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4. Introduction 

Alzheimer's Disease (AD) is one of the most common causes of dementia, constitute 

about 60-70% of all cases of dementia, and is characterized by multifaceted disorder at 

the molecular, biochemical and mental levels [1–4]. World Health Organization (WHO) 

recognized AD as a global burden on healthcare and public health [5,6]. In addition, more 

than 55 million people live with dementia worldwide, and the number of cases is 

constantly growing [1,6]. It is estimated that the number of people with dementia rise to 

75 million in 2030 and 132 million in 2050 [6]. 

The most common form of AD is Sporadic Alzheimer’s Disease (SAD), less than 2% 

of cases constitute Familial Alzheimer’s Disease (FAD). Although AD most often 

manifests the characteristics symptoms after age 65, which is called Late Onset 

Alzheimer’s Disease (LOAD), it is not a process of normal aging [1,6–9]. The Early Onset 

of Alzheimer’s Disease (EOAD) occurs between 40 to 65 years of age [9]. AD is a chronic 

and progressive neurodegenerative disease. One of the earliest signs of this disorder is a 

cognitive impairment that affects memory, thinking, orientation, learning, and language 

[1–3]. The cognitive symptoms have neurobiological and molecular backgrounds closely 

related to synaptic plasticity [10,11] therefore, it seems to be crucial deeper knowing of 

these mechanisms. 

AD is a continuum starting from preclinical stages (AD-P) [3,12]. The first AD-P 

stage is characterized by asymptomatic cerebral amyloidosis, which could also be 

detected in cerebrospinal fluid (CSF) as abnormal, decreased CSF amyloid beta 1-42 (Aβ 

1-42) level [3,12,13]. The Aβ 1-42 biomarker is responsible for forming senile plaques 

(Figure 2A) and is known as well-established classical biomarker [2,14]. Plaque deposits 

composed of Aβ may be created about ~20 years before the onset of cognitive impairment 

[14–16]. The second stage of AD-P is distinguished by decreased Aβ 1-42 and increased 

total tau protein and phosphorylated tau on site 181 (pTau181) [3,12]. Tau protein and its 

conformations, like pTau181, are interpreted as a sign of neuronal injury [2,17]. 

Neurofibrillary tangles (NFTs) are composed of aggregated, truncated or 

hyperphosphorylated tau protein (Figure 2C) [2,18,19]. The third AD-P stage is the 

cumulative neuropathological hallmark with very soft cognitive decline [3,12]. At MCI 

stage, in addition to pathological changes in CSF biomarkers, are also present 

morphological changes in the brain like cortical thinning, sulci enlargement, or 

hippocampal atrophy [20–22]. 
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Figure 1 Alzheimer's Disease continuum. This figure is from article P4, which is available as Figure 2 on page 8. 

Mild cognitive impairment due to AD (MCI) is the first symptomatic stage where 

memory impairment, amnesia or the general decline of cognitive functions are observed 

[20,23]. 
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 In the next following three AD stages, a person's ability to function independently 

decreases with more significant memory loss and difficulty with problem-solving [1].  

Pathogenesis of this disease has been mainly attributed to extracellular aggregates 

of amyloid β (Aβ) and intracellular neurofibrillary tangles present in cortical and limbic 

areas of the human brain. However, experimental and literature data currently report that 

many AD mechanisms are still unknown, which is one of the biggest challenges for 

modern neuroscience and medical diagnostics. It is also highly probable that AD does not 

have one specific mechanism but many overlapping and cascading mechanisms [2,24,25] 

 

 

Figure 2 Schematic illustration of three main neuropathological changes in Alzheimer’s Disease (AD). A) Formation 

and accumulation of amyloid β deposits significantly disrupted synaptic plasticity and transmission. In the CSF  

Aβ1-42 and Aβ42/40 were significantly decreased in comparison to non-demented controls. B) Dysfunction of synaptic 

plasticity and transmission are one of the earliest event in AD, which may be modulated by Aβ and Tau pathology. C) 

Pathological neurofibrillary tangles (NFTs) are formed from the phosphorylated Tau protein, which is also important 

factor for synaptic dysfunction. Total tau and pTau181 increased in AD patients compared to controls. (Figure 

generated in Biorender) 
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4.1 Pathological mechanisms underlying Alzheimer’s Disease  

AD is a heterogenic disease therefore, there is no single hypothesis to explain it fully 

[26]. One of the earliest pathological signs and key pathogenic events of AD are senile 

plaques, oligomers, and fibrils created by Aβ peptides [27]. The Aβ peptides are produced 

by the enzymatic cut on amyloid precursor protein (APP) [28]. APP is localized in many 

tissues, mainly in the brain and neuronal synapses [29]. A long precursor protein (695 

amino acids) is processed into smaller fragments by α, β, and γ secretases, and there are 

known two catabolic pathways, namely, amyloidogenic and non-amyloidogenic [30]. On 

the amyloidogenic pathway, APP is cleaved by β-secretase (CT99) and γ-secretase, 

resulting in several different peptide lengths, including Aβ 1-42 ending at the C terminus 

[31,32]. Aβ monomers can self-associate forms, e.g., oligomers, protofibrils, and fibrils 

Figure 2A [33]. The sticky protofibrils and fibrils accumulate and form  

amyloid plaques Figure 2A [33,34]. Although senile plaques are mainly composed of Aβ 

1-42, but the most common form in the brain and fluids is Aβ 1-40 [35]. In the brains of 

AD patients is an observed imbalance of production and clearance of APP products, 

which leads to the accumulation of Aβ [36]. Several hypotheses explain the reasons for 

Aβ accumulation in the brain [2,37]. Ineffective clearance may be associated with 

improper functioning of the glymphatic system (GS), whose efficiency decreases with a 

disturbing expression of aquaporin 4 (AQP4), circadian rhythm or sleep in AD patients 

[38–42]. The other hypothesis indicates that disturbed clearance may also be related to 

apolipoprotein E (ApoE), receptors of the low-density lipoprotein (LDL) receptor family 

(LDL-R), and fatty acid binding proteins (FABPs) [43–48]. As a consequence of 

accumulation and sequestration of Aβ 1-42 into the plaques, the reduced concentration of 

Aβ 1-42 in CSF of AD patients is observed [2,49]. Alternatively, degradation of neurons 

may lead to decreased production of Aβ 1-42 [2]. It is a less probable explanation because 

other forms should also be reduced [2]. Furthermore, Aβ oligomers (Aβo) initiates also 

tau pathologies such as cytoskeletal impairments, disruption in microtubule-based 

cellular transport or hypothetically tau phosphorylation [50,51]. 

The second key factor in pathogenesis of Alzheimer’s disease is tau protein. The 

physiological role of tau is stabilising neuronal microtubules and regulating axonal 

transport and broad cell signalling [52]. Pathological tau protein detaches from 

microtubules, destabilising the cytoskeleton and compromising axonal transport, 
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ultimately leading to the neuron's death [53]. Tau protein and its phosphorylated forms 

lead to the characteristic formation of NFTs, one of the most common signs of AD 

pathology (Figure 2C). In AD pathology, phosphorylated forms of tau and their total 

concentration (tTau) are one of the classical biomarkers [54,55]. The tau protein has 

potential 85 sites of phosphorylation involving serine, threonine and tyrosine [53,56,57]. 

