a soluble enzyme (Giacobini, 2003; Wright et al., 

1993). Surprisingly, an association was not found between NFL, a marker of 

axonal degeneration, and the cholinergic enzymes. NFL has, to the best of 

my knowledge, not been studied in regards to cholinergic activity in CSF 

samples from a memory cohort.  

The neurotransmitter ACh can also affect regions more distal from the 

synaptic cleft and is therefore not only important to neurons (Nizri et al., 

2006). Through the activation of α7 nicotinic ACh receptors, expressed on 

glial cells like astrocytes and microglia, the neurotransmitter inhibits pro-

inflammatory responses (Nizri et al., 2006). Although both AChE and BuChE 

are ACh-degrading enzymes, BuChE plays specifically important role in 

function of glial cells (Lane & He, 2013). CSF BuChE activity has been found 
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to associate positively with CSF S100B and GFAP in AD (Darreh-Shori et al., 

2013). This could possibly be explained by lowering levels of extracellular 

ACh associating with higher BuChE activity, enhancing the reactivity of glia. 

This process could have a protective role in the beginning, but with a 

prolonged activation, could gradually lead to neuronal dysfunction and loss, 

further eliciting inflammatory responses (Lane & Darreh-Shori, 2015). In the 

same study, no association was found between activity of AChE and levels of 

S100B and GFAP. In our study, higher levels of S100B, and to a lesser 

extent YKL-40, related to higher activity of both cholinergic enzymes. YKL-40, 

as to the best of my knowledge, has not been evaluted in relation to 

cholinergic enzymes. Interestingly, in this study no relationship was detected 

between GFAP levels and the cholinergic enzymes. The different 

relationships between the enzymes and the inflammatory markers could 

possibly be explained by different cellular functions. GFAP (Yang & Wang, 

2015) is an intracellular protein while both YKL-40 (Bonneh-Barkay et al., 

2012) and S100B (Donato et al., 2009) can be secreted into the extracellular 

matrix in response to glial activation. Increase in levels of CSF GFAP could 

possibly take place at later stages in the pathogenic cascade. 

4.7 Associations between CSF cholinergic enzymes and 
verbal episodic memory 

The second objective of Paper III was to  evaluate the relationship between  

the activity of the cholinergic enzymes with a composite z-score reflecting 

verbal episodic memory functions. As two subjects did not take the RAVLT 

test, analysis was based on 44 instead of 46 subjects. 

A weak, negative correlation was detected between CSF AChE activity 

and the verbal episodic memory score (r=-0.34, p=0.02). No significant 

relationship was found between BuChE activity and the same score (r=-0.19, 

p=0.21). 

LASSO linear regression with a stability selection was performed for the 

identification of a set of variables predicting the performance on verbal 

episodic memory (Figure 13). The potential predictors included the CSF 

markers (AChE, BuChE, Aβ42, P-tau, T-tau, NFL, YKL-40, S100B, GFAP) 

and demographic measures (gender, age, length of education). Age was the 

only variable to reach the selection criteria, with frequency of 91%. 

Neurodegeneration markers NFL (61%) and P-tau (55%) were selected into 

the model more than half of the time. All other measures were selected much 

less frequently (<30%), with both AChE (8%) and BuChE (0%) having 

selection frequency below 10%. 
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Figure 13. LASSO linear regression—stability selection analysis for the assocation 

between various measures, including cholinergic enzymes, and verbal episodic 
memory performance. The cut-off selection value was set at 75% and the per-family 
error rate (PFER) at 1. 

It is unknown how structural and functional changes in the cholinergic 

system relates to memory function at the symptomatic pre-dementia stages 

(SCI or MCI) (Peter et al., 2016). At the stages of moderate to advanced AD, 

severe neurofibrillary degeneration and loss takes place within the basal 

forebrain, particularly in the NBM. In contrast, more subtle changes have 

been observed at the MCI stage, characterized by alterations in function 

rather than loss of cholinergic neurons (Schliebs & Arendt, 2011). In line with 

results from this study, histological studies have found that at least 30% of 

cholinergic neurons in the basal forebrain have deteriorated before cognitive 

impairment is apparent (Schliebs & Arendt, 2006) and at the MCI stage only 

around 15% loss in volume is detected compared to healthy individuals 

(Peter et al., 2016). The results of our study are in accordance with those 

findings as our sample included subjects at the pre- or early stages of 

dementia and AChE activity only weakly associated with score on verbal 

episodic memory. When other factors were simultaenously considered, 

neither AChE nor BuChE proved to be a reliable predictor for the function of 

verbal episodic memory. Previous research has shown higher levels in NFL 

to be associated with worse cognitive functions in both AD and other 

neurodegenerative disease (Olsson et al., 2019; Zetterberg et al., 2016). In 

this study, NFL did not correlate with cholinergic enzymes, showcasing 

further the lack of the cholinergic system in contributing to memory 

impairment in the early stages of dementia. 
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4.8 Strengths and limitations 

A strong aspect of this study was the use of biomarkers for the definition of 

AD. Clinical diagnosis was partly based on neuropsychological battery, 

meaning that an intrinsic relationship existed between the two factors. The 

use of biomarker-based profiles was therefore essential in exploring the 

relationships of novel biomarkers with AD pathology and cognitive functions 

separately. Another strength was the cognitive evaluation of each subject by 

the use of an extensive neuropsychological battery. Cognitive impairment is 

commonly evaluated by brief, cognitive screening tools like the MMSE test. In 

contrast, the focus of this project was on the evaluations of different cognitive 

domains. Each cognitive domain was based on scores from two or more 

subtests, increasing the range of possible scores and decreasing the 

likelihood of skewed results based on ceiling or floor effects. Third, various 

analytes, reflecting different biological processes, were measured in the 

same CSF samples. Finally, the subjects all came from a clinical setting 

cohort. This gave realistic information based on a relatively heterogeneous 

memory clinic population. 

There are several limitations to the project. The sample size was relatively 

small for all studies, and hence, the present findings need to be validated in a 

larger study. This was specifically a limitation for Paper II as a vast number of 

features were compared to the number of subjects, resulting in decreased 

statistical power and a higher risk of type-II errors. Multiple comparisons 

corrections were, therefore, not performed for comparing m/z feature levels 

between profile groups. Instead, the procedure of creating discovery and 

validation sets was repeated 1000 times, for the purpose of enhancing the 

robustness of feature selection. Furthermore, a univariable analysis (Mann-

Whitney U test) for the selection of features was used as the sample was 

relatively small. The validation sets only included about 22 subjects, and 

therefore it was not possible to have more than one independent variable 

(lipid species) in the statistical model. With a bigger sample, it would be 

possible to use more advanced statistical methods (e.g. multivariable LASSO 

regression) for the detection of disease-specific lipid patterns.  

The small sample size also affected the inclusion of data regarding 

cognitive domains. The main aim of Paper II was feature selection, and with 

features outnumbering subjects, it was of utmost importance to utilize all 

available data. Almost a full record of scores for subtests reflecting verbal 

episodic memory existed, but subtests reflecting other cognitive domains 

contained more missing values. Therefore, information about those cognitive 
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domains was not included in the analyses, as it would have decreased the 

number of available subjects. The same limitation also applied for Paper III. 

The sample size was smaller compared to the two other papers, due to 

cholinergic enzyme activity not being measured in samples of all enrolled 

subjects (Figure 6). For the purpose of not losing more subjects, only 

information about verbal episodic memory was included. 

This cross-sectional analysis would certainly have benefited from having a 

healthy control group. Inclusion of healthy individuals could have increased 

the range of values for each CSF marker, and in turn, lead to a better 

estimation between variables. The lack of a healthy control group in this 

study is though, in my view, not a major limitation as the primary aims were to 

explore relationships between different variables in a clinical setting. Second, 

the project did not include subjects with moderate to severe AD as well as 

having very few subjects with other types of dementias. A more diverse 

cohort would have given the opportunity to explore better how the CSF 

markers related to disease progression, both in AD and other dementias. 

No genetic data exists for The Icelandic MCI study. This type of data 

would have given the chance to explore relationships between different 

measures (e.g. different biomarkers or biomarkers and cognitive domains) by 

genotype. Information about APOE and BCHE genotypes would have been 

of particular interest. Studies have consistently found the APOE Ɛ4 allele to 

be associated with lower CSF levels of Aβ42 in a dosage-dependent manner 

(Lautner et al., 2017; Mehrabian et al., 2015). Studies have also revealed 

reduction in BuChE activity among individuals carrying both the BCHE-K and 

the APOE Ɛ4 alleles (Lane & Darreh-Shori, 2015). 

The CSF samples were not centrifuged. According to a recent consensus 

update from The World Federation of Societies of Biological Psychiatry 

(WFSP) (Lewczuk et al., 2018), centrifugation of CSF (at 2,000 × g) for 10 

min at room temperature (Reijs et al., 2015) can be considered before 

analysis or storage but is not essential, except when CSF sample is blood-

contaminated. None of the CSF samples used for this project were visibly 

blood contaminated. 
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5 Summary and conclusion 

A shift from clinical towards biological definition of AD has occurred in recent 

years. This is due to symptoms (e.g. memory impairment) neither being 

sensitive nor specific for neuropathological changes that characterize the 

disease. It is therefore of importance to examine the relationships between 

novel biomarkers with signature AD pathology and symptoms separately. 

Such an approach can both strengthen understanding of the underlying 

pathological processes of AD and the sequence of events leading to clinical 

expression. 

The general aim of the project was to examine the relationships of 

selected CSF novel biomarkers with a CSF profile reflecting signature AD 

pathology and cognitive functions, independent of diagnosis, among subjects 

at the symptomatic pre- or early dementia stages. In Paper I, CSF 

biomarkers reflecting neurodegeneration (NFL) and inflammation (YKL-40, 

S100B and GFAP) were compared in relation to core CSF AD markers and 

cognitive functions. While these findings suggest that these CSF markers did 

not accurately differentiate between CSF profiles (AD and non-AD), they 

exhibited different patterns of association with tests reflecting certain 

cognitive domains. This pattern was mainly observed among subjects with a 

CSF AD profile. Within that profile, higher levels of the neurodegeneration 

marker NFL associated with worse performance on verbal episodic memory 

while higher levels of inflammatory marker GFAP associated with worse 

performance on processing speed. Furthermore, higher levels of GFAP 

associated weakly with worse performance on executive functions within the 

whole cohort. In Paper II, untargeted lipidomic analysis was applied for the 

identification of CSF lipid species related to signature AD profile. Of those 

1008 m/z features detected, eight were selected as possible markers. Out of 

those eight, only one feature was fully confirmed as the lipid species C18 

ceramide. The results indicated that levels of C18 ceramide were higher 

among subjects with a CSF AD profile compared to those with a non-AD 

profile. A positive association was also observed between the levels of 

inflammatory marker S100B and C18 ceramide. No relationship was detected 

between C18 ceramide and verbal episodic memory. In Paper III, the 

relationships of ACh-degrading enzymes AChE and BuChE with CSF 

markers reflecting different pathological processes and verbal episodic 
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memory were explored. The results indicated no difference in enzyme activity 

when subjects with abnormally low CSF Aβ42 levels were compared to those 

with normal levels. In contrast, higher activity of AChE was measured 

amongst subjects with abnormally high T-tau or P-tau levels compared to 

those with normal levels. Furthermore, higher levels of inflammatory markers 

S100B and GFAP both related to higher AChE and BuChE activity. When 

other factors (CSF markers and demographic measures) were 

simultaneously entered into the model, S100B emerged as the most reliable 

predictor of the activity of both enzymes. Although AChE activity slightly 

correlated with worse episodic memory score, the enzyme did not prove to be 

a good predictor when other factors had been accounted for.  

Overall, our results indicate how CSF markers, reflecting different 

biological processes, relate in different ways to AD pathology and cognitive 

functions at the pre- or early stages of dementia. First, C18 ceramide 

associated with both signature AD pathology and inflammation. These results 

suggest that ceramide metabolism could potentially contribute to AD 

pathology during the early symptomatic stages. Furthermore, ceramides 

could possibly act as therapeutic targets, with treatments aiming at 

decreasing ceramide synthesis to prevent or slow down Aβ pathology, 

neuronal loss and neuroinflammation. Second, our results showed the activity 

of ACh-degrading cholinergic enzymes to be related to neurodegenerative 

and inflammatory processes. As the cholinergic system is the main 

therapeautic target in the treatment of symptomatic AD, a better 

understanding of its key players and how they relate to both pathology and 

cognitive functions, is essential. Interestingly, neither C18 ceramide nor the 

cholinergic enzymes associated with verbal episodic memory. A possible 

explanation could be that changes in ceramide levels and cholinergic activity 

occur at the earlier stages of the disease. Finally, higher levels of NFL 

associated with lower score on verbal episodic memory while higher levels of 

GFAP associated with lower score on processing speed, among individuals 

with a signature AD pathology. These results indicate that the proteins could 

possibly be utilized as progression markers, monitoring subtle cognitive 

changes among individuals with AD pathology. NFL has particularly shown a 

promise as a robust marker of progression, both in CSF and blood, as its 

levels correlate with both brain atrophy and cognitive decline.  
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Abstract

Background: Neuroinflammation has gained increasing attention as a potential contributing factor in the onset
and progression of Alzheimer’s disease (AD). The objective of this study was to examine the association of selected
cerebrospinal fluid (CSF) inflammatory and neuronal degeneration markers with signature CSF AD profile and
cognitive functions among subjects at the symptomatic pre- and early dementia stages.

Methods: In this cross-sectional study, 52 subjects were selected from an Icelandic memory clinic cohort. Subjects were
classified as having AD (n = 28, age = 70, 39% female, Mini-Mental State Examination [MMSE] = 27) or non-AD (n= 24,
age = 67, 33% female, MMSE = 28) profile based on the ratio between CSF total-tau (T-tau) and amyloid-β1–42 (Aβ42)
values (cut-off point chosen as 0.52). Novel CSF biomarkers included neurofilament light (NFL), YKL-40, S100 calcium-
binding protein B (S100B) and glial fibrillary acidic protein (GFAP), measured with enzyme-linked immunosorbent assays
(ELISAs). Subjects underwent neuropsychological assessment for evaluation of different cognitive domains, including
verbal episodic memory, non-verbal episodic memory, language, processing speed, and executive functions.

Results: Accuracy coefficient for distinguishing between the two CSF profiles was calculated for each CSF marker and
test. Novel CSF markers performed poorly (area under curve [AUC] coefficients ranging from 0.61 to 0.64) compared to
tests reflecting verbal episodic memory, which all performed fair (AUC > 70). LASSO regression with a stability approach
was applied for the selection of CSF markers and demographic variables predicting performance on each cognitive
domain, both among all subjects and only those with a CSF AD profile. Relationships between CSF markers and cognitive
domains, where the CSF marker reached stability selection criteria of > 75%, were visualized with scatter plots. Before
calculations of corresponding Pearson’s correlations coefficients, composite scores for cognitive domains were adjusted
for age and education. GFAP correlated with executive functions (r = − 0.37,
p = 0.01) overall, while GFAP correlated with processing speed (r = − 0.68, p< 0.001) and NFL with verbal episodic
memory (r = − 0.43, p = 0.02) among subjects with a CSF AD profile.
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Conclusions: The novel CSF markers NFL and GFAP show potential as markers for cognitive decline among individuals
with core AD pathology at the symptomatic pre- and early stages of dementia.