Through ultra-sensitive methods like SIMOA, it is possible to detect more phosphorylated 

forms in CSF or plasma from AD patients, e.g. pTau181, pTau217, pTau231, pTau235 

[58–63]. Although tau is most often responsible for forming NFTs and in AD pathology 

may also be associated with synaptic toxicity [64–66] (Figure 2C). 

4.2 Diagnosis of Alzheimer’s disease 

Diagnosis of AD includes a medical interview, physical and neurological 

examination, psychological tests as well as brain imaging, and laboratory tests. There are 

many different psychological tests that assess cognitive decline based on problems with 

memory, attention, counting, langue, and ability to solve problems. The most widely used 

in screening for cognition evaluation are Mini-Mental State Examination (MMSE) and 

Clock Drawing Test [67,68]. The MMSE is a 30-point test, in which a score of 20 to 24 

could be interpreted as mild dementia, 13 to 20 means moderate dementia, and less than 

12 points suggests severe dementia. Biochemical (e.g. vitamin B12, folic acid or thyroid 

hormones) and brain imaging tests (such as magnetic resonance imaging (MRI), 

computed tomography (CT), positron emission tomography (PET)) are particularly 

important in differential diagnostics. Neuroimaging and volumetric analysis allow for the 

detection of early changes typical for AD e.g. cortical thinning, hippocampus atrophy or 

other neuropathological changes. Several PET tracers are commonly used for detection 

and mapping in the brain of Aβ and tau aggregates [69]. The most frequently used tracer 

in clinical practice for Aβ plaques are Pittsburgh compound B ([11C]PiB), [18F] 

florbetaben, [18F] flutemetamol and [18F] florbetapir [69]. It is difficult to detect tau-

related neuropathological changes, and so far, only one tracer [18F] flortaucipir has been 

approved for clinical use [69,70]. This is due to the paired helical structure of the tau 

filament. However, the development of imaging biomarkers for tau with different 

phosphorylation sites tested in CSF and plasma is very promising and has high accuracy 

[58,59,63]. 
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In daily clinical practice AD is diagnosed based on the available diagnostic criteria 

including the National Institute of Neurological and Communicative Disorders and Stroke 

- Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA), 

Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), and International 

Classification of Diseases (ICD-10). According to diagnostic criteria, patients with AD 

are characterized by objective impairment of memory and also other cognitive functions 

like learning and recall of recently learned information [71,72]. In the diagnostic process 

identification of this core symptoms should be combined with results of fluid or imaging 

biomarkers. The scientific approach and diagnosis of AD has changed since the first 

diagnostic criteria were published in 1984 by the Neurological and Communicative 

Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association 

(NINCDS-ADRDA) [73]. At that time, there were no available biomarkers. AD diagnosis 

was established only on clinical symptoms related to cognitive impairment. The 

specificity and sensitivity for this first AD criteria have been reported to 80% and 70%. 

However, these criteria often led to misdiagnosis with other neurodegenerative diseases. 

With the development of testing methods, the accuracy of fluids and imaging biomarkers 

has been improved. Depending on definition and criteria, biomarkers are linked to disease 

process and stage of severity. In 2007 the International Working Group (IWG) proposed 

diagnostic criteria according to in-vivo biomarkers: magnetic resonance imaging (MRI), 

positron emission tomography (PET) or fluid biomarkers (CSF Aβ1-42, total tau (t-tau), 

and phosphorylated tau (ptau) [74]. These criteria also concerned different stages of 

disease development, including the first symptomatic stage, namely mild cognitive 

impairment (MCI) [74]. The recent criteria approved biomarkers for clinical diagnosis of 

AD and MCI were published in 2011 by National Institute on Aging Alzheimer’s 

Association (NIA-AA) [22,75]. The development of biochemical and neuroimaging 

biomarkers allows for more accurate diagnosis, even prediction of the disease years 

before the onset, as well as monitoring disease progression [2,12,34]. The evolution of 

diagnostic criteria and increasing role of the recommended biomarkers was described in 

the article P2 and presented as diagram in Figure 1 (p. 4 article P2).  

4.3 Biomarkers 

Biomarkers have been introduced in clinical practice to confirm in vivo 

neuropathology in AD. In the routine clinical diagnosis of AD are currently used three 
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CSF biomarkers: Aβ1-42, p-tau181, and t-tau [3,72,74]. The core CSF AD biomarkers 

increase the diagnostic accuracy for recognizing AD, particularly in atypical cases and 

the prodromal phase of the disease (MCI due to AD). Moreover, CSF AD biomarkers 

allow for differentiation between AD and psychiatric disorders. The most comprehensive 

definition of biomarkers is: "any substance, structure, or process that can be measured in 

the body or its products and influence or predict the incidence of outcome or disease" 

[76]. Multiple biomarkers are being investigated for their added value to the core AD 

biomarkers, reflecting the different pathological features in AD like synaptic, neuronal 

degeneration, inflammation in the central nervous system or vascular changes [77]. 

Biomarkers are crucial for an accurate identification of preclinical AD, particularly in 

clinical trials. Thus, a biomarker-based early diagnosis of AD could be applicated for 

preventive treatment development in the nearest future. In the published research papers 

(P3, P4, P5) were assessed CSF classical biomarkers and potential candidates of synaptic 

dysfunctions markers.  Moreover, a comparative analysis was made in the context of these 

biomarkers potential usefulness in diagnosis of AD and MCI patients.  

4.4 Synaptic pathology in Alzheimer’s Disease  

The early dysfunction of the cognitive processes is associated with disturbed neuronal 

communications caused by damaged and lost synapses, which seems to be pivotal in AD 

pathology [77,78]. These changes can be monitored at cellular levels using biomarkers, 

e.g., measuring specific proteins in patient body fluids [2,3]. Furthermore, changes in the 

concentration of proteins involved in synaptic transmission and plasticity may reflect the 

beginning of the disease or its progression [79–81]. Therefore, discovering the 

biomarkers responsible for a specific form of neuropathology can contribute to earlier 

diagnosis or identifying new therapeutic targets. 

4.4.1 Physiological mechanisms of  synaptic plasticity 

 Synaptic plasticity is the strengthening or weakening activity of existing synapses 

and a change in their morphological structure, functions or number [10,82]. The well-

studied forms of synaptic plasticity are long-term potentiation (LTP) and long-term 

depression (LTD), cellular correlates of learning and memory [10,83]. Impaired synaptic 

plasticity leads to loss of connectivity between neurons and cognitive impairment, which 

occurs in neurodegenerative diseases, including AD [83–85]. Synapses are one of the 

most essential and fundamental units in the central nervous system (CNS), which allow 
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for signal transmission between neurons. Each of the 20 billion neurons has an average 

of 7000 synaptic connections, which is 0.15 quadrillion synapses in the human brain 

neocortex [86,87]. These neuronal connections are mainly composed of the presynaptic 

terminal (axonal) and postsynaptic terminal (dendritic) called the dendritic spines. 

Effective neural communication requires action potentials, where neurotransmitters are 

released in response to the influx of Ca2+ [88,89]. When receptors receive 

neurotransmitters on postsynaptic membranes, the potential is changed for inhibitory or 

excitatory [90]. The incoming excitatory signal is transduced by glutamate receptors: α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor (AMPARs) and N-methyl-

D-aspartate receptor (NMDARs) [91,92]. Both ionotropic receptors are extremely 

important in the main processes responsible for memory, learning and synaptic plasticity 

[82,91,92]. The induction of LTP in memory mechanisms depends on also, e.g. Ca2+ 

signalling pathway, protein kinase C (PKC), protein kinase A (PKA), Ca2+/calmodulin‐

dependent protein kinase II (CaMKII), glutamate receptors and synaptic proteins [83,93–

97]. NMDARs are responsible for the induction of LTP [96,98]. The NMDARs work 

slower and longer with dependency on glutamate and glycine (or D-serine) released from 

the presynaptic terminal across the synaptic cleft [96,99]. NMDAR-dependent LTP 

involves calcium-dependent signalling [96,99]. The influx of Ca2+ inside to synapse is 

possible after the fully removed of Mg2+ upon depolarisation [96,100]. The influx of 

Ca2+ into the synapse activates a signalling cascade, which alters synaptic efficacy[101]. 

AMPARs in excitatory synaptic transmission are localised in pre and postsynaptic 

neurons but mediate faster and shorter than NMDARs [10,92]. The AMPARs are 

activated on presynaptic terminals by modulation of PKA activity, which modulate 

vesicle fusion [102]. In the postsynaptic compartment, AMAP receptors, after 

depolarisation, lead to influx Na+ (along with K+ efflux), which allows NMDARs 

activation and permits Ca2+ ions [10,96,102]. LTP are also associated with recruitment 

of AMAPRs, dendrite growths and synaptic strengthening [103,104]. The AMPARs 

endocytosis and increased their number turns the synapse to more sensitive to fire in next 

activation [103,105]. In contrast less synaptic stimulation can activate NMDAR to LTD, 

which removes AMPARs and loss of spines [104,106]. This very simplified description 

is shown in Figure 3. The relationship between receptors, proteins, ion channels which 

may modulate synaptic signaling is far more complex. Research is still underway to 

discover the mechanisms responsible for acting of these processes under 
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neuropathological conditions and diseases. In pathological conditions like AD, the 

disruption of synaptic plasticity, and loss of neurons is caused by among others by 

amyloid beta and tau protein, as well as  many other neuropathological processes. 

4.4.2 The role of the amyloid beta in synaptic pathology 

Small and diffusible forms of extracellular accumulation of Aβ, especially Aβ 

oligomers (Aβo) have neurotoxic effects on synapses and neuronal morphology 

[49,107,108]. Aβ oligomers have a significant impact on the disruption of synaptic 

transmission and plasticity [107,108]. There are possible at least two mechanisms leading 

to these neuropathological disturbances. First, Aβo may trigger Ca2+ influx, which leads 

to dyshomeostasis in the mitochondrion and endoplasmic reticulum (ER) [109,110]. Aβ 

acts neurotoxic on synapses and neurons by direct interaction with N-methyl-D-aspartate 

receptors (NMDARs) or indirect interaction with α-amino-3-hydroxy-5-methyl-4-

isoxazolopropionate receptors (AMPARs), as well as nicotinic acetylcholine receptors 

(nAChRs) which makes them permeable for Ca2+ [108,110]. The uncontrolled inflow of 

Ca2+ ions into the neuron leads to death through oxidative stress and excitotoxicity [109] 

(Figure 3). Second, Aβ significantly impaired long-term potentiation (LTP) and long-

term depression (LTD) on glutamatergic synapses, two main processes responsible for 

memory and learning (Figure 3) [51,111,112]. Glutamatergic synapses are involved in 

excitatory neuronal transmission, which is disrupted in AD pathology [112]. Low 

amounts of oligomeric Aβ facilitate LTP, but higher concentrations impair LTP and 

influence to increase LTD [113]. Aβ also reduces glutamate uptake, leading to 

desensitisation of postsynaptic NMDAR [99,113,114]. The Aβo induces a loss of LTP 

and glutamatergic synapses, which reduces dendritic spines and affects on synaptic 

plasticity and glutamatergic transmission [99].  
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Figure 3 Schemtic representation of possible mechanisms of amyloid β pathway in synaptic degeneration and synaptic 

proteins. Most importantly, Aβ oligomers trigger an excitotoxic Ca2+ influx through NMDAR and AMPAR, leading 

to a whole cascade of pathological events and degradation of synapses (red arrows pathway). The high concentration 

of Ca2+ inside the synapse can lead to a change the functioning of neurogranin, which is phosphorylated via PKC and 

binds to calmodulin, modulating LTP via the CaMKII signalling pathway and translocation of AMPARs to cell 

membranes (violet arrows pathway). Oligomers may significantly disrupted the mechanism of detection excess 

glutamate, which could affects to downregulated and decrease the endocytosis of NPTXR and AMPAR complexes, 

leading to excitotoxicity. (Figure generated in Biorender). 

4.4.3 The role of the tau protein in synaptic pathology 

Looking at the Tau protein as being significantly involved in synaptic pathology has 

been an intriguing topic of still ongoing research [64,115]. Tau always is considered as 

biomarker of the axonal disfunction and neuronal death in many neurodegenerative 

diseases. Pathological forms of tau protein promote dysfunction of synaptic plasticity in 

the early stages of AD [51,64]. Phosphorylated and ubiquitinated tau has been found in 

the pre- and post- synaptic sites in the neurons in human AD brain tissues [116]. A higher 

tau level has been observed in the synaptosomes obtained from fresh post-mortem 

hippocampus and entorhinal cortex tissues [117]. Their presence at synaptic terminals 

may lead to synaptic loss and impairment of synaptic plasticity, reduction of mobility and 

release of synaptic vesicles, disrupts calcium homeostasis, decreased dendritic spines, 

promotes postsynaptic AMPA receptor endocytosis or mitochondrial dysfunction 
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[50,64,118,119]. Tau may also work in synergy with Aβ [50,118,120]. The tau protein 

can promote the interaction GluA2 subunit of AMPAR and PICK1, which is crucial for 

hippocampal LTD [121,122]. Above that, it can act as a scaffold protein to deliver more 

kinase Fyn which promotes phosphorylation of the NR2B subunit of NMDARs [123]. In 

this pathological pathway, tau can lead to excitotoxic Ca2+ influx via activation of 

NMDARs [121]. However, the similar effect has Aβ on a different signalling pathways 

[124]. The monomeric Tau protein can also interact with other synaptic proteins like 

GAP43, CaM, calcineurin, CaMKII or neurogranin [64,125]. The bioinformatics analyses 

published in P5, also revealed common biological processes of causative factors such as  

MAPT, APP with some synaptic proteins e.g. NRGN and NPTXR. 

4.5 Novel candidates of CSF synaptic biomarkers for Alzheimer's Disease 

Literature data and experimental findings confirm that biomarkers reflecting synaptic 

degeneration, one of the earliest events in AD, could be useful for diagnostics of this 

disease [78,126,127]. Moreover, loss of synaptic connections and plasticity is closely 

related to the most important symptoms of this disease  - memory and learning 

impairments. There are many synaptic proteins potentially involved in AD, which can be 

candidates for biomarkers of synaptic dysfunction [127,128]. The development of 

research techniques made it possible to search for the presence of these proteins in CSF 

and plasma. Additionally, to identify new synaptic proteins and check common functions, 

bioinformatics is very helpful. Below shown an example of synaptic proteins involved in 

the "modulation of chemical synaptic transmission" based on a Go enrichment terms 

analysis in R (Figure 4). The results of preliminary bioinformatics analysis of the tested 

proteins were published in the last article (P5). 
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Figure 4 Sankey plot of genes related to GO term: „modulation of chemical synaptic transmission”-(GO:0050804). 
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4.5.1 Neurogranin 

 Neurogranin (Ng) is a small postsynaptic protein composed of 78 amino acids and 

a molecular weight of 7.5 kD [129]. Their granule-like structure gives the name of 

"neurogranin". The Ng gene (NRGN) has around 12.5 kbp, four exons, and three introns 

[129]. The expression of NRGN gene are mainly in the crucial brain structures engenaged 

to cognitive functions [129,130]. Figure 5 presents the level at which brain tissues and 

cells' NRGN gene expression occurs based on data from the HPA implemented into 

R software.  