Keywords: Alzheimer’s disease, Cerebrospinal fluid, Neurofilament light, YKL-40, S100 calcium-binding protein B, Glial
fibrillary acidic protein, AD biomarker profile, Cognitive domains

Introduction
In recent years, a paradigm shift in the research criteria
of Alzheimer’s disease (AD) has occurred as the primary
focus has shifted from clinical to biological criteria. The
emphasis is now on the pathology [1], which is believed
to start decades before the appearance of clinical symp-
toms [2]. The core cerebrospinal fluid (CSF) biomarkers
reflecting the hallmarks of AD pathology, extracellular
amyloid plaques (Aβ), and neurodegeneration (total tau
[T-tau] and phosphorylated tau [P-tau]) have been at the
center of this shift and have been extensively studied [3].
Although the diagnostic accuracies of these markers are
generally satisfactory [4], their levels are relatively con-
stant in the symptomatic stages of the disease and do
not correlate well with the progression of cognitive de-
cline [5–7]. This necessitates the need for exploration of
novel biomarkers that help in better understanding the
different aspects of AD pathology, its progression, and
clinical manifestation.
Increasing evidence shows that inflammation is a con-

tributing factor in the pathogenesis and development of
AD and other neurodegenerative diseases [8, 9]. A num-
ber of studies show that Aβ toxicity and plaques induce
an immune response, including activation of astrocytes
and microglia, the immune cells of the brain [10–12]. Fur-
thermore, activation of these cells is also thought to play a
role in the formation and progression of neurofibrillary
tangles (NFTs), contributing to neuronal dysfunction and
loss [13]. Glial activation markers are, therefore, of high
interest when it comes to exploring new biomarkers for
the diagnosis of dementia.
The glial proteins YKL-40 (also known as chitinase-3-

like-1 protein), S100 calcium-binding protein B (S100B),
and glial fibrillary acidic protein (GFAP) have previously
been associated with AD pathology [14]. All are
expressed in astrocytes within the central nervous sys-
tem (CNS), primarily (YKL-40 and S100B) [15, 16] or
exclusively (GFAP) [17]. YKL-40, a chitin-binding glyco-
protein and a glial activation marker [18], has been iden-
tified inside reactive astrocytes in close proximity to
amyloid plaques [19]. YKL-40 expression also correlates
with tau pathology in AD brain tissues, demonstrating
an association between glial activation and neurodegen-
eration [20]. S100B is a calcium-binding protein, exert-
ing both intracellular and extracellular functions and has
been found to be upregulated in AD tissues [21, 22].

GFAP is a key intermediate filament protein and marker
of reactive astrocytes, whose expression has been associ-
ated with amyloid plaque load and, to a lesser extent,
the number of NFTs [23–25].
Inflammation in the brain and its role in AD can be

studied indirectly through the analysis of CSF proteins. In-
creased levels of CSF YKL-40, S100B, and GFAP have
been observed in AD patients compared to healthy con-
trols, although results have not been consistent [26]. The
relationship between inflammatory and core AD markers
(Aβ, tau) in CSF has also been explored. Previous studies
have found a strong positive association between CSF
YKL-40 and tau proteins but not between YKL-40 and
Aβ42 [19, 27–29]. YKL-40 has also been shown to strongly
correlate with neuronal degeneration marker neurofila-
ment light (NFL) in CSF [30], further supporting the asso-
ciation between glial activation and neurodegeneration.
NFL is mainly located in myelinated axons. Therefore, its
levels also reflect white matter changes, with recent stud-
ies indicating a potential for this protein as both a
diagnostic and progression marker in AD and other neu-
rodegenerative diseases [26, 31]. Few studies have exam-
ined the relationship between S100B and GFAP with core
AD markers in CSF. Hov et al. [32] found an association
between S100B and P-tau but not Aβ42 among elective
surgery patients free from dementia and delirium. Ishiki
et al. [33] did not find an association between CSF GFAP
and core markers within a dementia cohort.
Loss of memory is typically among the first clinical

symptoms of AD, marking the beginning of cognitive de-
cline. The medial temporal lobe is an early site of tau ac-
cumulation, and its dysfunction may underlie episodic
memory decline [34]. Other cognitive domains are also
involved in AD, such as language, non-verbal episodic
memory, and executive functions [35].
In the most recent research criteria from the Inter-

national Working Group for the diagnosis of AD pub-
lished in 2014 [36], the diagnosis of prodromal AD
requires both the presence of cognitive symptoms and
AD signature biomarker profile (increased amyloid posi-
tron emission tomography [PET] deposition or the com-
bination of lowered CSF amyloid-β1–42 and elevated CSF
tau). It is essential for the evaluation of novel biomarkers
to examine their relationship with both entities separ-
ately, independent of diagnosis. That type of approach
could enhance both understanding of the underlying
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pathology of AD and the sequence of events leading to
cognitive impairment. The first aim of this study was to
assess the ability of glial (YKL-40, S100B, GFAP) and
neurodegeneration (NFL) markers in CSF to discrimin-
ate between different CSF profiles (AD and non-AD)
among subjects at the symptomatic pre- and early stages
of dementia. In addition, the results were compared to
the discrimination ability of neuropsychological tests,
which are commonly used to aid AD diagnosis. The sec-
ond aim was to investigate the relationship between the
CSF markers with neuropsychological tests reflecting dif-
ferent cognitive domains.

Methods
Subjects
Individuals, referred to The National University Hospital
of Iceland Memory Clinic during a 4-year period which
had (1) a score between 24 and 30 on the Mini-Mental
State Examination (MMSE) and (2) a score of 4.0 or less
on the Informant Questionnaire on Cognitive Decline in
the Elderly (IQCODE) [37], were invited to join a pro-
spective study on mild cognitive impairment (MCI, n =
218). The exclusion criteria were (1) cognitive impair-
ment that, without a doubt, could be explained by a con-
dition other than dementia; (2) difficulties participating
due to health or social issues; and (3) residency outside
the Reykjavík Capital Area. In entering the study, each
subject underwent various assessments, including a
standard clinical and neuropsychological assessment and
brain magnetic resonance imaging (MRI) for evaluation
of medial temporal lobe atrophy (MTA). Lumbar punc-
ture for collection of CSF, which was optional by the re-
quirement of the National Bioethics Committee, was
also carried out. For this particular study (Fig. 1), only

subjects with CSF samples and complete neuropsycho-
logical assessment were selected from the cohort (n =
56). The final sample included 52 subjects as four were
removed due to excessively high value on CSF GFAP
(n = 1) or blood-contamination in the CSF sample (n =
3). Clinical diagnosis of AD was based on the criteria for
probable AD dementia defined by the National Institute
on Aging-Alzheimer’s Association (NIA-AA) [38], with
evidence of AD pathophysiological processes (based on
MTA score or/and analysis of core CSF markers). Pa-
tients with Lewy body dementia (LBD) were diagnosed
based on the consensus criteria of McKeith et al. [39].
MCI diagnosis required the fulfillment of the Winblad
criteria [40], with those not fulfilling the criteria diag-
nosed as having subjective mild cognitive impairment
(SCI).

CSF collection and analysis
CSF was collected via lumbar puncture with a 22-gauge
spinal needle at the L3/4 or L4/5 interspace. Uncentri-
fuged samples were frozen in 2-ml polypropylene tubes
and stored at − 80 °C. Commercially available sandwich
enzyme-linked immunosorbent assays (ELISAs) were
used for measurements of all proteins. Analyses of core
AD markers T-tau (IBL International, Hamburg,
Germany) and Aβ42 (IBL International, Hamburg,
Germany) were carried out in the ISO 15189 accredited
medical laboratory MVZ Labor P.D. Dr. Volkmann und
Kollegen GbR (Karlsruhe, Germany). Assays for novel
markers NFL (Uman Diagnostics, Umeå, Sweden), YKL-
40 (Quantikine ELISA Human Chitinase-3–like 1; R&D
systems, M.N., USA), S100B (BioVendor GmbH, Heidel-
berg, Germany), and GFAP (BioVendor GmbH, Heidel-
berg, Germany) were performed in technical duplicates

Fig. 1 Flow diagram of sample selection
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and according to the manufacturer’s instructions in a la-
boratory at the University of Iceland. The mean Intra-
assay CV was < 10% and mean Inter-assay CV < 15% for
all assays.

Subject grouping based on CSF measures
Each subject was classified independently of clinical
diagnosis on the basis of CSF T-tau and Aβ42 values. T-
tau/Aβ42 ratio cut-off of 0.52 was chosen based on re-
sults from a large memory clinic cohort study [41], giv-
ing a sensitivity of 93% for AD and specificity of 83% for
controls. A positive CSF AD profile was defined as T-
tau/Aβ42 ratio > 0.52. The same ratio was also used as a
part of the clinical diagnosis of AD, explaining full con-
cordance with CSF AD profile.

Neuropsychological tests
All subjects underwent a detailed neuropsychological
assessment performed by licensed psychologists. Five
cognitive domains, commonly affected by aging and
AD, were assessed using seven tests (Table 1). For the
evaluation of verbal episodic memory, two tests were
used. The first, Rey Auditory Verbal Learning Test
(RAVLT), consisted of 15 nouns read aloud by the
examiner for five consecutive trials. Each trial was
followed by a free-recall test. After a 30-min delay, sub-
jects were required to recall the words without being
reread the list [42]. The second test was composed of a
story [43], which included 25 ideas verbally presented
by the examiner. Right after the story was presented
(immediate recall), the subject was asked to repeat what
they remembered without being given any clues (free
recall). Thirty minutes later, subjects were asked to re-
call the story again (delayed recall). The Rey–Osterrieth
complex figure test (ROCF) was used to assess non-
verbal episodic memory [42]. The subject was asked to
reproduce a complicated line drawing, first by copying
it free-hand, second by drawing from memory (immedi-
ate recall), and third by drawing it after a 30-min delay
(delay recall). Verbal fluency [44] was evaluated with
subjects having to produce as many animal names and
words starting with the letters H and S as possible in
60 s. Two subtests were used to evaluate processing
speed. Part A of The Trail Making Test (TMT-A) [45]
required subjects to connect 25 numbered circles posi-
tioned randomly on a piece of paper. The first and the
most simple part of the Stroop test—Word reading—
was also used for the evaluation of the same cognitive
domain [46]. Subjects were shown a list of color names
(red, green, yellow, or blue), each printed in black ink,
and told to read out loud as rapidly as possible. For
evaluation of executive functions, The Digit Symbol
Substitution Test (DSST), Trail making Test B (TMT-
B), and Stroop 4th/3rd parts were used. DSST [47] is a

paper-and-pencil test that requires the participant to
match symbols to numbers according to a key located
at the top of the page. The subject copied the symbol
into spaces below a row of numbers. The number of
correct symbols within 120 s, constituted the score.
TMT-B includes both numbers (1–13) and letters (A-
L), with the subject drawing lines between circles, alter-
nating between numbers and letters (1-A-2-B-3-C,
etc.). In Stroop—part 4, subjects had to name the color
of words when color and meaning were incongruent.
Part 3—naming of squares of given colors—was used to
control for speed by calculating the ratio between the
two parts.

Table 1 List of neuropsychological tests administrated

Cognitive
domain

Neuropsychological
test

Scores (range)

Verbal
episodic
memory

RAVLT immediate
recall

Free recall—the sum of the
number of words recalled from
trials 1 through 5 (0 to 75)

RAVLT delayed
recall

Delayed free recall—number of
words recalled after 30-min delay
(0 to 15)

RAVLT
recognition—false
positives

Recognition—number of words
recognized from a list of 45
words. Number of false positives
subtracted from the score (− 30 to
15)

Story immediate
recall

Recall of a story containing 25
ideas (0 to 25)

Story delayed recall Recall of a story containing 25
ideas again after 30-min delay (0
to 25)

Non-verbal
episodic
memory

ROCF immediate
recall

Complicated drawing reproduced
(0 to 36)

ROCF delayed recall Complicated drawing reproduced
again after 30-min delay (0 to 36)

Language Verbal fluency
animals

Number of animal names
produced in 60 s

Verbal fluency H+S Number of words that begin with
H/S in 60 s

Processing
speed

TMT-A Time in seconds to connect a set
of 25 numbered dots in
sequential order

Stroop test, part I Time in seconds to read a set of
color words written in black

Executive
functions

DSST Number of symbols correctly
produced in 120 s

TMT-B Time in seconds to connect 25
targets, alternating between
numbers and letters

Stroop 4th/3rd part Part 3—time in seconds it takes
to name squares of given colors
Part 4—time in seconds it takes
to name the color of a word

Abbreviations: RAVLT Rey Auditory Verbal Learning Test, ROCF Rey–Osterrieth
complex figure, DSST Digit symbol substitution test, TMT Trail Making Test
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Statistical analysis
Descriptive group comparisons were performed using
Mann-Whitney U tests and chi-square tests for continu-
ous and categorical variables, respectively. Raw values of
CSF measures and selected neuropsychological tests
(TMT, Stroop test, DSST) were naturally log-
transformed to account for a non-normal distribution.
Composite scores for each cognitive domain were calcu-
lated by averaging neuropsychological test z-scores and
subsequently converting those scores into z-scores. Be-
fore the computation of composite scores, z-scores for
tests measuring reaction time were reversed (TMT,
Stroop test, DSST) for the purpose of test consistency
(higher scores always indicating better performance). Re-
ceiver operating characteristic (ROC) curves were con-
structed for the differentiation between CSF AD and
non-AD profiles. The discrimination abilities of each
CSF marker and cognitive domain were compared using
the area under the curve (AUC) method, according to
DeLong et al. [48]. The AUC is the probability that a
randomly selected pair of subjects from each CSF profile
group is correctly classified. Stability selection was
employed in combination with least absolute shrinkage
and selection operator (LASSO) regression for the pur-
pose of identifying stable predictors in multivariable
models [49]. LASSO is a penalized approach to multiple
regression and especially useful when dealing with multi-
collinearity (highly correlated predictors). A penalty is
introduced, reducing large variance due to multicolli-
nearity in exchange for a tolerable amount of bias. It also
performs variable selection as it imposes coefficients of
some variables to shrink towards zero. Stable selection is
based on resampling the data for avoidance of overfit-
ting, which can be advantageous when dealing with
smaller data sets. Instead of fitting one model on a
whole sample, many models are fitted on subsamples
drawn from it. Stability selection was performed by the
use of the function stabsel in the package stabs, imple-
menting the package glmnet for LASSO model fitting
[50, 51]. Cut-off value for stable selection was set to 75%
(the percentage of times a variable was selected into a
model) and per-family error rate (PFER) to 1 for all ana-
lyses. Each subsample was half the size of the original
one, with 100 subsamples being drawn. LASSO logistic
regression was applied for the selection of novel CSF
markers and composite tests, most accurately distin-
guishing between the two CSF profiles. LASSO linear re-
gression was used to select variables, out of CSF markers
and demographic variables, predicting with most accur-
acy the composite z-score for each cognitive domain.
Two LASSO regressions with a stability selection were
performed for each cognitive domain, one which in-
cluded all subjects and the other, which only included
those with a CSF AD profile. Scatter plots were used for

visualization of the selected relationships between CSF
markers and cognitive domains. Cognitive domain mea-
sures were adjusted for age and education before the cal-
culations of corresponding Pearson’s correlations
coefficients. For the adjustment, linear regression models
were created with each composite test z-score as the
dependent variable and age and education as independ-
ent variables. The residual for each subject was subse-
quently calculated (observed minus predicted score).
Significance values were not adjusted for multiple com-
parisons, as this study was viewed as explorative with
emphasis on discovering relationships. All statistical ana-
lyses were performed using R (version 3.6.1, The R
Foundation for Statistical Computing).