 

Figure 5 Heatmap visualization of NRGN expression in different tissue and cells based on data from HPA. 

Neurogranin is involved in synaptic regeneration, synaptic plasticity, LTP mediated 

by Ca2+ and CaM signalling pathways and metaplasticity regulating LTP and LTD via 

CaM localisation into dendritic spines and NMDARs [94,131–135]. Regulation of CaM 

availability by Ng deserves special attention in synaptic plasticity [136]. Ng has an IQ 

domain that allows in the resting state to bind to Ca2+ free CaM [136,137]. Ng 
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functionality is related to NMDARs, and after the Ca2+ influx inside the post synapse, 

protein kinase C (PKC) is activated and phosphorylates Ng [138–140]. Phosphorylated 

Ng by PKC allows CaM to initialise activation downstream signalling pathways, such as 

calcium-calmodulin kinase II (CaMKII) and translocation of AMPARs to cell membranes 

[139,141]. Ng is essential in modulating Ca2+ binding to CaM and regulation o LTP 

[142]. Animal models with Ng deletion support its effect on LTP induction and its 

important role in cognitive functions [143,144]. To map other functions of Ng has been 

conducted the functional analysis of NRGN in terms of gene ontology (GO) biological 

processes (Figure 6).  

 

Figure 6 Sankey plot of NRGN and related GO terms on biological processes level. 

Animal models with NRGN gene deletion confirm its crucial effects on LTP 

induction and activation of the CaMKII pathway as well as cognitive impairment 

[140,143]. Significantly reduced levels of Ng were observed in brain tissue from 
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patients with AD [145]. In contrast, the elevated Ng concentration in CSF are observed 

in AD and MCI patients compared to controls [146–149]. It should be noted that Ng 

levels in amyloid-beta-positive patients were significantly elevated in both AD and MCI 

compared to those with non-pathological findings [150–152]. These results support the 

hypothesis of common functions of Ng and Aβ. Currently the measurement of Ng in 

CSF is considered as one of the most promising synaptic biomarkers. 

4.5.2 Neuronal Pentraxin Receptor (NPTXR) 

Neuronal pentraxin receptor (NPTXR) is a transmembrane protein with 500 amino 

acids and a molecular weight of 53 kDa [153]. The gene expression of NPTXR is 

mainly in the brain cytoplasm and synapses, mostly in the cortex and hippocampal 

formation. Figure 7 presents the level at which brain tissues and cells' NPTXR gene 

expression occurs based on data from the HPA implemented into R software. 

 

Figure 7 Heatmap visualization of NPTXR expression in different tissues and cells based on data from HPA. 

NPTXR is a receptor for two neuronal pentraxins NPTX1 and NPTX2, which by 

binding to AMAPARs regulates neural circuits [154]. NPTXR knock-out (KO) mice 



   

 

 

 
22 

 

have shown a 50% reduction of NPTX1 and NPTX2 levels in the brain, what suggests 

that NPTXR may stabilize and bind these proteins at the synapses [155]. Furthermore, 

NPTXR is the only one pentraxin anchored to the surface membrane of neuronal cells 

and it is also engaged in synaptic plasticity via synapse formation and synaptic 

transmission by attaching to AMPARs on the postsynaptic membranes. In the 

endocytosis, cleaved AMAPR and NPTXR are internalized, which should be a 

protected mechanism against excitotoxicity [153,156]. Under pathological conditions, 

the mechanism of detecting excess glutamate can downregulate and reduce 

endocytosis of NPTX complexes, what in consequence may lead to excitotoxicity 

[156]. However, NPTXR have a potential role as a universal organizer of excitatory 

and inhibitory synapses [157]. In pathological conditions imbalance between 

inhibitory  excitatory synapses and deregulation of AMPARs and NMDARs could be 

responsible for the cognitive impairments [158]. Additionally, functional analysis in 

GO terms showed possible functions of this protein in the central nervous system 

(Figure 8).  

The expression of NPTXR gene in key brain structures and its involvement in 

synaptic functions makes it a potentially important candidate biomarker for AD and 

MCI. Studies have shown decreased levels of NPTXR and other NPT ’s in the CSF 

of patients with AD as compared to controls [159–162]. The studies were carried out 

using mass spectrometry and commercially available assays [159,160,163–165]. In a 

24-month follow-up study, NPTXR was identified as an important candidate 

biomarker for monitoring the progression of AD and MCI [163]. The authors reveled 

that NPTXR decreased with the severity of disease[163]. 
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Figure 8 Sankey plot of NPTXR and related GO terms on biological processes level. 

 

4.5.3 The indirect role of Fatty acid binding protein 3 (FABP3) in synaptic 

plasticity 

 Disturbed lipid metabolism in AD may influence on the formation of senile 

plaques and neurofibrillary tangles [166–168]. Alois Alzheimer noted that in addition to 

SP's and NFT's, the glial cells contained "adipose saccules" or lipid droplets (LD). Current 

studies show the critical role of lipids in AD pathology [168–171]. Study based on animal 
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model suggest that lipid droplets can form even before SP and NFT occurs [172]. Lipids 

metabolism is one of the widely studied aspects of AD due to the fact that brain is highly 

enriched in lipids [173]. The proper brain function is also dependent on fatty acids, fatty 

acid-binding proteins and their transporting proteins [167,174]. The FABP3 is mainly 

expressed in the heart and central nervous system e.g. hippocampal regions CA1 and CA2 

and dopaminergic glutamatergic acetylocholinergic neurons [175–178]. FABP3 have a 

wide spectrum of functions, e.g. pleiotropic functions, what confirm functional analysis 

presented on Figure 9.  

In the central nervous system FABP3 have an important role in membrane fluidity, 

neuronal synapse formation and lipids transport, especially arachidonic acid (ARA) 

[48,179,180]. This protein may also indirectly interact with alfa-synuclein (αSyn) and 

beta amyloid leading to the formation of SP [175,176,181]. Moreover, FABP3 may also 

regulate the neuronal membrane's lipid composition, which affects synaptic plasticity and 

glutamatergic and acetylocholinergic activity [182]. The effect of this protein on 

cognitive decline can be modulated through dopaminergic D2R receptors and 

GABAergic receptors through Gad67 [179,182]. A study in FABP3 KO animal models 

showed cognitive and emotional impairment associated with dysregulation of synthesis 

of GABA in GABAergic interneurons [182]. Accordingly, it has been suggested that 

synaptic degeneration and lipid metabolism plays an important role in AD. Furthermore, 

the collected and presented data so far indicate that both factors synaptic plasticity and 

lipid metabolism are significantly involved in AD development. 

Growing body of evidence suggests that FABP3, may influence to neurodegeneration 

and the likely development of Alzheimer's disease [181,182]. It is speculated that the 

increase CSF levels of FABP3 in Alzheimer's patients may be part of a lipid and fatty 

acid pathological imbalance that occurs in the brain. Two studies found a significant 

association between elevated FABP3 levels and atrophy of key brain structures in patients 

with pathological amyloid levels [181,183]. FABP3 levels have also been studied in other 

diseases, such as Creutzfeldt-Jakob disease (CJD), Parkinson's disease (PD) and dementia 

with Lewy bodies (DLB) [176,181,184,185]. The studies suggest that elevated FABP3 

levels in CSF are associated with neurodegeneration. Accordingly, it has been suggested 

that synaptic degeneration and lipid metabolism plays an important role in AD [186,187]. 

Furthermore, the collected and presented data so far indicate that both factors synaptic 

plasticity and lipid metabolism are significantly involved in AD development. 
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Figure 9 Sankey plot of FABP3 and related GO terms on biological processes level. 

 

Based on the above-mentioned facts, I hypothesised that synaptic degeneration is one 

of the earliest signs of AD and indicators of this process (such as Ng, NPTXR, and 

FABP3) may potentially be used in clinical practice of this disease. 
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5. Study Aims 

 

The aim of the research performed for the doctoral dissertation was quantitative 

assessment and analysis of the potential diagnostic utility of selected proteins reflecting 

the disturbance of synaptic plasticity during the development of Alzheimer's disease. To 

achieve the above objectives, the following stages were carried out: 

 

1. Assessment of the concentrations of selected proteins related to synaptic 

plasticity, including Ng, NPTXR, and FABP3 in the CSF of patients with AD, 

mild cognitive impairment (MCI), and non-demented controls. 

 

2. Comparison of the concentrations of tested proteins between the study groups. 

 

3. The correlation between the above-mentioned proteins, classical biomarkers, and 

the cognitive impairment assessed by neuropsychological tests. 

   

4. Analysis of the potential diagnostic utility (based on, among others, diagnostic 

sensitivity and specificity, positive and negative predictive values, and diagnostic 

power based on the size of the area under the ROC curve) of selected proteins 

associated with synaptic plasticity. 

 

5. The bioinformatic assessment of relationships between biological processes of the 

synaptic pathology underlying AD.  
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6. Material and methods 

 

6.1  Cerebrospinal fluid collected from the study groups 

 

All cerebrospinal fluid samples were collected from patients diagnosed in the 

Department of Neurology Jagiellonian University Medical College. Overall, the study 

group consisted of 70 subjects (n = 49 women, n = 24 men, 73 median years) from the 

Department of Neurology, Jagiellonian University Hospital, Krakow, and included 34 

AD patients, 18 subjects with MCI, and 19 non-demented controls. The research articles 

(P3-5) constituting this dissertation concerned the assessment of the selected proteins 

related to synaptic pathology in cerebrospinal fluid patients with MCI and AD, as well as 

non-demended controls. The cerebrospinal fluid samples were collected into 

polypropylene tubes according to standardized procedures for a lumbar puncture at the 

L4/L5 interspace. After collecting, the CSF samples were centrifugated, aliquoted and 

frozen at -80C until analysis. All the CSF samples were used in only one thawing cycle.  

 

6.2  Diagnosis and classification of patients for research 

 

All participants were enrolled in the study based on standard medical examination, 

magnetic resonance imaging (MRI) or computed tomography (CT) of the brain, a physical 

and neurological examination, laboratory screening tests or a comprehensive 

neurocognitive evaluation. The AD and MCI diagnosis was made based on the 

recommendations from the National Institute on Aging and Alzheimer's Association 

(NIA-AA) criteria [75]. Neuroimaging and neuropsychological studies were combined 

with neurochemical findings for the most accurate clinical diagnosis of AD and MCI 

(Aβ1-42, Tau and pTau181 levels and Aβ1-42/Aβ1-40 ratios). The Erlangen Score 

algorithm was used for interpreting biomarkers in CSF. Only patients with 4 points in ES 

were classified as AD and included in the study group. Patients with 2 or 3 points in ES 

were classified as MCI. None of the patients, including in research articles (P3-5), 

testified that there was a history of AD in their family. Therefore, in general, the study 

population includes cases with sporadic AD.  

Patients with suspected cerebrovascular disease, elevated albumin (QAlb) score 

suggesting dysfunction of the blood-CSF barrier or changes in CT/MRI images were 

excluded from the study. Information on patients' previous medical history was also 
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reviewed. Biochemical characterization of the study participants based on concentrations 

of classical biomarkers of Alzheimer's disease and cerebrospinal fluid parameters is 

presented in the Materials and Methods section or in the tables of each published article 

(P3-5MMSE scores were used to assess the severity of dementia. The control group 

consisted of people who did not have subjective memory impairments that met the criteria 

for MCI, or recurrent headaches. A thorough examination of the control subjects, with 

detailed cerebrospinal fluid analyses, made it possible to rule out an organic background 

of symptoms. None of the control group subjects showed any significant changes in the 

established biomarkers of AD (levels of Aβ1-42, Tau and pTau181). These results were 

confirmed by the Erlangen Score of 0 points in subjects in this group. 

6.3  Immunoassays for tested proteins and classical biomarkers 

6.3.1 Enzyme-linked immunosorbent assays (ELISA) 

In biochemical diagnostics, the most common target analytes are specific proteins 

whose levels are determined by the binding of an antibody to an antigen in immunoassays 

tests. Overall, immunoassays use antibodies to capture the specific proteins and coupled 

with labelled detection antibody, which than will be detected on the spectrophotometer. 

The most popular immunoassays are those based on enzymatic reactions called enzyme-

linked immunosorbent assays (ELISA). Typically, two antibodies (capturing and 

detecting) targeting a single analyte are used in a sandwich ELISA. 

The concentrations of neurochemical dementia biomarkers were measured in CSF 

using commercially available IBL kits for Aβ1–42 and Aβ1–40 (RE59661, RE59651, 

Hamburg, Germany) and Fujirebio kits (81572, 81574, Gent, Belgium) for tau and 

pTau181 proteins. All stages of the assaying and analysis were carried out following the 

instructions provided by the kit manufacturers. The colorimetric intensity of reactions for 

each protein was measured in a microplate reader (Diasorin EtiMax and Synergy 2 

BioTek). Calculated concentrations were based on a separate standard curve. All samples 

and standards were run in duplicates with a coefficient of variance (CV) <20%. Samples 

with higher CV than limit were excluded from the study. 

The concentration of Neuronal Pentraxin Receptor was measured in CSF using a 

commercially available RayBioHuman NPTXR ELISA kit (ELH-NPTXR; Ray Biotech, 

Norcross, GA, USA). The CSF samples were diluted 25-fold in PBS and run in duplicates. 

Absorbance was read at 450 nm on Synergy2.  
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6.3.2 Magnetic bead-based multiplexing immunoassay - Luminex xMAP® 

Technology 

Luminex Multiplex Bead Immunoassays are solid-phase sandwich immunoassays, 

which could be analyzed with a Luminex 100/200™ instrument. The spectral properties 

allow to distinct up to 100 bead regions, which allows measuring up to 100 different 

analytes in a single sample on Luminex 100/200™ instrument. Each analyte has a specific 

capture antibody conjugated to beads spectral properties. Standards of known analyte 

concentration, control specimens and CSF samples are pipetted into proper wells on a 

bottom microplate and incubated. While the first incubation, analytes bind to the capture 

antibodies on the beads. All washing steps are carried out using the automatic washer 

Biotek 405LS with a magnetic plate to not to remove beads with desirable complexes. 