Results
Sample characteristics
Table 2 shows the demographic, pathophysiological, and
clinical characteristics of the cohort by CSF profile.
There were no significant differences between the
groups in age, length of education, novel CSF protein
levels, or gender frequencies. Boxplots comparing distri-
butions in CSF protein levels (NFL, YKL-40, S100B,
GFAP) between profile groups are presented in Add-
itional file 1, S1a-d. The CSF AD profile group showed
significantly worse performance on the MMSE, RAVLT,
Story, ROCF immediate recall, and Verbal fluency ani-
mal tests compared to the non-AD group (p < 0.05).

Pearson’s correlations between CSF markers
Pearson’s correlations between the CSF markers, age,
and length of education are presented in Fig. 2, respect-
ively. Inflammatory markers YKL-40 and S100B and
neurodegeneration markers NFL and T-tau all correlated
positively and significantly with each other. The highest
correlation was found between NFL and YKL-40 (NFL:
r = 0.62, p < 0.001). GFAP did only significantly correlate
with the CSF marker S100B (r = 0.53, p < 0.001). No CSF
markers correlated significantly with Aβ42. All the CSF
markers, except for Aβ42, correlated positively with age.
Length of education correlated weakly and negatively
with T-tau (r = − 0.29, p = 0.03).

Accuracy of CSF markers and cognitive domains in
distinguishing between CSF profiles
Accuracies for distinguishing between CSF AD and non-
AD profiles were based on univariable ROC analyses
(Table 3). AUCs for novel CSF markers ranged from
0.61 to 0.64, with a lower limit of each confidence inter-
val below the value of 0.5. In comparison, neuropsycho-
logical tests reflecting verbal episodic memory had the
highest accuracy compared to other measurements, with
all AUCs over 0.70, which is considered fair [52]. The
scores for the verbal episodic memory composite test
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Table 2 Subject demographics, CSF marker levels, and neuropsychological test scores by CSF profile

CSF profile

Non-AD
T-tau/Aβ42 ≤ 0.52
(n = 24)

AD
T-tau/Aβ42 > 0.52
(n = 28)

p valuea

Demographics

Gender (M/F) 16/8 17/11 0.66

Age, years 67 (46–80) 70 (51–84) 0.17

Education, years 14.0 (9–20) 12.5 (6–17) 0.11

Clinical diagnosis

SCI/MCI/AD/LBD 10/13/0/1 2/9/16/1 N/Ab

CSF measures

Aβ42 (pg/ml) 703 (374–2332) 454 (160–822) N/Ac

T-tau (pg/ml) 173 (100–722) 416 (132–838) N/Ac

NFL (ng/ml) 1.9 (0.9–6.5) 2.5 (1.2–4.5) 0.15

YKL-40 (ng/ml) 165 (83–399) 203 (124–367) 0.12

S100B (pg/ml) 215 (132–335) 230 (129–458) 0.17

GFAP (ng/ml) 1.0 (0.1–7.1) 1.3 (0.5–21.3) 0.09

Cognitive domains

Global cognition

MMSE, score 28 (24–30) 27 (24–30) 0.01

Verbal episodic memory

RAVLT immediate recall, score 36 (23–66) 26.5 (13–51) 0.003

RAVLT delayed recall, score 6.5 (0–15) 1.5 (0–12) < 0.001

RAVLT recognition-fp, score 9.0 (3–15) 5.5 (−3–15) 0.003

Story immediate recall, score 13.5 (5–17) 8 (1–18) 0.005

Story delayed recall, score 12.0 (1–19) 5.5 (0–16) 0.002

Non-verbal episodic memory

ROCF immediate recall, score 13.3 (0–27) 7.3 (0–26) 0.04

ROCF delayed recall, score 12.8 (0–25) 8.5 (0–26) 0.07

Language

Verbal fluency animal, score 20 (8–33) 14 (4–27) 0.02

Verbal fluency H+S, score 24.0 (14–48) 25.5 (6–63) 1.00

Processing speed

TMT-A, seconds 43.5 (21–133) 48.0 (27–116) 0.22

Stroop—part I, seconds 23.5 (20–42) 24.5 (17–34) 0.64

Executive functions

TMT-B, seconds 109 (44–340) 153 (60–343) 0.06

DSST, score 8.5 (3–51) 7.0 (2–61) 0.24

Stroop 4th/3rd part, seconds 2.1 (1.4–4.0) 2.1 (1.6–5.8) 0.25

Abbreviations: AD Alzheimer’s disease, CSF cerebrospinal fluid, DDST Digit Symbol Substitution Test, fp false positives, LBD Lewy body dementia, MCI mild cognitive
impairment, MMSE Mini-Mental State Examination, N/A not applicable, RAVLT Rey Auditory-Verbal Learning Test, ROCF Rey–Osterrieth complex figure, SCI
subjective cognitive impairment, TMT Trail Making Test
Values are shown as median (range) or as numbers per group, aMann-Whitney U non-parametric tests used for continuous variables and chi-square tests for
categorical variables, p values not applicable for bclinical diagnosis due to CSF profiles being part of the diagnostic criteria for AD and cAβ42 and T-tau due to their
values used for defining CSF profiles
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(AUC = 0.80, CI 0.69–0.92) and RAVLT delayed recall
(AUC = 0.80, CI 0.68–0.93) distinguished the best be-
tween the CSF profile groups. A similar trend in re-
sults was found when ROC analyses were stratified by
gender (Table S1, Additional file 1), although AUC
coefficients were overall higher for women (n = 19)
compared to men (n = 33). LASSO logistic regression
with stability selection was performed for the selec-
tion of variables distinguishing between the CSF pro-
file groups with the highest consistency. Nine possible
predictors could be selected, the four novel CSF
markers and the five composite tests presenting each
cognitive domain. Only the test reflecting verbal epi-
sodic memory was selected as a predictor, with selec-
tion frequency (96%) above the cut-off value. All
other possible predictors had a much lower selection
frequency (≤ 20%).
Figure 3 illustrates the ROC curves for the two cogni-

tive domains and the CSF measure with the highest
AUC from Table 3. Verbal episodic memory (AUC =
0.80) was superior in distinguishing between CSF AD vs.
non-AD profiles compared to non-verbal episodic mem-
ory (AUC = 0.65) and CSF GFAP (0.64).

Selection of predictors for scores on each cognitive
domain
LASSO linear regression with a stability selection was ap-
plied for identifying a set of variables (CSF markers and
demographic variables) predicting cognitive scores with
the highest consistency (Fig. 4). Two analyses were per-
formed for each of the five domains, one including all sub-
jects (n = 52) and the other only among those with a CSF
AD profile (n = 28). Variables with stability selection above
75% were considered reliable predictors. GFAP (78%) was
selected as a predictor for executive functions (Fig. 4a)
and age (95%) as a predictor for non-verbal memory
(Fig. 4b) within the whole cohort. Among subjects with a
CSF AD profile, GFAP (87%) and age (81%) were selected
as predictors for processing speed (Fig. 4c) and NFL (80%)
for verbal episodic memory (Fig. 4d). No variables reached
the stability selection criteria as predictors of score reflect-
ing language (Fig. 4e).

Pearson’s correlations between selected CSF markers and
cognitive domains
Relationships between CSF measures and cognitive do-
mains, as selected with LASSO regression—stability

Fig. 2 Pearson’s correlation matrix between CSF markers, age, and length of education. Colored squares indicate statistical significance (p < 0.05).
CSF measures were natural log-transformed
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selection analyses (Fig. 4), were visualized using scatter
plots. It is well established that normal aging and level
and quality of education can influence cognitive test per-
formance [53]. Composite z-scores were therefore ad-
justed for age and education prior to Pearson’s
correlations calculations.

CSF NFL levels did not significantly correlate with ver-
bal episodic memory among all subjects (r = − 0.26, p =
0.06, Fig. 5a). Analysis by CSF profile (Fig. 5b) revealed
moderate, significant correlation among subjects with a
CSF AD profile (r = − 0.43, p = 0.02) compared to none
among those without (r = − 0.05, p = 0.82). Correlations

Table 3 Accuracy in distinguishing between CSF AD and non-AD profiles

Univariable ROC analyses Multivariable LASSO logistic regressionb

AUC 95% CI (AUC)* Stability selection (%)

CSF measuresa

GFAP (ng/ml) 0.64 0.48–0.79 10

YKL-40 (ng/ml) 0.63 0.47–0.78 18

NFL (ng/ml) 0.62 0.45–0.78 2

S100B (pg/ml) 0.61 0.46–0.77 20

Cognitive domains

Verbal episodic memory

Composite z-score 0.80 0.69–0.92 96c

RAVLT delayed recall, score 0.80 0.68–0.93 –

Story delayed recall, score 0.75 0.62–0.89 –

RAVLT immediate recall, score 0.74 0.61–0.88 –

RAVLT recognition-fp, score 0.74 0.61–0.87 –

Story immediate recall, score 0.73 0.59–0.86 –

Non-verbal episodic memory

Composite z-score 0.65 0.50–0.81 14

ROCF immediate recall, score 0.66 0.51–0.81 –

ROCF delayed recall, score 0.65 0.49–0.80 –

Executive functions

Composite z-score 0.64 0.49–0.80 16

TMT-B, secondsa 0.66 0.50–0.81 –

DSST, scorea 0.60 0.44–0.75 –

Stroop 4th/3rd part, secondsa 0.59 0.43–0.75 –

Language

Composite z-score 0.60 0.44–0.76 4

Verbal fluency animals, score 0.68 0.54–0.83 –

Verbal fluency H+S, score 0.50 0.34–0.66 –

Processing speed

Composite z-score 0.56 0.39–0.72 9

TMT-A, secondsa 0.60 0.44–0.76 –

Stroop test—part I, secondsa 0.54 0.38–0.70 –

AUC is the probability that a randomly selected pair of subjects from each CSF profile group is correctly classified
Abbreviations: AD Alzheimer’s disease, AUC area under curve, CI confidence intervals, CSF cerebrospinal fluid, DDST Digit Symbol Substitution Test, fp false
positives, LASSO Least absolute shrinkage and selection operator, RAVLT Rey Auditory-Verbal Learning Test, ROCF Rey–Osterrieth complex figure, TMT Trail
Making Test
*Confidence intervals calculated with DeLong method
aValues are natural log-transformed
bLASSO logistic regression model was fitted on 100 subsamples, with different predictors (CSF measures and composite test scores) possibly selected into each
model. Numbers present the frequency (%) of each possible predictor selected. The per-family error rate (PFER) was set at 1, and the cut-off value at 75% for
stability selection
cThe composite test for verbal episodic memory was the only measure to have selection frequency above the cut-off value
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between the NFL levels and individual neuropsychological
tests reflecting verbal episodic memory are presented in
Additional file 1, S2a-e. T-tau did not reach the selection
criteria for any cognitive domain. It is, nonetheless, of
interest to compare the results of T-tau to NFL as both
proteins are markers of neurodegeneration. The associ-
ation between T-tau and verbal episodic memory was
similar to NFL within the whole cohort (r = − 0.28, p <
0.04, Fig. 5c) but did not reach significance within the CSF
AD group (r = − 0.15, p = 0.45) when analyzed by CSF pro-
file (Fig. 5d).
Correlation between CSF GFAP levels and processing

speed did not reach significance within the whole cohort
(r = − 0.27, p = 0.06, Fig. 5e) or among those with a CSF
non-AD profile (r = 0.02, p = 0.94, Fig. 5f). A moderately
strong correlation was, on the other hand, detected
among those with a CSF AD profile (r = − 0.68, p <
0.001, Fig. 5f). A weak, negative correlation was found
between CSF GFAP levels and executive functions, both
within the whole cohort (r = − 0.37, p = 0.01, Fig. 5g) and
among subjects with a CSF AD profile (r = − 0.39, p =
0.04, Fig. 5h). The corresponding correlations between
CSF GFAP levels with individual neuropsychological
tests reflecting processing speed and executive functions
are presented in Additional file 1, Fig. S3a-e. Additional
file 1 also includes scatter plots identical to those shown
in Fig. 5 without adjustment for age and education (Fig.
S4a-h) and Pearson’s correlations between CSF markers,
age, and education and composite scores of each cogni-
tive domain, both unadjusted and adjusted for age and
education (Table S2).