Biotinylated detector antibodies bind to the appropriate immobilized analytes during the 

second incubation. In the next step, the excess biotinylated detector is removed. Added 

streptavidin conjugated to the fluorescent protein, Phycoerythrin (Streptavidin-PE) and 

followed incubation. During the final incubation, a four-member solid phase sandwich 

takes place due to binding to the Streptavidin-PE to biotinylated detector antibodies and 

immune complexes on the beads. After washing to remove unbound Streptavidin-PE, the 

beads are analyzed with the Luminex 100/200™ instrument. 

The concentrations of Neurogranin and Fatty Acid Binding Protein 3 were measured 

in CSF by commercially available multiplexing kits ( MILLIPLEX MAP Human 

Neuroscience Magnetic Bead Panel 2, HNS2MAG-95K, Merck KGaA, Darmstadt, 

Germany). The CSF samples were diluted at 1:10 and all steps were performed following 

manufacturer's instructions and best practices. 

6.4  Statistical analysis 

All statistical analysis were performed using R programming language (RStudio:  

Integrated Development for R. RStudio (Version 1.2.5019), PBC, Boston, MA, USA). 

The data from the quantitative CSF biomarkers did not fit a normal distribution, which is 

a general tendency in these type of research. The Shapiro-Wilk test showed that the 

concentrations of the proteins studied did not have a normal distribution. Comparisons 

between AD, MCI and the control group were made using the Kruskal-Wallis test. 

Concentrations of the studied variables in the study groups were performed using the 

Mann-Whitney U test. Statistical significance was taken as p < 0.05. Next, significant 

differences between levels in the study groups were analyzed using the Dwass Steele-
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Critchlow-Fligner post hoc test to see in which groups the difference was statistically 

significant. Finally, we examined correlations through Spearman's non-parametric rank 

correlation test. In addition, receiver operating characteristic (ROC) curve and area under 

curve (AUC) analysis were used to determine the diagnostic utility of the proteins studied 

as potential biomarkers of Alzheimer's disease. Gene Ontology (GO) enrichment analysis 

was performed using the Bioconductor package (ClusterProfiler). The entire genome was 

used as the background. The R packages that were used for analisis: „clusterProfiler”, 

„enrichplot”, „dplyr”, „biomaRt”, „xlsx”, „biomaRt”, „org.Hs.eg.db”, „GO.db”, 

„reshape2”, „RColorBrewer”, „ggplot2”, „viridis”, „GOlot”, „EnsDb.Hsapiens.v86”, 

“plotly”. 

 



   

 

 

 
31 

 

7. Results 

Detailed description of the results and discussions can be found in the following 

manuscripts included in this dissertation: 

 

P.1. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Mroczko Barbara. 

Neurogranin and VILIP-1 as molecular indicators of neurodegeneration  

in Alzheimer's Disease: A systematic review and meta-analysis. 

International Journal of Molecular Sciences 2020 : 21, 21, 19 pp,  

DOI: 10.3390/ijms21218335, IF: 5.924, MEiN: 140 points 

 

P.3. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Fatty acid binding protein 3 (FABP3) and Apolipoprotein E4 (ApoE4) as lipid 

metabolism-related biomarkers of Alzheimer’s disease. 

Journal of Clinical Medicine 2021, 14, 14 pp, DOI: 10.3390/jcm10143009, IF: 4.964, 

MEiN: 140 points 

 

P.4. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Neurogranin and neuronal pentraxin receptor as synaptic dysfunction biomarkers in 

Alzheimer's Disease. 

Journal of Clinical Medicine 2021, 10, 19, 13 pp, DOI: 10.3390/jcm10194575 

IF: 4.964, MEiN: 140 points 

 

P.5. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Evaluation of synaptic and axonal disfunction biomarkers in Alzheimer's Disease and 

Mild Cognitive Impairment based on CSF and bioinformatic analysis. 

International Journal of Molecular Sciences 2022, 23(18), 10867;  

DOI: 10.3390/ijms231810867. 

IF: 6.208, MEiN: 140 points 
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7.1  Paper 1 (P1) - Neurogranin and VILIP-1 as molecular indicators of 

neurodegeneration in Alzheimer's Disease: A systematic review and meta-

analysis. 

 

The first paper, meta-analysis and systematic review was prompted by three questions 

that I could not find clear answers to them in the literature: Which proteins dependent on 

calcium and/or calmodulin may be candidate biomarkers for Alzheimer's Disease? If Ng 

and VILIP-1 may be useful as diagnostic tools in clinical practice? These two questions 

also motivated research published in my later articles. 

The first published paper focused on Ng and VILIP1 as molecular biomarkers of 

neurodegeneration in AD. Ng and VILIP-1 are promising candidates to AD biomarkers 

closely related to synaptic and neuronal degeneration and both proteins are involved in 

calcium-mediated signaling pathways. The PubMed, Scopus, Web of Science were 

searched for original articles published in the English language between January 1990 to 

20 April 2020. Articles were selected with particular emphasis on levels of Ng and VILIP-

1 measured in lumbar CSF using, e.g. quantifying method, type of immunoassay, type of 

capture antibody and diagnostic criteria and others inclusion criteria. Data were taken 

based on the PRISMA guidelines and QUADAS for extraction, assessing quality and 

validity of including articles. Data from articles about searched proteins were rated by 

random-effect meta-analysis based on Ration of means (ROM), between five cohorts: 

AD, MCI, MCI-AD, sMCI and CTRL, sMCI and MCI-AD. Ng concentration was also 

checked in groups with positive (+) and negative (‐) amyloid beta status (Aβ). 

Based on the title and abstract 74 for Ng, 29 for VILIP-1 publications were selected 

for systematic review. The data from selected articles about Ng was obtained for 6517 

subjects and for VILIP-1 for 1761 individuals.  

Eligible studies (n=24) with 28 cohorts reported data on Ng in CSF. These studies 

included 1894 patients with AD and 2051 controls. Ng was significantly increased in 

patients with AD compared to controls, and the differences were the highest in that group 

(ROM: 1.62, p<0,001). In the seven studies observed a smaller difference between the 

MCI-AD group compared to CTRL, with an average value of 1.57, p<0,001. Moderate 

differences was observed in 5 studies with MCI-AD group (n=203) compared to sMCI 

(n=203) with average value of ROM: 1.49, p<0,001 and AD (n=234) compared to sMCI 

(n=147) in 3 studies with average value of ROM: 1.32, p<0,01. The lower level of 

differences was observed in 13 studies with MCI (n=1195) compared to CTRL (n=1113) 
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with an average value of ROM: 1.29, p<0,001 and the lowest level in 12 studies with AD 

(n=659) compared to MCI (n=1002) with average value ROM: 1.26, p<0,001. (Figure 1). 

Results from all tests and forest plots were presented in (Figure 4). The general 

heterogeneity in the compared groups is high. All funnel plots were presented in 

Supplemental Contents and suggested publication bias. 

 

Figure 10 Forest plots of cerebrospinal fluid neurogranin (Ng) ratio in compared groups: (A) AD vs CTRL (B) MCI‐

AD vs CTRL; (C) MCI‐AD vs sMCI; (D) AD vs sMCI; (E) MCI vs CTRL; (F) AD vs MCI;  

(G) AD vs MCI‐AD. This figure is from article P1, which is available as Figure 1 on page 7. 