Discussion
We compared different CSF biomarkers reflecting neu-
rodegeneration (NFL) and inflammation (YKL-40, S100B
and GFAP) in relation to core CSF AD markers and cog-
nitive functions in a cohort of subjects at the pre- and
early symptomatic dementia stages. While our results in-
dicated that these CSF markers did not accurately distin-
guish between AD and non-AD CSF profiles, they
exhibited different patterns of association with certain
cognitive domains, as evaluated by various neuropsycho-
logical tests. This pattern was mainly observed among
subjects with a CSF AD profile. Within that group, levels
of the neurodegeneration marker NFL associated with
verbal episodic memory while inflammatory marker
GFAP associated with processing speed. In addition,
GFAP associated weakly with executive functions within
the whole cohort. Overall, these results indicate that
CSF NFL and GFAP levels do relate to cognitive func-
tions, specifically among those with a CSF AD profile.
Both CSF NFL and YKL-40 levels correlated with T-

tau but not with Aβ42, in accordance with previous stud-
ies [54–56]; thereby, NFL and YKL-40 levels most likely
reflect processes that are independent of Aβ pathology
[55, 57, 58]. The putative inflammatory marker, S100B,
did show a similar trend as YKL-40 within the whole co-
hort, correlating strongly with CSF neurodegeneration
markers (NFL and T-tau) but not with Aβ42 levels. In
contrast, GFAP did not correlate with the CSF neurode-
generation markers nor with CSF Aβ42 levels. Neither
CSF S100B nor GFAP have been much studied in terms
of correlation with CSF core AD markers. Hov et al. [32]
found similar results among elective surgery patients free
from dementia and delirium, with S100B positively cor-
relating with P-tau but not with Aβ42 in CSF. Ishiki et al.
[33] did not find an association between GFAP and the
core AD markers within a sample of healthy subjects
and dementia patients. Here we found that CSF NFL,
YKL-40, S100B, and GFAP all performed poorly in dif-
ferentiating between the CSF AD and non-AD profiles.
In summary, these results are in accordance with previ-
ous findings that have suggested markers NFL, YKL-40,
S100B, and GFAP to be not AD specific.
The neuropsychological tests reflecting verbal episodic

memory did show the best accuracy in differentiating be-
tween the CSF profiles out of all the evaluated cognitive
measures and the novel CSF markers. The accuracy was
good for the composite score of verbal episodic memory
and RAVLT delayed recall test (80%), but fair for all the
other verbal episodic memory tests (between 70 and 80%).
A recent meta-analysis [59] based on 47 studies has shown
that immediate and delayed memory tests consistently
show good accuracy (above 80%) for differentiating be-
tween AD and healthy controls, especially those involving
list recall. Importantly, these studies are based on the

Fig. 3 Comparison between ROC curves of the two cognitive domains
and the CSF marker with the highest area under the curve
(AUC) coefficients
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Fig. 4 LASSO linear regression—stability selection analyses for prediction of composite z-scores reflecting a executive functions, b non-verbal
episodic memory, c processing speed, d verbal episodic memory, and e language. Two analyses were created for each domain, one including all
participants (n = 52) and the other only the CSF AD profile group (n = 28). The cut-off selection value was set at 75% and the per-family error rate
(PFER) at 1 for all analyses
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Fig. 5 (See legend on next page.)
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clinical diagnosis of AD, while our focus was on the signa-
ture of the CSF AD biomarker profile.
CSF markers related in different ways to cognitive

measures. Both CSF NFL [56, 60] and YKL-40 [58] have
been previously reported to associate with cognitive de-
cline, with correlation found between CSF levels and
global cognition assessed by MMSE test scores among
AD patients. In the same studies, the correlation did not
hold for patients with MCI. Thus, NFL and YKL-40
might not be sensitive to very early changes in cognition
in the earliest symptomatic stages of dementia (SCI,
MCI) as in more advanced stages. In this study, the rela-
tionship between NFL and YKL-40 with different cogni-
tive domains within the whole cohort could not be
confirmed. A possible explanation could be that a major-
ity of subjects (n = 34) were at the SCI or MCI stages,
with 23 of those without a CSF AD profile.
Knowledge regarding the relationship between core

CSF biomarkers and cognition remains incomplete.
Overall, Aβ42 and T-tau appear to associate with
memory and executive functions in some studies [61,
62], although results have not been consistent in
terms of which cognitive domains they are associated
with, which particular tests are most suitable and the
strength of relationships in different clinical stages
[61, 63, 64]. However, the levels of core CSF marker
have shown evidence of reaching a plateau early in
the clinical course of the disease and are therefore
not considered ideal for tracking the progression of
disease at later stages [65].
Increased CSF levels of inflammatory marker GFAP

was found weakly associated with worse performance on
tests reflecting executive functions, both within the
whole cohort and among subjects with CSF AD profile.
Few studies have examined the relationship between
CSF GFAP levels and cognitive functions. Ishiki et al.
[33] did not find an association between CSF GFAP
levels and MMSE scores in a sample of healthy subjects
and dementia patients. Darreh-Shori et al. [66] also re-
ported no correlation between CSF GFAP levels and
MMSE scores among AD patients. As with CSF GFAP,
little research has been conducted on the association be-
tween CSF S100B levels and cognition. In the same
study [66], a weak, positive relationship was found be-
tween levels of CSF S100B and MMSE scores within the
same patient group.

Associations between selected CSF markers and cogni-
tive domains were also examined within each CSF pro-
file. CSF NFL levels moderately related to verbal
episodic memory among those with CSF AD profile but
not among those without. Higher levels of CSF GFAP
also moderately associated with worse performance on
processing speed only within the CSF AD profile group.
This is of interest because the CSF markers did not
directly relate to the CSF AD profile (ability in dis-
criminating between CSF profiles was poor). This out-
come could possibly be explained by the additive
effects of distinctive processes on cognitive functions.
A previous study [67] showed a similar trend where
CSF YKL-40 levels associated with less preservation
of global cognition only in individuals with low Aβ
levels (Aβ positive). CSF Aβ levels did though not
correlate with YKL-40 or cognitive decline, but to
brain atrophy in Aβ positive subjects.
This study has several limitations. First, the sample

was relatively small, and hence, present findings need to
be validated in a larger study. The sample did not
include healthy controls, which could underestimate as-
sociations between the studied variables. Another limita-
tion of the study is the lack of information about the
ApoE genotype. However, it is unlikely that the ApoE
genotype affects the outcome as previous studies have
suggested that ApoE ε4 status does not influence CSF
NFL or YKL-40 levels [19, 68, 69].

Conclusions
Our findings suggest that levels of CSF markers NFL
and GFAP relate to different cognitive profiles at the
symptomatic pre- and early dementia stages. The rela-
tionships between the levels of NFL with verbal episodic
memory and GFAP with processing speed were only
observed among those with CSF AD profile, although
the CSF markers did not directly relate to the CSF AD
profile. These CSF markers could be of potential use as
progression markers, monitoring subtle cognitive
changes at the earliest symptomatic stages of dementia
among those with AD pathology. Further studies with
bigger group sizes are needed to validate these results
and to evaluate their potential in tracking changes in the
more advanced stages of AD and other types of
dementia.

(See figure on previous page.)
Fig. 5 Scatter plots presenting Pearson’s correlations between CSF levels of NFL and verbal episodic memory (a, b), T-tau and verbal episodic
memory (c, d), GFAP and processing speed (e, f), and GFAP and executive functions (g, h) within the whole cohort and by CSF profile. *Cognitive
domains were adjusted for covariates (age and education). Without the bottom corner GFAP outlier in the CSF AD profile group, Pearson’s
correlations were slightly lower for f processing speed (r = − 0.58, p = 0.001) and h executive functions (r = − 0.28, p = 0.15)
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Abstract.
Background: Understanding how dysregulation in lipid metabolism relates to the severity of Alzheimer‘s disease (AD)
pathology might be critical in developing effective treatments.
Objective: To identify lipid species in cerebrospinal fluid (CSF) associated with signature AD pathology and to explore their
relationships with measures reflecting AD-related processes (neurodegeneration, inflammation, deficits in verbal episodic
memory) among subjects at the pre- and early symptomatic stages of dementia.
Methods: A total of 60 subjects that had been referred to an Icelandic memory clinic cohort were classified as having CSF AD
(n = 34) or non-AD (n = 26) pathology profiles. Untargeted CSF lipidomic analysis was performed using ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS) for the detection of mass-to-charge ratio (m/z) features. CSF
proteins reflecting neurodegeneration (neurofilament light [NFL]) and inflammation (chitinase-3-like protein 1 [YKL-40],
S100 calcium-binding protein B [S100B], glial fibrillary acidic protein [GFAP]) were also measured. Rey Auditory Verbal
Learning (RAVLT) and Story tests were used for the assessment of verbal episodic memory.
Results: Eight out of 1008 features were identified as best distinguishing between the CSF profile groups. Of those, only
the annotation of the m/z feature assigned to lipid species C18 ceramide was confirmed with a high confidence. Multiple
regression analyses, adjusted for age, gender, and education, demonstrated significant associations of CSF core AD markers
(A�42: st.� = –0.36, p = 0.007; T-tau: st.� = 0.41, p = 0.005) and inflammatory marker S100B (st.� = 0.51, p = 0.001) with C18
ceramide levels.
Conclusion: Higher levels of C18 ceramide associated with increased AD pathology and inflammation, suggesting its
potential value as a therapeutic target.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease that leads to progressive cognitive impair-
ment and dementia. The pathology of AD, which
starts decades before the appearance of clinical symp-
toms [1], is characterized by extracellular amyloid
plaques containing amyloid-� (A�) and intracel-
lular neurofibrillary tangles (NFTs) comprised of
phosphorylated tau (P-tau) [2, 3]. The most widely
accepted hypothesis regarding AD pathogenesis pro-
poses that the deposition of A� leads to formation
of NFTs, neuronal dysfunction, and dementia [4].
Although abundant evidence places A� and tau
pathology at the center of AD pathogenesis, the
mechanisms linking the two together and to even-
tual neuronal dysfunction and death are still unclear
[4, 5]. As A� and tau pathology levels are relatively
constant in the symptomatic stages of the disease,
they are not considered suitable as progression mark-
ers [6–9]. Biomarkers reflecting other aspects of AD
pathology are therefore needed. Genome-wide asso-
ciation studies have identified about 30 risk genes
with a high proportion related to lipid metabolism,
immune response, or both [10, 11]. These findings
suggest that dysregulation of lipids and inflamma-
tory proteins play an essential part in the pathogenesis
of AD.

Lipids play various roles in the human body, both
as structural components of cell membranes and in
diverse biochemical processes, including membrane
trafficking and cell signaling [12]. A dozen of major
lipid classes are found within eukaryotic organisms,
each comprising hundreds of individual molecular
species [13]. Major classes, including glycerophos-
pholipids, sphingolipids, fatty acids, and cholesterol
[14], are abundantly expressed in the brain. These
lipids are utilized in different compartments of glial
cells and neurons [15]. In recent years, the role of lipid
metabolism defects in AD pathogenesis has gained
increased attention. Several molecular mechanisms
have been identified, which connect membrane lipids
to the generation and aggregation of A�. Pathologi-
cal forms of A� proteins are formed by proteolytic
cleavage of the transmembrane protein A�PP by �-
and �-secretases [16]. Lipid membrane structure and
organization can affect the activity of these trans-
membrane enzymes, and thus A�PP processing and
A� production [17]. Furthermore, secretases, A�PP,
and its derivatives also appear to affect the activity of
lipid metabolic enzymes and subcellular trafficking,
thereby changing the membrane lipid composition.

Lipids might, therefore, play a role in the initiation
and progression of AD pathogenesis [16].

Studies have established neuroinflammation as a
contributing factor in the pathogenesis and progres-
sion of AD and other neurodegenerative diseases
[18, 19]. A� plaques induce an immune response
by activation of microglia and astrocytes [20–22],
which in turn is thought to play a role in the forma-
tion of NFTs, contributing to neuronal dysfunction
and loss [23]. The glial proteins chitinase-3-like-1
protein (YKL-40), calcium-binding protein S100B,
and glial fibrillary acidic protein (GFAP) have been
associated with AD pathology [24]. All proteins are
expressed primarily (YKL-40 and S100B) [25, 26], or
exclusively (GFAP) [27] in astrocytes within the cen-
tral nervous system (CNS). YKL-40, a chitin-binding
glycoprotein [28], has been reported to be a promis-
ing candidate biomarker of glial activation in AD.
Previous studies have detected positive relationships
between YKL-40 and the neurodegeneration mark-
ers tau [29–32] and neurofilament light (NFL) [33] in
cerebrospinal fluid (CSF), demonstrating an associa-
tion between glial activation and neurodegeneration
[34]. NFL is mainly located in myelinated axons, with
recent studies indicating a potential for this protein as
both a diagnostic and a progression marker in AD and
other neurodegenerative diseases [35, 36]. S100B,
a calcium-binding protein, exerts both intracellular
and extracellular functions and has been found to be
upregulated in AD tissues [37, 38]. GFAP is an inter-
mediate filament protein and a marker for astrocyte
activation, which has both been associated with amy-
loid plaque load and the number of NFTs [39–41].

In recent years, a paradigm shift has occurred from
clinical to biological definition of AD based on in vivo
biomarkers measured in CSF or with positron emis-
sion tomography (PET) imaging [1]. The most recent
research criteria base the diagnosis of AD partly
[42] or primarily [1] on signature profiles defined by
CSF/PET A�, CSF total tau (T-tau), and CSF P-tau
levels. The International Working Group (IWG) [42],
for example, defines typical AD as a combination
of biomarker evidence (decreased CSF/PET A�42
together with increased CSF T-tau or P-tau) and a
specific phenotype (presence of a significant episodic
memory impairment). Although the diagnostic accu-
racies of these core biomarkers are satisfactory [43],
there is still a need to examine others. Understand-
ing how biomarkers reflecting other processes could
influence AD pathogenesis and severity is critical for
the improvement of diagnosis and development of
effective pharmacologic treatments. The first aim of



U.D. Teitsdottir et al. / Markers of Alzheimer’s Disease and Inflammation at the Pre- and Early Stages of Dementia 233

Fig. 1. Flow diagram of sample selection and lipid profiling techniques applied to the analysis of CSF samples.

this study was to identify CSF lipid species associated
with CSF profile reflecting signature AD pathology
in a cohort of subjects at the pre- and early symp-
tomatic stages of dementia. The second aim was
to explore the relationships between candidate lipid
species and measures reflecting other AD-associated
processes, including neuronal generation, inflamma-
tion and impairment in verbal episodic memory.

MATERIALS AND METHODS

Subjects

Subjects from The Icelandic MCI study cohort
(n = 218), who had undergone lumbar puncture, were
selected for this cross-sectional study (n = 64). The
cohort was comprised of individuals who had been
referred to Landspitali University Hospital (LUH)
Memory Clinic over a four-year period (Fig. 1). The
inclusion criteria for joining the cohort study were:
1) a score between 24–30 on the Mini-Mental State
Examination (MMSE) [44] and 2) a score of 4.0 or
less on the Informant Questionnaire on Cognitive
Decline in the Elderly (IQCODE) [45]. The exclusion
criteria were the following: 1) cognitive impairment
caused by a pre-existing condition, 2) difficulties
participating due to health or social issues, and 3)

residency outside the Reykjavı́k Capital Area. Each
subject underwent various measurements at base-
line, which included a medical assessment and a
detailed neuropsychological assessment as well as
brain magnetic resonance imaging (MRI) for the eval-
uation of medial temporal lobe atrophy (MTA) and
white matter lesions. Lumbar puncture was carried
out for the collection of CSF, but the intervention was
optional required by the National Bioethics Commit-
tee. The final sample included 60 subjects as four
were removed due to excessively high CSF GFAP
value (n = 1) or blood-contamination in CSF sam-
ples (n = 3). Clinical diagnosis of AD was based on
the criteria for probable AD dementia defined by the
National Institute on Aging-Alzheimer’s Association
(NIA-AA) [46], with evidence of AD pathophys-
iological processes (based on MTA score or/and
analysis of core CSF markers). Patients with Lewy
body dementia (LBD) were diagnosed based on the
consensus criteria of McKeith [47]. The diagnosis of
mild cognitive impairment (MCI) required the ful-
fillment of the Winblad criteria [48]. Those without
cognitive impairment were considered to have sub-
jective cognitive impairment (SCI), as they had been
referred to the Memory Clinic due to concerns of cog-
nitive decline. Of the 60 participants in this study, 13
were diagnosed with SCI, 23 with MCI, 20 with AD,
three with LBD, and one with Parkinson’s disease.



234 U.D. Teitsdottir et al. / Markers of Alzheimer’s Disease and Inflammation at the Pre- and Early Stages of Dementia

The study has been approved by the National
Research Ethics Committee of Iceland (VSN-14-
028) and all subjects signed an informed consent. The
study was conducted in accordance with the Helsinki
Declaration latest revision of 2013.

CSF collection and analysis

Collection of CSF was done via lumbar puncture
with a 22-gauge spinal needle at the L3/4 or L4/
5 interspace. Samples, uncentrifuged, were frozen
in 2 ml polypropylene tubes and stored at –80◦C.
Levels of all proteins were determined using commer-
cially available sandwich enzyme-linked immuno-
sorbent assays (ELISAs) and performed according
to manufacturer‘s instructions. Levels of T-tau (IBL
International, Hamburg, Germany), P-tau181 (INNO
TEST, Gent, Belgium), and A�42 (IBL Interna-
tional, Hamburg, Germany), were measured in the
ISO 15189 accredited medical laboratory MVZ
Labor P.D. Dr. Volkmann und Kollegen GbR (Karls-
ruhe, Germany). Levels of NFL (Uman Diagnos-
tics, Umeå, Sweden), YKL-40 (Quantikine ELISA
Human Chitinase-3–like 1; R&D systems, MN,
USA), S100B (BioVendor GmbH, Heidelberg, Ger-
many), and GFAP (BioVendor GmbH, Heidelberg,
Germany) were measured in a laboratory at the Uni-
versity of Iceland. All assays had mean Intra-assay
CV < 10% and Inter-assay CV < 15%.

Subject grouping based on CSF measures

Each subject was classified based on CSF T-tau
and A�42 values, independently of clinical diagnosis.
A cut-off of 0.52 for T-tau/A�42 ratio was selected
based on results from a large memory clinic cohort
study [49]. T-tau/A�42 ratio > 0.52 was defined as a
signature CSF AD profile. The CSF AD profile group
had a total of 34 subjects (20 with a clinical diagnosis
of AD dementia, 10 with MCI, three with SCI and
one with Lewy body dementia) while the non-AD
profile had a total of 26 subjects (13 with MCI, 10
with SCI, two with LBD, and one with Parkinson’s
disease). The same ratio cut-off point was also used
as a part of the clinical diagnosis of AD, explaining
full concordance with the CSF AD profile.

Neuropsychological tests

A detailed neuropsychological assessment, for
the evaluation of different cognitive domains, was
performed by licensed psychologists under the

supervision of a clinical neuropsychologist. A signifi-
cant impairment in episodic memory is commonly the
earliest clinical symptom of AD [50], and therefore
of specific interest here. Two tests were used for the
evaluation of verbal episodic memory, The Rey Audi-
tory Verbal Learning Test (RAVLT) [51], and a Story
test based on the Logical Memory test of the Wechsler
Memory Scale-Revised [52]. RAVLT consists of 15
nouns presented across five consecutive trials, with
each trial followed by a free-recall test (immediate
recall). A score for RAVLT immediate recall was cal-
culated by summing up the number of words recalled
from trials 1 through 5 (0 to 75 points). After a 30 min
delay, subjects were required to recall the words with-
out being reread the list (delayed recall). A point was
given for each correct word (0 to 15 points). The sec-
ond test was composed of an orally presented story,
which included 25 ideas. Right after the presentation,
the subject was asked to repeat what they remembered
without being given any clues. After a 30 min delay,
there was another recall without the story being reread
to the subject. For both immediate and delayed recall,
a point was given for each idea (0 to 25 points).

Sample preparation and scanning UPLC-MS
analysis

CSF sample extraction was based on the method
used in Bird et al. [53]. Briefly, C12 ceramide and
C17 sphingomyelin (SM d18:1/17:0) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and
added to 30 �l of CSF as internal standards prior
to lipid extraction. Dried lipid extracts were resus-
pended in 300 �L of ACN/IPA/H2O (65:30:5 v/v/v)
and stored at –80◦C prior to analyses. C18 SM
(d18:1/18:0) and C18 ceramide (d18:1/18:0) were
run alongside samples for reference as both SMs
and ceramides have consistently been associated with
AD [54]. Ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS) lipidomic
analysis was carried out as described in Kotronoulas
et al. [55]. The analytical instrumentation used was an
ACQUITY UPLC system (UPLC ACQUITY, Waters
Corporation, Milford, MA) coupled to a traveling-
wave ion mobility (IMS) qTOF mass spectrometer
(Synapt G2 HDMS, Waters Corporation, Manch-
ester, UK). The chromatographic gradient separation
was performed on an ACQUITY CSH C18 column
(2.1 mm × 150 mm, 1.7 �m particle size, Waters
Corporation) at 60◦C (Supplementary Figure 1).
Mobile phase A was H2O/2-isopropanol (80:20) and
mobile phase B 2-isopropanol/ACN/H2O (90:9.1),
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both with 0.05% of formic acid and 5 mM ammonium
formate. Injection volume was 10 �L, flow rate was
0.4 mL/min, and the run time was 17 min. The fol-
lowing gradient pattern (solvent B) was used: 0 min,
40%B; 1 min, 40%B; 3 min, 60%B; 10 min, 100%B;
13.5 min, 100%B; 14 min, 40%B; 17 min, 40 %B.
Both positive (+) and negative (-) electrospray ion-
ization (ESI) modes were acquired. The capillary and
cone voltage were 2.5 kV and 30 V, respectively. The
source and desolvation temperature were 120 and
500◦C and the desolvation gas flow was 800 L/h. Dur-
ing High Definition MSE (HDMSE) experiments, the
collision energy in the trap cell was off, and in the
transfer cell, it ranged from 20 to 30 eV for the posi-
tive mode and from 25 to 40 eV for the negative mode.
The resulting MS data were analyzed further within
the MS-Dial program.

Spectral processing

Waters RAW files were converted to ABF format
using the Reifycs Abf Converter tool. All patient
ABF files and pooled samples from either positive
or negative controls were loaded into the MS-Dial
application [56]. MS-Dial was used for sample align-
ment and peak detection. Selected mass-to-charge
ratio (m/z) peaks, hereafter referred to as m/z fea-
tures, were manually curated to minimize the effect
of sample drift. All m/z features were normalized to
the internal standards. M/z feature annotation was
performed with MS-Dial and compared to MS/MS
spectra in the LipidBlast Library [57]. A total of
1013 m/z features were detected based on their peak
mass. M/z features with more than 5% missing val-
ues were excluded from the analysis (n = 5), leaving
1008 features. The remaining missing data (5% or
less) were imputed by the smallest observed value of
that particular feature.

Statistical analysis

All CSF measures (detected m/z features and
proteins) were log2-transformed to fit a Gaussian dis-
tribution. After autoscaling, each CSF measure had an
average and a standard deviation of 0 and 1, respec-
tively. Mann-Whitney U non-parametric tests were
performed to compare levels of different variables
between CSF profile groups. The sample (n = 60)
was divided into the two sets (discovery and valida-
tion) using a bootstrap sampling method [58] for the
selection of m/z features best distinguishing between
CSF AD and non-AD profile groups. A discovery set

was created by drawing a random sample of equal
size from the original sample (n = 60) with replace-
ment. Approximately 63% of the sample (38 subjects)
were selected into the discovery set, and those left
out (22 subjects) made up the validation set. The
levels of each m/z feature were compared between
CSF profile groups in both sets using Mann-Whitney
U tests with a significance level of 0.05. This pro-
cedure was repeated 1000 times for the purpose of
enhancing the robustness of feature selection. The
m/z features most frequently significant in both sets
(> 20%) were selected for more detailed identifica-
tion. The cut-off point of 20% was selected based on
the distribution of m/z features after 1000 bootstrap
replications (Supplementary Figure 2). A cut-off at
20% was considered optimal, as frequencies of sig-
nificant m/z features started to slowly increase below
that point. Pearson’s correlations and linear regres-
sion models (both unadjusted and adjusted for gender,
age, and years of education) were used for estimation
of relationships between continuous measures and
final selection of lipids. All statistical analyses were
performed using R (version 3.6.1, The R Foundation
for Statistical Computing).

RESULTS

Table 1 presents the demographic, pathophysiolog-
ical, and cognitive characteristics of subjects, both
within the whole sample and divided by CSF pro-
file (AD and non-AD). No statistical differences (p >
0.05) were found between CSF profile groups by gen-
der, age, education, CSF protein levels, or MMSE
scores. Subjects with a CSF AD profile performed
worse on tests assessing verbal episodic memory,
both for immediate (RAVLT: p = 0.009; Story: p =
0.003) and delayed (RAVLT: p < 0.001; Story: p =
0.002) recall.

In order to relate changes in lipid species levels
to typical AD pathology and related measures, we
performed a lipidomic analysis of CSF from patients
described in Table 1. The selection of the m/z fea-
tures best distinguishing between CSF profile groups
was done using Mann-Whitney U non-parametric
tests. Of the 1008 features detected, eight signifi-
cantly differed in levels between groups within both
the discovery and validation sets in more than 200 of
the 1000 (20%) bootstrap replicates (Fig. 2) and were
selected for further identification. Eight m/z features
reached significance in 10–20% of the replicates, 23
in 2–10% of the replicates and 969 in less than 2%
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Table 1
Subject demographics, CSF protein levels and cognitive scores by CSF profile

CSF profile All

Non-AD AD
T-tau/ A�42 ≤ 0.52 T-tau/ A�42 > 0.52 pa

n = 26 n = 34 n = 60

Demographics
Gender (M/F) 16/10 16/18 0.27 32/28
Age, y 68 (46–85) 70 (51–84) 0.19 70 (46–85)
Education, y 14 (9–20) 13 (6–20) 0.82 13 (6–20)

Clinical diagnosis
SCI/MCI/AD/LBD/PD 10/13/0/2/1 3/10/20/1/0 N/Ad 13/23/20/3/1

CSF measuresb

A�42 (pg/ml) 770 (374–2332) 470 (140–977) N/Ae 555 (140–2332)
T-tau (pg/ml) 182 (100–722) 429 (132–1086) N/Ae 290 (100–1086)
P-tau (pg/ml) 45 (24–77) 84 (30–144) N/Ae 58 (24–144)
NFL (ng/ml) 2.0 (0.9–6.5) 2.5 (1.2–5.3) 0.052 2.2 (0.9–6.5)
YKL-40 (ng/ml) 165 (83–399) 189 (124–367) 0.35 183 (83–399)
S100B (pg/ml) 215 (132–335) 240 (129–509) 0.06 228 (129–509)
GFAP (ng/ml) 1.1 (0.1–7.1) 1.3 (0.5–21.3) 0.11 1.3 (0.1–21.3)

Global cognition
MMSE, score 28 (24–30) 28 (24–30) 0.87 28 (24–30)

Verbal episodic memory
RAVLT immediate recall, scorec 34.5 (23–66) 27 (13–58) 0.009 30 (13–66)
RAVLT delayed recall, scorec 4.5 (0–15) 1 (0–12) < 0.001 3 (0–15)
Story – immediate recall, score 13.5 (5–17) 8 (1–21) 0.003 10 (1–21)
Story – delayed recall, score 11.5 (1–19) 6 (0–19) 0.002 7 (0–19)

AD, Alzheimer’s disease; CSF, Cerebrospinal fluid; LBD, Lewy body dementia; MCI, mild cognitive impairment;
MMSE, Mini-Mental State Examination; N/A, Not applicable; PD, Parkinson‘s disease; RAVLT, Rey Auditory
Verbal Learning Test; SCI, subjective cognitive impairment. Values are shown as median (range) or as numbers per
group. aMann-Whitney U non-parametric test used for continuous variables and Chi-Square test for the categorical
variable (gender). bRaw values (neither log2-transformed nor autoscaled). cAnalysis based on 59 subjects, one
missing value. dp-values not applicable for clinical diagnosis due to CSF profiles being part of the diagnostic
criteria for AD. ep-values not applicable for A�42 and tau due to their values used for defining CSF profiles.

Fig. 2. Frequencies of m/z features significantly distinguishing between CSF profiles (AD and non-AD) in both discovery and validation
sets (p < 0.05) after 1000 bootstrap replications. A total of eight features with frequencies higher than 200 (20%) were selected for more
detailed identification.

of the replicates. The distribution of all m/z features
after 1000 boostrap replications is depicted in Sup-
plementary Figure 2.

Table 2 presents the lipid species annotations that
were automatically assigned to the eight selected
m/z features using the LipidBlast spectral library. It
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Table 2
LipidBlast annotations of the eight selected m/z features. Levels for each feature compared between CSF AD and non-AD profile groups

Feature/peak Average RT Ionization Annotated lipid Proposed structure CSF profilea pb

(m/z) (min) mode species

Non-AD AD

607.472 7.74 (-) FAHFA 40:7 FAHFA (18:5/22:2) –0.50 0.25 < 0.001
607.375 6.00 (-) MGDG 20:0 MGDG (10:0/10:0) –0.54 –0.05 < 0.001
579.441 7.24 (-) FAHFA 38:7 FAHFA (18:4/20:3) –0.42 0.27 < 0.001
663.441 6.15 (-) MGDG 24:0 MGDG (10:0/14:0) –0.28 0.38 < 0.001
564.537 7.50 (-) Cer 36:1 C18 Cer (d18:1/18:0) –0.48 0.31 0.002
783.496 6.65 (-) PMeOH 42:9 PMeOH (20:3/22:6) –0.36 0.29 0.003
664.386 6.21 (-) PE 32:6e PE (16:23/16:4) –0.10 0.36 0.003
635.503 8.07 (-) FAHFA 42:7 FAHFA (20:3/22:4) –0.56 –0.11 0.005

m/z, mass-to-charge ratio; RT, retention time; Cer, ceramide; FAHFA, fatty acid ester of hydroxyl fatty acid; MGDG, monogalactosyldiacyl-
glycerol; PE, phosphatidylethanolamines; PMeOH, phosphatidyl methanol. aBased on normalized peak area arbitrary units (A.U.), log2-
transformed and autoscaled before analysis. bMann-Whitney U non-parametric test used.

also includes comparisons in levels of each feature
between CSF profiles. Annotations of compounds
searching the library are based on similarity match-
ing of elements, including m/z peaks and retention
time (RT). The lipid species selected belonged to
four different lipid categories; glycerophospholipids
(PE 16:23/16:4, PMeOH 20:3/22:6), sphingolipids
(ceramide d18:1/18:0), branched fatty acid esters of
hydroxy fatty acids (FAHFA 18:5/22:2, 18:4/20:3
and 20:3/22:4), and monogalactosyldiacylglycerol
(MGDG 10:0/10:0). Of the eight lipid species anno-
tated via LipidBlast library search, a reference
standard was only run for C18 ceramide (d18:1/18:0).
A comparison of the MS/MS fragmentation spectra of
the C18 ceramide standard confirmed the annotation
of C18 ceramide in the CSF samples (Supplemen-
tary Figure 3). The other seven annotated lipid species
remain unconfirmed, as a comparison of each MS/MS
fragmentation spectra to the LipidBlast reference
spectra did not clearly confirm the correct chemical
structure. All measured m/z features are listed in Sup-
plementary Table 1A (positive ionization mode) and
1B (negative ionization mode).

As the structure for C18 ceramide was confir-
med with high confidence, it was selected for fur-
ther analysis. Figure 3 presents the levels of CSF
C18 ceramide by different CSF profiles. As can be
observed, levels of C18 ceramide were elevated in
the CSF AD profile group compared to the non-AD
group (p = 0.002).