Additionally, carried out whether dividing the most numerous group AD vs CTRL 

by type of method and capture antibodies will influence by the result of ROM and 

heterogeneity (𝐼2). As a first step, the groups were divided into two subgroups: ELISA  

(n = 11) and electrochemiluminescence (n = 10) (ECL).  The group of research papers in 

which ECL was used (n = 11) had the ROM: 1.64, p < 0.001 . The studies in which ELISA 

was used (n = 15), higher heterogeneity and impact on the result of ROM were observed 

1.70, p < 0.001. As the second step of the analysis selected the two most common 

antibodies: Ng7 (n = 18) and Ng (G62-P75) (n = 3). In the biggest group of cohorts (n=21) 
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where researchers usually used Ng7, showed the highest level of ROM: 1.73, p < 0.001 

and statistically significant heterogeneity Less commonly used type of antibody (G62–

P75) had no heterogeneity, and the average level of ROM was 1.26, p < 0.005.  

The smallest group of the compared studies in this meta-analysis includes a paper 

(n=3) in which the researchers analyzed Ng concentrations in subgroups of subjects 

dependent on positive (pathological Aβ+) or negative Aβ- status. The highest differences 

related to the increase of Ng level in CSF were observed in AD+ (n=238) compared to 

MCI- group (n=241) (ROM: 1.59, p<0.001). Slightly less difference of Ng level were 

between AD+ (n=238) and CTRL- (n=187) group (ROM:1.54, p<0.001), as well as 

between patients with MCI+ group (n=430) and CTRL- (n=187) (ROM: 1.45, p<0.001). 

 

Figure 11 Forest plots of cerebrospinal fluid neurogranin ratio in compared groups according to Aβ status: (A) AD+ vs 

MCI‐; (B) AD+ vs CTRL‐; (C) MCI+ vs CTRL‐; (D) MCI+ vs CTRL+; (E) AD+ vs CTRL+; (F) MCI‐ vs CTRL+; (G) 

AD+ vs MCI+; (H) MCI‐ vs CTRL‐; (I) CTRL‐ vs CTRL+. This figure is from article P1, which is available as Figure 

2 on page 8. 

The VILIP-1 was described as a biomarker of neuronal degeneration. Eligible studies 

reporting VILIP-1 concentrations in CSF comprised 11 cohorts with Alzheimer’s disease 

patients (n=595 and CTRL (n=893) and with average ROM: 1.34, p < 0,001. Analysis of 

AD (n=336) compared to MCI (n=193) based on five cohorts revealed ratios were above 
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one with an average ROM: 1.27, p<0,03. As was the case of MCI (n=193) compared to 

CTRL (n=105) was ROM: 1.12, p<0,001.  

 

Figure 12 Forest plots of VILIP1 levels in CSF in compared groups: (A) AD vs CTRL; (B) AD vs MCI,  

(C) MCI vs CTRL. This figure is from article P1, which is available as Figure 3 on page 9. 

  The above results indicate that Ng and VILIP-1 levels were significantly higher 

in different stages of the Disease (AD, MCI, sMCI, MCI-AD) compared to controls. 

Moreover, the concentration of this proteins were elevated in the early stages of AD and 

changed with disease progression. The highest level was observed in synaptic Ng 

concentrations, 1.64 times higher in CSF, and its levels changed with disease progression. 

A similar relationship was observed in elevated neuronal VILIP-1 levels in AD compared 

to MCI and CTRL reflecting later neurodegeneration. Elevated Ng levels in CSF of 

patients with Alzheimer's disease may be due to impaired synaptic signalling, which 

occurs earlier than the calcium-sensitive protein (VILIP-1)-dependent changes in the 

cytoplasm of neurons. In addition, it is worth noting the results of a meta-analysis 

performed on a group of patients with pathological (Aβ+) amyloid status. Patients in these 

group always have elevated Ng concentrations in CSF. It can be interpreted as Ng are 

involved in early neuropathological processes, e.g. disruption of synaptic transmission 

may be due to accumulation Aβ oligomers on synaptic cleft. 

 

 The results of the conducted studies were published in the original paper: 

P.1. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Mroczko Barbara. 

Neurogranin and VILIP-1 as molecular indicators of neurodegeneration  

in Alzheimer's Disease: A systematic review and meta-analysis. 

International Journal of Molecular Sciences 2020 : 21, 21, 19 pp,  

DOI: 10.3390/ijms21218335, IF: 5.924, MEiN: 140 points 
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7.2  Paper 3 (P3) - Fatty acid binding protein 3 (FABP3) and Apolipoprotein E4 

(ApoE4) as lipid metabolism-related biomarkers of Alzheimer’s disease. 

 

The first research article focuses on measuring FABP3 and ApoE4 concentrations in 

the cerebrospinal fluid of patients with AD and MCI due to AD in comparison to non-

demented subjects (CTRL). Interest in lipid metabolism and fat-binding proteins (FABPs) 

in the field of neurodegenerative diseases is constantly growing. The scientific studies 

suggests that the progression of AD and MCI are related to e.g. imbalance of fatty acids 

and lipids. There are many potential mechanisms of lipid metabolism and transported 

proteins leading to the development of neuropathology in AD. Potentially the FABP3 

may be useful lipid metabolism-related biomarker in AD and MCI. Above that, this 

protein may reflect indirectly disruption the synaptic plasticity and synaptic connections 

via formation of lipid droplets and foster the accumulation of Aβ plaques. 

In the published research article (P3) demonstrates similar patterns of statistically 

significant elevated levels of FABP3 and ApoE4 in AD compared to CTRL and between 

AD and MCI group of patients. Moreover, there were no significant differences in the 

levels of the tested proteins between MCI and CTRL. 

 

 

Figure 13 Box and sccater plot of FABP3 levels in CSF between compared groups. Level of statistically significant: 

*** = p<0.001, NS—no significant. This figure is from article P3, which is available as Figure 1 on page 5. 
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 The significant positive correlations in the whole study group were observed 

between CSF levels of FABP3 and Tau (p<0.001), pTau181 (p<0.001), age (p = 0.002),  

and also negative with: MMSE (p<0.001), Aβ42/40 ratio (p<0.001), ApoE4 (p = 0.007). 

The positive and negative correlations on the same study group were observed between 

ApoE4 and  pTau181 (p = 0.026), Tau (p = 0.012),  MMSE (p = 0.023), Aβ42 (p<0.001), 

as well as Aβ42/40 ratio (p<0.001). 

  

 
Figure 14 Spearman's correlations between all tested proteins in CSF and classical AD biomarkers in the whole study 

group (left heatmap) and MCI subjects (right heatmap). This figure is from article P3, which is available as 

Figure 2 on page 6. 

 

During the course of statistically significant results between compared groups, we 

performed the ROC analysis. The AUC of all tested proteins revealed that only FABP3 

were slightly higher value of AUC in differentiation MCI patients from AD patients 

(AUC = 0.859). Similar results are observed for total Tau (AUC = 0.857). In an ROC 

analysis for differentiating AD patients from CTRL, the two tested proteins did not prove 

better than classical biomarkers, despite statistical significance: AUC of FABP3 = 0.881; 

AUC of ApoE4 = 0.751. A further assessment of potential diagnostic usefulness was 

made using ROC analysis combination of FABP3 and ApoE4, but the results did not 

improve the AUC score between all compared groups (data not presented in article P3). 

These findings indicate a later role for FABP3 and ApoE4 in AD pathology. However, 

FABP3 may prove for monitoring the progression of already initiated lipids metabolism 

and indirectly synaptic neuropathology.  
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Figure 15 Plot of ROC and AUC of all tested proteins in MCI group compared to AD. This figure is from  

article P3, which is available as Figure 3 on page 7. 