Linear regression (unadjusted and adjusted for
gender, age, and education) was performed to esti-
mate the relationships of established AD (A�42,
T-tau, P-tau), inflammatory (YKL-40, S100B, GFAP)
and neuronal degeneration (NFL) markers with
CSF C18 ceramide (Table 3). Levels of A�42

Fig. 3. Comparison in levels of CSF C18 ceramide by CSF profile
(non-AD and AD). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 significance
according to Mann-Whitney U non-parametric test. Based on nor-
malized peak area arbitrary units (A.U.), log2-transformed and
autoscaled before analysis. The lower and upper horizontal lines
of the boxplot correspond to the 25th and the 75th centiles and
the middle line to the median. Levels of CSF C18 ceramide were
significantly higher (p = 0.002) among participants with a CSF AD
profile compared to those without.

were negatively associated with C18 ceramide when
adjusted for age, gender, and education (st. � = –0.36,
p = 0.007). T-tau (st. � = 0.41, p = 0.005) and S100B
(st. � = 0.51, p = 0.001) positively associated with
C18 ceramide when adjusted for the same covariates.
Statistically significant, albeit weaker, associations
were detected between the same measures when lin-
ear regression was not adjusted for demographic
variables. Levels of other CSF proteins (NFL, YKL-
40, GFAP) and test scores presenting verbal episodic
memory (RAVLT, Story) did not significantly asso-
ciate with levels of C18 ceramide. One subject did
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Table 3
Linear regression estimates (unadjusted and adjusted) for the asso-
ciation between various measures and levels of CSF C18 ceramide

CSF C18 ceramide (A.U.)a

Unadjusted Adjusted
model model∗

St. � p St. � p

Demographics
Age, y –0.02 0.902 –0.05 0.765
Education, y –0.05 0.688 –0.07 0.596

CSF proteinsa

A�42 (pg/ml) –0.35 0.006 –0.36 0.007
T-tau (pg/ml) 0.30 0.018 0.41 0.005
P-tau (pg/ml) 0.17 0.188 0.21 0.129
T-tau/A�42 0.44 < 0.001 0.52 < 0.001
NFL (ng/ml) 0.03 0.835 0.05 0.782
YKL-40 (ng/ml) 0.11 0.411 0.25 0.194
S100B (pg/ml) 0.37 0.004 0.51 0.001
GFAP (ng/ml) 0.22 0.087 0.26 0.087

Verbal episodic memory
RAVLT immediate

recall, scoreb
–0.02 0.893 –0.01 0.928

RAVLT delayed recall,
scoreb

–0.18 0.339 –0.29 0.095

Story immediate recall,
score

–0.13 0.356 –0.14 0.345

Story delayed recall,
score

–0.13 0.305 –0.15 0.335

A.U., arbitrary units; RAVLT, Rey Auditory Verbal Learning Test.
Numbers present standardized beta coefficients (st.�). ∗Adjusted
for age, gender, and years of education. aValues log2-transformed
and autoscaled before analysis. bAnalysis based on 59 subjects,
with one missing.

not take the RAVLT test, and therefore the analyses
involving RAVLT immediate and delayed recall were
only based on 59 subjects. This did not skew compar-
isons between RAVLT and other regression estimates,
as results in Table 3 did not change when calculated
again without that subject.

The statistically significant relationships between
the levels of proteins and C18 ceramide (p < 0.05)
from Table 3 are depicted in Fig. 4. The associations
were estimated with Pearson’s coefficients, which
are equal to the unadjusted standardized beta coef-
ficients (st. �) in Table 3. Pearson’s coefficients were
also calculated for the CSF markers within each CSF
profile group (Table 4), but none reached statistical
significance (p > 0.05).

DISCUSSION

We used an untargeted lipidomic approach to iden-
tify CSF lipid species associated with a signature
CSF profile reflecting AD pathology. A total of
1008 m/z features were detected, with eight selected

as candidate markers. Out of these, one was fully
confirmed as corresponding to the lipid species C18
ceramide. Our results showed that C18 ceramide lev-
els were higher among subjects with a CSF AD
profile. Relationships were also detected between
established AD markers (A�42, T-tau) and C18
ceramide. Higher levels of C18 ceramide associated
with lower levels of A�42 and higher levels of T-
tau. In addition, levels of the inflammatory marker
S100B positively related to C18 ceramide. Overall,
our results indicate that CSF C18 ceramide levels
could increase during pathological changes in the
early stages of AD.

Ceramides, the core constituents of sphingolipid
metabolism, are composed of a sphingosine back-
bone linked to a fatty acid chain of varying carbon
atom length (C14-C26) [59]. Alterations in sphin-
golipid metabolism have been observed in healthy
aging and in neurodegenerative diseases, including
AD [60]. They play essential roles in the structural
stability of membranes and as signaling molecules
affect differentiation, proliferation, inflammation,
and apoptosis [61, 62]. Ceramides are synthesized via
two main pathways in eukaryotic cells [63]. In the sal-
vage pathway, sphingomyelin is hydrolyzed through
sphingomyelinase (SMase) to produce ceramide,
which can be further metabolized to sphingosine by
ceramidase. Ceramides can also be generated through
the de novo pathway via anabolism of serine and
palmitate. Results from cellular and animal studies
suggest that both direct and indirect mechanisms by
which ceramides can contribute to an increase in A�
levels and AD pathogenesis [64]. Ceramides stimu-
late A� generation by stabilizing �-secretase enzyme
BACE1 and increasing its half-life [65, 66]. Further-
more, soluble and fibrillar forms of A� can induce
degradation of SM to ceramide by SMases [67, 68]
through oxidative stress-mediated mechanisms [69].
This positive loop of ceramide production possi-
bly contributes to immune activation and neuronal
loss in AD. Long-chain ceramides, specifically C18
ceramide, have also been linked to tau phosphoryla-
tion through modulation of PP2A activity [70–74].
Several postmortem studies have found increased
levels of ceramide in brain tissues of AD patients
compared to healthy controls [60, 69, 75–77]. Two
of the studies [60, 76] examined different ceramide
species, with long-chain ceramide levels (C18 and
C24) being significantly elevated in the AD group.
Han et al. [75] observed the highest elevation of total
ceramide in the brains of patients with mild AD,
compared to those with severe AD and to controls,
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Fig. 4. Pearson’s correlations between CSF levels of a) A�42, b) T-tau, c) T-tau/ A�42, d) S100B and CSF C18 ceramide. Normalized
peak area arbitrary units (A.U.). All CSF measures were log2-transformed and autoscaled before analysis. C18 ceramide levels significantly
correlated with levels of the core AD markers A�42, T-tau, and inflammatory marker S100B.

Table 4
Pearson‘s correlations between selected CSF markers and levels

of CSF C18 ceramide within CSF profiles

CSF C18 ceramide (A.U.)a

CSF non-AD CSF AD
profile n = 26 profile n = 34

r p r p

CSF proteinsa

A�42 (pg/ml) –0.04 0.86 –0.25 0.15
T-tau (pg/ml) 0.23 0.25 –0.20 0.25
P-tau (pg/ml) –0.20 0.34 –0.13 0.47
T-tau/A�42 0.32 0.11 0.08 0.67
NFL (ng/ml) –0.09 0.68 –0.07 0.70
YKL-40 (ng/ml) 0.08 0.70 0.02 0.90
S100B (pg/ml) 0.39 0.052 0.21 0.24
GFAP (ng/ml) 0.16 0.43 0.17 0.34

A.U., arbitrary units. aValues log2-transformed and autoscaled
before analysis.

indicating early changes in the pathological pro-
cesses of AD. To further confirm the implications

of ceramide metabolism in AD, upregulation [78]
and increase in activity of enzymes [77] controlling
ceramide synthesis have been observed in brain areas
(temporal and frontal cortices) affected in the early
stages of the disease.

While postmortem studies are essential, in vivo
studies are the only way to ascertain the role of lipids
in early AD pathogenesis and whether these lipids
may be indicators or predictors of disease progres-
sion. The most informative medium for studying lipid
changes in the brain is the CSF, since it is in direct
contact with the brain interstitial fluid. Very few CSF
studies have been published comparing ceramide lev-
els in AD patients to other groups. Fonteh et al. [79]
found slightly higher, albeit not significant, levels
of ceramide in AD compared to MCI and control
groups in supernatant fluid of CSF. In another study
[80], patients with AD had significantly higher levels
compared to controls with other neurological condi-
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tions. A study by Mielke et al. [81], examined the
relationship between different ceramide species in
relation to A� and tau levels in CSF. A positive cor-
relation was found between C18 ceramide and all
A� species except A�42 as well as tau levels in a
cohort of cognitively healthy individuals aged 36–69
years (n = 91) with a parental history of AD. In con-
trast with cellular studies, no significant correlation
was found between the lipid species and P-tau. The
same study also found a negative association between
the longer carbon chain species (C20, C22, and C26)
and performance on cognitive tests reflecting verbal
episodic memory (delayed recall) or working mem-
ory. Our results expand upon the findings from this
study. The results we present show a significant pos-
itive relationship between levels of C18 ceramide
and T-tau, but not with P-tau, among the cohort of
patients at risk of or at the early stages of dementia.
Association between C18 ceramide and verbal epi-
sodic memory (immediate or delayed recall) was also
not detected. No significant relationship was found
with NFL levels, which is interesting considering it
is a marker for neurodegeneration and white mat-
ter changes, and SM, a precursor of ceramide, is
enriched in the myelin sheath of neurons. A possi-
ble explanation is CSF C18 ceramide being a marker
of apoptosis, rather than degradation of myelinated
axons. Evidence supports the role of ceramides in
neuronal apoptosis, initiating a cascade of biochemi-
cal alterations leading ultimately to neuronal death
[64]. In contrast with the study by Mielke et al.
[81], we showed higher levels of C18 ceramide
associating with lower levels of A�42, one of the
primary toxic species of amyloid [82]. A possible
reason could be that all subjects in our study were
already at the symptomatic pre- or early stages of
dementia, and it is not unlikely that the relation-
ship between the analytes strengthens during the
progression of AD. Our study also found a pos-
itive association between levels of C18 ceramide
and inflammatory marker S100B, but not YKL-40
and GFAP. Our hypothesis is that the relationship
could be due to higher concentrations of ceramides
and S100B, as both have been associated with the
induction of neuronal apoptosis [26, 64]. In high
doses, extracellular S100B has been shown to cause
neuronal death by activation of the receptor for
advanced glycation end products (RAGE). The pro-
tein can, by excessive stimulation of RAGE expressed
in neurons, hyperactivate the Ras/MEK/ERK path-
way, which consequently leads to apoptosis [83,
84]. S100B can also, indirectly, lead to neu-

ronal death through the release of nitric oxide by
astrocytes and microglia via RAGE-dependent acti-
vation [85, 86].

There are several limitations to our study. First,
our sample size was relatively small, with a vast
number of features compared to the number of sub-
jects, resulting in little power and a considerable risk
of type-II errors. Corrections for multiple compar-
isons were, therefore, not performed when comparing
levels of features between groups in the discovery
set. A more significant validation set would also
have allowed for evaluation of accuracy in distin-
guishing between CSF profile groups using multiple
lipid species simultaneously as predictors. Second,
our study did not include a healthy control group
or patients with moderate to severe AD. It also
included very few participants with other dementias.
It would be of interest to examine the relationships
between ceramides and AD-related markers in CSF in
a more diverse cohort, for a better evaluation of C18
ceramide as a marker of AD progression and severity,
preferably in a longitudinal study. Third, information
about the APOE genotype of subjects was not avail-
able, and therefore, its potential effect on results could
not be adjusted for [87].

In summary, our results indicate that CSF C18
ceramide levels associate with established markers
of AD pathology (A�42 and T-tau) and inflammation
(S100B) at the symptomatic pre- and early stages
of dementia. These findings suggest that ceramide
metabolism could influence the pathophysiological
processes during the early stages of AD. Furthermore,
ceramides could potentially serve as therapeutic tar-
gets, with strategies aiming at reducing ceramide
levels to slow down the progression of the disease.
Longitudinal studies are, however, needed to validate
the pathological implications of these results.
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ABSTRACT 

Objectives 

To evaluate the relationship between cholinergic enzyme activity, markers of amyloidosis, 

neurodegeneration and inflammation in cerebrospinal spinal fluid (CSF) and verbal episodic memory 

performance among subjects from a memory clinic cohort. 

 

Methods  

In this cross-sectional study, 46 cholinergic drug-free subjects (median age=71, 54% female, median 

MMSE=28) were recruited from an Icelandic memory clinic cohort targeting early stages of cognitive 

impairment. Subjects were classified into three profiles based on the CSF levels of the core AD markers 

amyloid-β1‐42 (Aβ42), total tau (T-tau) and phosphorylated tau (P-tau). Each profile was divided into two 

categories according to a cut-off point; positive (abnormal) or a negative (normal) levels. The activities 

of the cholinergic enzymes acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) as well as 

levels of neurofilament light (NFL), YKL-40, S100 calcium-binding protein B (S100B) and glial fibrillary 

acidic protein (GFAP) were also measured in CSF. Verbal episodic memory was assessed by the use of 

Rey Auditory Verbal Learning (RAVLT) and Story tests. 

 

Results 

No significant differences were found in AChE or BuChE activity between positive and negative CSF Aβ42 

profile groups (p>0.05). In contrast, AChE activity was significantly higher among subjects with positive 

T-tau or P-tau profiles, compared to those with negative profiles. In accordance, T-tau (r=0.46, p=0.001) 

and P-tau (r=0.45, p=0.002) levels significantly correlated with AChE. Inflammation markers S100B and 

YKL-40 both significantly correlated with AChE (S100B: r=0.43, p=0.003; YKL-40: r=0.32, p=0.03) and 

BuChE (S100B: r=0.47, p<0.001; YKL-40: r=0.38, p=0.009) activity. Weak correlation was detected 

between AChE activity and composite score reflecting verbal episodic memory (r=-0.34, p=0.02). LASSO 

regression analyses with a stability approach were performed for the selection of a set of measures best 

predicting cholinergic activity and verbal episodic memory score. S100B was the predictor with the 

highest model selection frequency for both AChE (68%) and BuChE (73%) activity. Age (91%) was the 
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most reliable predictor for verbal episodic memory, with selection frequency of both cholinergic 

enzymes below 10%. 

 

Conclusions 

These results indicate a relationship between higher activity of the ACh-degrading cholinergic enzymes 

with increased neurodegeneration and inflammation in the stages of pre- and early symptomatic 

dementia, independent of CSF Aβ42 levels.  
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INTRODUCTION 

The neuropathological changes in AD include the accumulation of beta-amyloid (Aβ) in plaques and 

hyper-phosphorylated tau protein in neurofibrillary tangles (NFT), leading to loss of synapses, dendrites, 

and eventually neurons. The most consistent neuronal loss through the progression of AD is found 

within the cholinergic system of the basal forebrain [1]. The cholinergic neurons of this region are the 

major source of cholinergic innervation to the cerebral cortex and hippocampus, playing a pivotal role in 

cognitive functions including memory, learning and attention [2]. Due to the critical role of the 

neurotransmitter acetylcholine (ACh) in cognitive functions, most of the approved pharmacological 

treatments for AD are cholinesterase inhibitors (ChEIs). ChEIs increase the availability of ACh at synapses 

in the brain and are among the few drugs that have been proven clinically useful in the treatment of AD, 

thus validating the cholinergic system as an important therapeutic target in the disease [3]. 

 

According to the classical view of cholinergic signaling [4], the neurotransmitter ACh is synthesized in 

the cytoplasm of cholinergic neurons by the enzyme choline acetyltransferase (ChAT). ACh molecules 

are released into the synaptic clefts for initiating or propagating a neurotransmission. The transmission 

is subsequently terminated by the cleavage of ACh by cholinesterases, acetylcholinesterase (AChE) and 

butyrylcholinesterase (BuChE). Notably, ACh is not restricted to neurons and synapses. The cholinergic 

signaling system has also been associated with inflammation, both generally and in neurodegenerative 

diseases like AD. ACh is hypothesized to act as a suppressor on non-excitable cholinoceptive cells, 

including astrocytes and microglia, inhibiting cytokine release through activation of nicotinic α7-ACh 

receptors [5, 6]. Recent research demonstrated that astrocytes secrete the ACh synthesizing enzyme 

ChAT, suggesting that the physiological function of extracellular ChAT is to maintain steady-state 

equilibrium of hydrolysis and synthesis of ACh [7].  
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Extracellular accumulation of Aβ in AD may cause imbalances in cholinergic signaling, which facilitates 

increased degradation of ACh and enhanced cytokine expression and release. Such an exaggerated 

inflammatory microenvironment could, in turn, have consequential neurodegenerative effects [8]. 

BuChE may also have a particularly critical role in the dynamic control of levels of extracellular ACh, via 

its ACh hydrolyzing activity [9], as the primary source of it in the CNS is attributed to non-excitable cells 

such as astrocytes and microglia [10, 11]. 

 

In recent years, a paradigm shift has occurred from clinical to biological definition of AD based on in vivo 

biomarkers measured in cerebrospinal fluid (CSF) or with positron emission tomography (PET) imaging. 

In 2018, the National Institute on Aging and Alzheimer’s Association (NIA-AA) [12] created a research 

framework for AD diagnosis, defining AD based on biomarker evidence of pathology. Understanding 

how biomarkers reflecting different biological processes could influence AD pathogenesis and severity is 

critical for the improvement of diagnosis and development of effective pharmacologic treatments. It is 

essential for the evaluation of novel biomarkers to examine their relationship with signature AD 

pathology, independent of diagnosis. Such an approach could both enhance understanding of the 

underlying pathology of AD and the sequence of events leading to cognitive impairment. The aim of this 

study was to examine the association between the activity of cholinergic enzymes and CSF markers 

reflecting the the state of brain amyloidosis (Aβ42), neurodegeneration (T-tau, P-tau, NFL) and 

inflammation (YKL-40, S100B, GFAP) among subjects at the pre-and early symptomatic stages of 

dementia. The second aim was to explore the relationships of same enzymes with the loss of verbal 

episodic memory.  
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MATERIALS AND METHODS 

Subjects 

The current study cohort and the selection criteria have been described earlier [13]. Subjects were 

recruited from the Icelandic MCI study cohort (n=165). The cohort was comprised of individuals who had 

been referred to Landspitali University Hospital (LUH) Memory Clinic over a four-year period. The 

inclusion criteria for joining the cohort study were: i) a score between 24-30 on the Mini-Mental State 

Examination (MMSE) [14] and 2) a score of 4.0 or less on the Informant Questionnaire on Cognitive 

Decline in the Elderly (IQCODE) [15]. The exclusion criteria were the following: i) cognitive impairment 

caused by a pre-existing condition, ii) difficulties participating due to health or social issues, and iii) 

residency outside the Reykjavík Capital Area. Each subject underwent various measurements at 

baseline, which included a medical assessment and a detailed neuropsychological assessment as well as 

brain magnetic resonance imaging (MRI) for the evaluation of medial temporal lobe atrophy (MTA), 

global cortical atrophy (GCA) and white matter lesions (Fazekas). Lumbar puncture was carried out for 

the collection of CSF, but the intervention was optional by the requirement of the National Bioethics 

Committee. For this cross-sectional study, the final sample included 46 subjects (Fig. 1) . Only those who 

underwent lumbar puncture were selected from the Icelandic MCI study cohort, excluding 113 subjects. 

In addition, six other subjects were removed due to excessively high CSF P-tau (n=1), GFAP (n=1), AChE 

and BuChE (n=1) values or blood-contamination in CSF samples (n=3). Clinical diagnosis of AD was based 

on the criteria for probable AD dementia defined by the National Institute on Aging-Alzheimer’s 

Association (NIA-AA) [16], with evidence of AD pathophysiological processes (based on MTA score 

or/and analysis of core CSF markers). Patients with Lewy body dementia (LBD) were diagnosed based on 

the consensus criteria of McKeith [17]. The diagnosis of MCI required the fulfillment of the Winblad 

criteria [18]. Those without cognitive impairment were considered to have subjective mild cognitive 

impairment (SCI), as they had been referred to the Memory Clinic due to concerns of cognitive decline. 

Of the 46 subjects in this study, 15 were diagnosed with SCI or MCI and remained stable after a two year 

follow-up. One subject converted from a diagnosis of MCI to AD after a two year follow-up and another 

one from MCI to cortico-basilar degeneration (CBD) after a one year follow-up. A total of 18 subjects 

were diagnosed with AD, three with LBD and one with Parkinson’s disease (PD) at baseline. Seven of the 

subjects were diagnosed with SCI and MCI at baseline but left the study before one year og two year 

follow-up. None of the subjects had been prescriped cholinergic drugs before entering the study. 
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Figure 1. Flow chart illustrating the inclusion/exclusion criteria for the study. 

 

 

CSF collection and analysis 

Collection of CSF was done via lumbar puncture with a 22-gauge spinal needle at the L3/4 or L4/5 

interspace. Samples, uncentrifuged, were frozen in 2 ml polypropylene tubes and stored at -80 °C. Levels 

of all proteins were determined using commercially available sandwich enzyme‐linked immunosorbent 

assays (ELISAs) and performed according to manufacturer‘s instructions. Levels of T-tau (IBL 

International, Hamburg, Germany), P-tau181 (INNOTEST, Gent, Belgium) and Aβ42 (IBL International, 

Hamburg, Germany), were measured in the ISO 15189 accredited medical laboratory MVZ Labor P.D. Dr. 

Volkmann und Kollegen GbR (Karlsruhe, Germany). Levels of NFL (Uman Diagnostics, Umeå, Sweden), 

YKL-40 (Quantikine ELISA Human Chitinase-3–like 1; R&D systems, MN, USA), S100B (BioVendor GmbH, 

Heidelberg, Germany) and GFAP (BioVendor GmbH, Heidelberg, Germany) were measured in a 
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laboratory at the University of Iceland. All assays had mean Intra-assay CV <10% and Inter-assay CV 

<15%. The activity of BuChE and AChE in CSF was measured as described in Darreh-Shori et al. [19, 20].  

 

Subject grouping based on CSF measures 

Three different CSF biomarker profiles were created, each based on the levels of one core CSF 

biomarker (Aβ42 T-tau and P-tau). The CSF profile was divided into two categories, abnormal (positive) or 

normal (negative). The specific cut-off points were established by MVZ Labor P.D. Dr. Volkmann und 

Kollegen GbR , the laboratory performing the ELISAs. Abnormal values were defined as Aβ42 < 375 pg/ml, 

T-tau > 445 pg/ml and P-tau > 61 pg/ml. 

 

Neuropsychological tests 

A detailed neuropsychological assessment was carried out by licensed psychologists under the guidance 

of a clinical neuropsychologist. Two tests were used for the evaluation of verbal episodic memory, The 

Rey Auditory Verbal Learning Test (RAVLT) [21], and a Story test based on the Logical Memory test of 

the Wechsler Memory Scale-Revised [22]. RAVLT requires the subject to learn 15 nouns presented 

across five consecutive trials. Each trial is followed by a free-recall test (immediate recall). The sum of 

the number of words recalled from trials 1 through 5 (0 to 75 points) is calculated for the score of RAVLT 

immediate recall. After a 30 min delay, the subject is asked to recall as many words as possible without 

hearing them again (delayed recall). The score is a sum of correctly recalled words (0-15 points). Lastly, a 

list containing the previous 15 nouns as well as 30 new ones, is read to the subject whose task is to 

recognize the nouns from the list, with number of false positives subtracted from the score (-30 to 15 

points). The second test is composed of a brief story, presented orally by the examiner. The story 

includes 25 story ideas, where the subject is required to repeat it immediately after presentation 

without any clues given. A point is given for the number of story ideas correctly recalled (0 to 25 points). 
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After a 30 minute delay, the subject is asked to recall the story again without it being orally repeated 

again. 

 

Statistical analysis 

Descriptive group comparisons were performed using Mann-Whitney U tests or Kruskal-Wallis H tests 

for continuous variables and chi-square tests for categorical variables. The composite score for verbal 

episodic memory was calculated by averaging the z-scores of each neuropsychological tests and 

subsequently converting those scores into z-scores. Raw values of CSF proteins (Aβ42, P-tau, T-tau, NFL, 

YKL-40, S100B, GFAP) were naturally log-transformed to account for a non-normal distribution. 

Pearson’s correlations and scatter plots were used for estimation and visualization of relationships 

between continuous variables. Stability selection was employed in combination with least absolute 

shrinkage and selection operator (LASSO) regression for the purpose of identifying stable predictors in 

multivariable models [49]. Stability selection was performed by the use of the function stabsel in the R 

package stabs, implementing the package glmnet for LASSO model fitting [50, 51]. Cut-off value for 

stable selection was set to 75% (the percentage of times a variable was selected into a model) and per-

family error rate (PFER) to 1 for all analyses. Each subsample was half the size of the original one, with 

100 subsamples being drawn. All statistical analyses were performed using R (version 3.6.1, The R 

Foundation for Statistical Computing). 
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RESULTS 

 

Study cohort characteristics 

Table 1 shows the demographic, pathophysiological and clinical characteristics of the cohort by CSF Aβ42 

and T-tau profiles. No statistical difference (p > 0.05) was found in characteristics between subjects with 

abnormally low CSF Aβ42 levels (positive profile; +) and those with normal Aβ42 levels (negative profile; -

). In contrast, statistical difference was found between the CSF T-tau profile groups. Subjects with 

abnormally high CSF T-tau levels (+) were statistically higher in age (p=0.02), CSF AChE activity (p=0.008), 

CSF NFL levels (p<0.001) and CSF YKL-40 levels (p=0.02) compared to those with normal T-tau levels (-). 

The T-tau+ group did also score significantly lower on all neuropsychological subtests reflecting verbal 

episodic memory (p<0.01). 
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Table 1. Subject demographics, CSF marker levels and cognitive scores by CSF Aβ42 and T-tau profiles 

   CSF Aβ42 profile  CSF T-tau profile 

   Aβ42-, 
Aβ42 >  

375 pg/ml 
(n=33) 

Aβ42+, 
 Aβ42 <  

375 pg/ml 
(n=13) 

 
p 

value 
ᵃ 

 T-tau-, 
T-tau < 

 445 pg/ml 
(n=29) 

T-tau+, 
 T-tau > 

445 pg/ml 
(n=17) 

 
p 

value  
ᵃ 

Demographics        

Gender (M/F) 13/20 8/5 0.18  14/15 7/10 0.64 

Age, years 71 (46-85) 70 (51-84) 0.75  70 (46-85) 77 (51-84) 0.02 

Education, years 13 (6-19) 13 (6-20) 0.77  13 (6-19) 13 (6-20) 0.75 

Clinical diagnosis        

Stable SCI or MCI/ADb/        

ODc/SCI or MCI – no follow-up 12/11/5/5 3/8/0/2 N/Ad  15/4/3/7 0/15/2/0 N/Ad 

CSF measures        

Aβ42 (pg/ml) 671 (404-1434) 254 (140-335) N/A  594 (167-1434) 490 (140-977) 0.27 

T-tau (pg/ml)  294 (106-1886) 397 (132-916) 0.09  253 (106-438) 643 (475-1086) N/A 

P-tau (pg/ml)  57 (33-144) 83 (30-125) 0.40  49 (30-87) 106 (70-144) N/A 

AChE activity (nmol/min/ml) 12.2 (4.4-16.3) 10.5 (8.0-16.0) 0.35  11.1 (4.4-15.5) 13.5 (8.0-16.3) 0.008 

BuChE activity (nmol/min/ml) 6.3 (4.2-10.9) 6.4 (4.7-11.5) 0.92  6.2 (4.2-9.4) 7.0 (4.7-11.5) 0.11 

NFL (ng/ml) 2.1 (1.0-5.0) 2.3 (1.2-5.3) 0.60  2.0 (1.0-3.6) 3.0 (1.6-5.3) < 0.001 

YKL-40 (ng/ml) 194 (83-367) 177 (124-351) 0.87  160 (83-365) 235 (124-367) 0.02 

S100B (pg/ml)  233 (143-458) 240 (175-509) 0.89  228 (143-382) 243 (175-509) 0.15 

GFAP (ng/ml) 1.2 (0.2-21.3) 1.4 (0.8-5.8) 0.14  1.3 (0.2-6.3) 1.1 (0.5-21.3) 0.59 

Global cognition        

MMSE, score 28 (24-30) 27 (24-30) 0.32  28 (24-30) 27 (24-30) 0.25 

Verbal episodic memory        

RAVLT immediate recall, scoree 30 (13-65) 26 (15-51) 0.27  31 (16-65) 25 (13-39) 0.009 

RAVLT delayed recall, scoree 3 (0-15) 2 (0-12) 0.13  4 (0-15) 1 (0-8) 0.003 

RAVLT recognition-fp, scoref 7 (-3-15) 6 (0-15) 0.61  7 (2-15) 4 (-3-9) 0.001 

Story immediate recall, score 9 (1-21) 6 (2-18) 0.21  11 (2-21) 6 (1-14) 0.003 

Story delayed recall, score 7 (0-19) 6 (0-16) 0.30  8 (0-19) 3 (0-12) 0.002 

Composite z-scoref -0.1 (-1.5-2.3) -0.5 (-1.2-1.9) 0.13  0.1 (-1.0-2.3) -0.7 (-1.5- -0.2) < 0.001 

Abbreviations: AD Alzheimer’s disease, CSF Cerebrospinal fluid, MCI Mild Cognitive Impairment, MMSE Mini-Mental State – Examination,  

N/A Not applicable, OD Other dementia, RAVLT Rey Auditory-Verbal Learning Test, SCI Subjective Cognitive Impairment.  

Values are shown as median (range) or as numbers per group, ᵃMann-Whitney U non-parametric tests used for continuous variables 

and Chi-Square tests for categorical variables. bThe AD category included one subject who converted from MCI to AD. cThe OD category 

included one subject who converted from MCI to OD. P-values not applicable for dclinical diagnosis due to CSF Aβ42 and Tau values being a part 

of the diagnostic criteria for AD. Analysis based on 45e or 44f subjects.  
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Distributions in cholinergic activity (AChE and BuChE) between CSF profiles (Aβ42, T-tau and P-tau) and 

clinical diagnosis are visualized with boxplots in Figure 2. As presented in Table 1, no significant 

differences were deteted in AChE (Fig. 2a, p=0.35) or BuChE activity (Fig. 2b, p=0.92) between the Aβ+ 

and Aβ- profile groups. AChE activity was significantly higher among subjects with T-tau+ profile 

compared to those with a T-tau- profile (Fig. 2c, p=0.008). No differences were detected between BuChE 

activity between the same groups (Fig. 2d, p=0.11). The same pattern was observed as well for P-tau, 

with higher AChE activity found among the positive group compared to the negative one (Fig. 2e), and 

no difference between groups in regards to BuChE activity (Fig. 2f). No significant difference (p>0.05) 

was observed in AChE (Fig. 2g) or BuChE activity (Fig. 2h) between different diagnostic groups. 
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Figure 2. Comparison in activity of CSF AChE and BuChE enzymes by CSF Aβ42 profile (a, b), T-tau profile 

(c, d), P-tau profile (e, f) and clinical diagnosis (g, h), *p<0.05, **p<0.01, ***p<0.001. The lower and 

upper horizontal lines of the boxplot correspond to the 25th centile and 75th centile and the middle line 

to the median. CSF AChE activity was significantly higher among subjects with a CSF T-tau+ or P-tau+ 

profiles compared to those without. 
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Correlation matrix between CSF markers, age and education 

Pearson‘s correlations between the CSF markers, age and education are presented in Figure 3. 

Inflammatory markers YKL-40 and S100B and neurodegeneration markers NFL, P-tau and T-tau all 

correlated positively and significantly (p<0.05) with each other. GFAP did only significantly correlate with 

the CSF markers S100B (r=0.69, p<0.001) and NFL (r=0.36, p=0.01). No CSF marker correlated 

significantly with Aβ42. All the CSF markers, except for Aβ42 and the cholinergic enzymes, correlated 

positively with age (p<0.05). AChE activity correlated with levels of neurodegeneration markers P-tau 

and T-tau as well as inflammatory markers YKL-40 and S100B. BuChE activity correlated significantly with 

levels of YKL-40 and S100B, but not with the neurodegeneration markers. 

 

 

Figure 3. Pearson‘s correlation matrix between CSF cholinergic enzymes, CSF protein levels, age and 

education. Colored squares indicate statistical significance (p<0.05). Values of CSF proteins (Aβ42, T-tau, 

P-tau, NFL, YKL-40, S100B and GFAP) were natural log-transformed. 
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Significant relationships of CSF AChE and BuChE activities with CSF markers from Figure 3 are visualized 

by scatter plots in Figure 4. Moderately strong, positive correlations were detected between AChE 

activity and levels of a) P-tau (r=0.46, p=0.001), b) P- tau (r=0.45, p=0.002) and c) S100B (r=0.43, 

p=0.003). Weak correlation was found between AChE activity and d) YKL-40 levels (r=0.32, p=0.03). As 

with AChE, BuChE also showed moderately strong, positive correlation with levels of e) S100B (r=0.47, 

p<0.001) and f) YKL-40 (r=0.47, p<0.001). 
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Figure 4. Pearson’s correlations between AChE activity and levels of a) T-tau, b) P-tau, c) S100B, d) YKL-

40 and BuChE activity and levels of e) S100B and f) YKL-40 in CSF. Values of CSF proteins (T-tau, P-tau, 

YKL-40 and S100B) were natural log-transformed.  
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Selection of best predictors for cholinergic enzyme activity 

LASSO linear regression with a stability selection was performed for the identification of a set of 

variables predicting cholinergic enzyme activity with the highest consistency (Fig. 5). Variables with 

stability selection above 75% were considered reliable predictors. Two analyses were performed, one 

for each enzyme (AChE and BuChE) as a dependent variable. Ten possible predictors could be selected 

for each analysis, five CSF markers (Aβ42, T-tau, P-tau, NFL, YKL-40, S100B, GFAP) and three demographic 

measures (gender, age and length of education).  

No variables reached the selection criteria for prediction of AChE activity (Fig. 5a). S100B was the 

predictor with the highest selectiong frequency (68%), by far the highest compared to other measures. 

The next predictors in order of selection frequency were education (68%), T-tau (45%) and P-tau (40%). 

All other possible predictors had much lower selection frequency (≤ 25%). 

S100B was also the measure most often selected into a model (73%) for the best prediction of BuChE 

activity (Fig. 5b). The CSF marker almost reached the selection criteria of 75%. Gender (64%) and YKL-40 

(61%) both had selection frequency over 60%. Education had the fourth highest frequency (38%). All 

other possible predictors had far lower selection frequency (≤ 15%).  

 

 

 

 

Figure 5. LASSO linear regression—stability selection analyses for prediction of CSF enzyme activities 

of a) AChE and b) BuChE. The cut-off selection value was set at 75% and the per-family error rate (PFER) 

at 1. 
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Association between CSF markers and verbal episodic memory 

CSF activity of AChE showed a weak, negative correlation with the composite z-score reflecting verbal 

episodic memory (r=-0.34, p=0.02), while BuChE did not reach significance (r=-0.19, p=0.21). The analysis 

was based on 44 subjects as two subjects did not take the RAVLT test. Correlations between the 

cholinergic enzymes and verbal episodic memory are presented in Supplementary figure 1.  

LASSO linear regression with a stability selection was also applied for identifying a set of variables (CSF 

markers and demographic variables) predicting verbal episodic memory composite score 

(Supplementary figure 2). Only age was selected as a reliable predictor, with a selection frequency of 

91%. Neurodegeneration markers NFL (61%) and P-tau (55%) both had a selection frequencies above 

50%. All other measurements had selection frequencies below 30%, including AChE (8%) and BuChE 

(0%). 
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DISCUSSION 

We explored the association of cholinergic enzyme activity with CSF markers reflecting amyloidosis, 

neurodegeneration and inflammation as well as with loss of verbal episodic memory among subjects in a 

memory clinic cohort. Our results indicated no difference in AChE and BuChE activity between 

individuals with abnormal and normal Aβ42 levels. In contrast, individuals with abnormally high T-tau or 

P-tau levels had increased AChE activity compared to those with normal levels. Higher levels of 

inflammatory markers S100B and YKL-40 associated with higher activity of AChE and BuChE. 

Interestingly, S100B was also the most reliable predictor of both AChE and BuChE activity in comparison 

to other CSF markers and demographic measures. Weak association was detected between AChE 

activity and verbal episodic memory performance, although the enzyme did not prove to be a reliable 

predictor when other measures had also been accounted for. Overall, these results indicate a 

relationship between higher activity of the ACh-degrading cholinergic enzymes and increased 

inflammation and neurodegeneration in the stages of pre- and early symptomatic dementia, 

independent of CSF Aβ42 levels.  

The relationship between Aβ protein and cholinergic dysfunction has long been established through in 

vitro and post-mortem studies. AChE activity is consistently increased in regions around Aβ plaques and 

NFTs at all stages of the disease, although overall AChE activity decreases in the AD brain [23-25]. 

Studies have also reported about 40–50% reduction in ACh synthesis in cultured cholinergic neurons 

upon exposure to a high nanomolar concentration of Aβ42 [26-29]. More recent research indicate that 

Aβ peptides act directly as allosteric modulators of cholinergic signaling by forming highly stable and 

soluble complexes with apolipoprotein E (ApoE) and cholinesterases [30-33]. A better understanding of 

the functional relationship between Aβ and the cholinergic system is though needed, as the biochemical 

environment in vivo is complex. Results regarding association between Aβ42 levels and AChE activity in 

CSF have, for example, been inconsistent [19, 34, 35]. Neither Johansson et al. [34] nor Darreh-Shori [19] 

detected a relationship between Aβ42 levels and AChE activity among AD patients. In contrast, García-

Ayllón et al. [35] did observe an association between the proteins within same patient group. Johansson 

et al. [34] also did find a positive relationship between the proteins, but only within a whole cohort of 

demented cases and healthy controls. Neither Darreh-Shori et al.[19] nor Gabriel et al. [36] detected 

relationship between BuChE activity and Aβ42 levels among all AD patients. Gabriel et al. [36] did, 

however, detect a positive association among those patients carrying the ApoE-ε4 allele. In this current 

study, relationships between the activities of the cholinergic enzymes and Aβ42 levels were not detected. 
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Previous post-mortem studies have shown that the loss of cortical cholinergic innervation is associated 

with, and potentially caused by, NFT in the nucleus basalis of Meynert (NBM) of the basal forebrain [37-

39], with degeneration already present at the very early stages of AD [40, 41]. Silveyra et al. [42] 

reported that P-tau could be an important regulator of AChE expression. Over-expression of P-tau in 

transgenic mice (Tg-VLW) led to an increase in the activity of the AChE, suggesting that increase in AChE 

expression around NFTs could be a consequence of disturbed tau phosphorylation. Very few studies 

have, however, examined the relations between CSF tau levels and cholinsterase activity in CSF. Our 

study found a correlation between T-tau and P-tau with AChE activity. This is in accordance with a study 

by Johansson et al. [34], where a positive association between T-tau and P-tau levels with AChE activity 

was detected in CSF among demented cases and healthy controls. We did not find a correlation 

between T-tau or P-tau levels and BuChE activity. The results are in line with results from a study by 

Gabriel et al. [36], which did not find correlations between CSF T-tau and P-tau with BuChE activity 

among AD patients. One possible explanation for the difference in results between the enzymes in 

regards to the neurodegeneration markers, could be due to localization. BuChE activity is mainly 

localized to glial cells while AChE is predominantly located within neurons and axons [43, 44]. 

Interestingly, we did not find a relationship between NFL, a marker of both neurodegeneration and 

white matter changes, and the activity of the cholinergic enzymes. To the best of our knowledge, NLF 

has not been researched in regards to AChE and BuChE activity in CSF samples from a dementia cohort. 

A study by Aeinehband et al. [45] among patients with multiple sclerosis (MS) found a positive 

correlation between NFL levels and BuChE activity, but not AChE activity. 

 

The neurotransmitter ACh is not only restricted to neurons, but can also act on regions distal from 

synaptic sites [46]. It has anti-inflammatory effects, inhibiting pro-inflammatory responses by acting on 

α7 nicotinic ACh receptors expressed on non-excitable cholinoceptive cells like astrocytes and microglia 

[46]. Extracellular ACh is therefore hypothesized to play a key role in homeostatic functions that include 

neuronal support, the maintenance of myelin, synaptic function and plasticity, Aβ clearance, and 

maintenance of the blood–brain barrier [47]. Both AChE and BuChE enzymes play a major dynamic role 

in this homeostatis as they degrade ACh, with BuChE being specifically important for the function of glial 

cells [47]. S100B and GFAP are two commonly used CSF markers of astroglial reactivity. A study by 

Darreh-Shori et al. [48] found that BuChE activity positively associated with S100B and GFAP in CSF 

among AD patients. A possible explanation could be that lower levels of extracellular ACh associate with 
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higher BuChE activity, enhancing the reactivity of glia. This heightened function can be protective, but 

prolonged glial activation may gradually lead to degeneration and eventually loss of neurons, further 

triggering inflammatory responses [49]. No relationship was detected between AChE activity and levels 

of S100B and GFAP in the same study. Our study found a positive relationship between S100B, and to 

lesser extent YKL-40, with activity of both enzymes. To the best of our knowledge, YKL-40 has not been 

explored before in regards to cholinergic enzymes. YKL-40 is widely used as a glial activation marker, 

although the cellular source of expression in brain remains uncertain. In AD, studies show a variable 

pattern of YKL-40 expression that includes astrocytes, microglia or, on rare occasions, neurons [50]. 

Interestingly, we did not find association between GFAP levels with either enzyme. Different patterns of 

association between the enzymes with different inflammatory markers could possibly be explained by 

different cellular functions. Both YKL-40 [51] and S100B [52] have extracellular functions while GFAP [53] 

is an intracellular protein. Increased GFAP levels in CSF may therefore be a  later event in the pathogenic 

cascade. 

 

Although all ChEIs enhance synaptic transmission, they exert their effects on cholinesterases differently. 

The drugs donepezil and galantamine are reversible inhibitors of AChE while rivastigmine is a pseudo-

irreversible inibitor of both AChE and BuChE [54]. The difference in pharmacological properties affects 

both the ability of breaking down extrasynaptic ACh as well as the expression of extracellular AChE [55, 

56]. Therefore, different ChEIs could alter glial-neuronal interactions in different ways [49].  A larger, 

longitudinal study might be able to detect the effect of each ChEI on CSF markers reflecting cholinergic 

activity, inflammation and neurodegeneration. Measures of those markers, in combination with factors 

including age, gender and genotype, could potentially be of use in predicting which patients could 

benefit from a treatment with a specific ChEI.   

 

It is unclear to what extent episodic memory dysfunction relates to structural and functional changes in 

the cholinergic system at the symptomatic pre-dementia stages (SCI or MCI) [57]. The basal forebrain 

undergoes severe neurofibrillary degeneration and neuronal loss in patients with moderate to severe 

AD, most prominent in the NBM. In comparison, changes at the MCI stage are thought to be 

characterized by alterations in cholinergic functions rather than by cholinergic neuronal loss [58]. In 

accordance with this, histological studies have revealed that cognitive deficits are not evident before at 

least 30% of the basal forebrain cholinergic neurons have degenerated [59] and individuals with MCI 

show only around 15% volume loss compared to healthy controls [60]. Our results are in line with those 
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findings as only a weak assocation was found between AChE activity and verbal episodic memory 

performance. When other factors (e.g. age) were simultaenously considered, neither of the cholinergic 

enzymes did prove to be a good predictor for the performance on verbal episodic memory. Previous 

studies have revealed NFL to be a promising progression marker, associating with cognitive impairment 

in both AD and LBD [61, 62]. In our study, the colinergic enzymes did not correlate with levels of NFL, 

emphasizing further the lack of contribution of the cholinergic system to episodic memory dysfunction 

at the very early stages of dementia. 

This study has several limitations. First, the sample was relatively small, and hence present findings need 

to be validated in a larger study. The sample did not include healthy controls, which could 

underestimate associations between the studied variables. Another limitation of the study is the lack of 

information about the ApoE and BuChE genotypes. A reduction of the BuChE activity in CSF of AD 

patients carrying both the K variant and the ApoE-ε4 allele has previously been found [63]. However, the 

influence of the BuChE-K variant in the levels of Aβ42, T-tau or P-tau in the CSF is still unknown. 

Our findings suggest that the activity of ACh-degrading cholinergic enzymes at the pre- early 

symptomatic stages of dementia relate to inflammatory and neurodegenerative processes, but not to 

loss in verbal episodic memory. A better understanding of the cholinergic system and its relations to 

both pathology and cognitive functions are critical, given that it is the main target of current 

symptomatic treatment of AD. Further studies are needed for validation of these results, preferably with 

larger samples and access to genotype information. 
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