 

The results of the conducted studies were published in the original paper: 

 

P.3. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Fatty acid binding protein 3 (FABP3) and Apolipoprotein E4 (ApoE4) as lipid 

metabolism-related biomarkers of Alzheimer’s disease. 

Journal of Clinical Medicine 2021, 14, 14 pp, DOI: 10.3390/jcm10143009, IF: 4.964, 

MEiN: 140 points.  
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7.3  Paper 4 (P4) - Neurogranin and neuronal pentraxin receptor as synaptic 

dysfunction biomarkers in Alzheimer's Disease. 

The not entirely satisfactory results published in the previous article led me to search 

for biomarkers that are directly related to synaptic plasticity. In the second research article 

were presented results about concentrations of Ng and NPTXR in CSF from AD and 

CTRL patients. In addition, the original NPTXR/Ng ratio was calculated to better reflect 

synaptic disturbance, than both separately. The differences in concentrations of Ng, 

NPTXR and NPTXR/Ng ratio have been statistically significant based on the U-Mann-

Whitney test (p<0.001). All of the classical biomarkers also proved statistically 

significant at the same level (p<0.001). 

 

Figure 16 Box and scatter plots of CSF concentration of: 1) neurogranin in AD vs  CTRL; 2) neuronal pentraxin receptor 

in AD and CTRL group; 3) novel NPTXR/Ng ratio in AD compared to CTRL. Statistically significant level *** = 

p<0.001. This figure is from article P4, which is available as Figure 1 on page 4. 

The analysis of correlation in AD group of patients between levels of Ng and 

NPTXR shows negative association (rho= -0.40, p=0.038). The Ng, but not NPTXR, 

correlated significantly with pTau181 (rho = 0.384, p=0.044).  

 

Figure 17 Correlation between CSF Ng and NPTXR concentration in the AD group of patients (red line with best fith 

and 95% CI). This figure is from article P4, which is available as Figure 3 on page 6. 
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Figure 18 Heatmap of Sperman’s rank correlation between all tested proteins in CSF in the whole study group. 

Statistically significant level *** = p < 0.001, * = p < 0.05. This figure is from article P4, which is available as Figure 

2 on page 5. 

The results published in article P4 are the first study comparing Ng and NPTXR 

with classical biomarkers. The new NPTXR/Ng ratio showed statistically significant 

differences between the compared groups, which may reflect synaptic pathology better. 

Both proteins are closely related to synaptic plasticity, and it seems that together they 

reflect the pathological process of synaptic damage better than separately. To confirm this 

hypothesis, the research was published in article P5. 

 

 

 

The results of the conducted studies were published in the original paper: 

 

P.4. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Neurogranin and neuronal pentraxin receptor as synaptic dysfunction biomarkers in 

Alzheimer's Disease. 

Journal of Clinical Medicine 2021, 10, 19, 13 pp, DOI: 10.3390/jcm10194575  

IF: 4.964, MEiN: 140 points 
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7.4 Paper 5 (P5) - Neurogranin and neuronal pentraxin receptor as synaptic 

dysfunction biomarkers in Alzheimer's Disease. 

 

The main objectives of the research and results published in article P5 are to assess 

the relationship between the biological processes of synaptic pathology underlying 

Alzheimer's disease, their molecular functions, and changes in CSF concentrations of the 

proteins selected synaptic proteins: Ng, NPTXR and Visin like protein 1 (VILIP1) in 

patients with AD, MCI and non-demented CTRL. The gene ontology (GO) enrichment 

analysis provides functional and biological roles of targeted proteins and associated terms 

in hierarchically classified categories. The names of the genes coding proteins tested in 

the CSF were used for the GO preliminary screening of common functions. The 

corresponding gene names were representations of the studied proteins: APP = amyloid 

precursor protein, NRGN = neurogranin, NPTXR = neuronal pentraxin receptor, MAPT 

= Tau protein. Five proteins were selected, two classical biomarkers and three potential 

biomarker candidates. The analysis showed that four (MAPT, APP, NRGN, NPTXR) of 

the five tested proteins are involved in two biological processes: GO:0050804—

“modulation of chemical synaptic transmission” and GO:0099177—“regulation of trans-

synaptic signaling”. Cellular Component GO terms are significantly enrichment for 

MAPT, APP and NGRN related to: GO:0043197—“dendritic spine”, GO:0044309—

“neuron spine” and GO:0043025—“neuronal cell body”. The pathways and functions in 

which the tested proteins are involved are shown in the GO oriented diagram (Figure 7). 

Tabel 1 Results of GO enrichment analysis for biological processes in terms of genes related to tested proteins in CSF. 

This table is from article P5, which is available as Table 1 on page 2. 
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Figure 19 GO plot of enriched gene ontology terms for MAPT, APP, NRGN, and NPTXR on level of biological 

processes. This figure is from article P5, which is available as Figure 1 on page 3. 

The CSF NPTXR, Ng and VILIP-1 concentrations and ratios (Aβ42/Ng and 

Ng/NPTXR) significantly differed between AD and CTRL. The CSF NPTXR levels were 

significantly lower in AD and MCI patients compared to the CTRL, although the 

difference was insignificant between MCI and AD groups. The concentrations of Ng and 

VILIP-1 were significantly different between all compared groups. The Ng/NPTXR ratio 

differed significantly between AD versus CTRL and MCI versus CTRL. The Aβ42/Ng 
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ratio significantly differed between all compared groups (tested by Kruskal-Wallis Test 

(p<0.001).  

 

Figure 20 Boxplots of tested proteins in CSF: 1) Visinin-like protein 1; 2) Neurogranin; 3) Neuronal pentraxin receptor; 

4) NPTXR/Ng ratio.  This figure is from article P5, which is available as Figure 2  

on page 4. 

 The associations between tested proteins in the whole study group were performed 

based on Spearman’s rank correlation test. Significant negative correlations were 

observed between Ng and MMSE and Aβ42/40 ratio. On the other hand, positive 

correlations in the same group of all patients were observed between Ng and VILIP-1, 

age, Tau, pTau181. NPTXR also positively correlated with VILIP1 and negative with 

Aβ42. In turn, VILIP1 were negatively correlated with MMSE and Aβ42/40 ratio and 

positively with the age of patients and Tau. Detailed correlation results for the other 

groups, along with significance and rho coefficient values, are described on page 5 in P5. 

 The evaluation of potential diagnostic usefulness was performed based on the 

receiver operating characteristic curve (ROC) and area under the curve (AUC). The 

highest values of AUC for tested biomarker candidates were observed for Ng 

(AUC=0.919), NPTXR/Ng (AUC=0.943) and Aβ42/Ng (AUC=0.982) in the AD 

compared to the CTRL group. In the compared groups between MCI and AD the highest 

value of AUC were observed for Aβ42/Ng  (AUC=0.909). The highest results of ROC 

analysis were followed for NPTXR/Ng (AUC=0.974). In addition, the DeLong test was 

performed to compare the AUC values in the comparison group.  
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The analysis showed that the NPTXR/Ng ratio had the highest and significantly different 

AUC in comparison to classical Aβ42/40 ratio (AUC=0.830). 

 

Figure 21 Plot of ROC curves and AUCs values for all tested proteins and ratios in (A) AD compared to CTRL; (B) 

AD compared to MCI; (C) MCI compared to CTRL. This figure is from article P5, which is available as Figure 3 on 

page 5. 

 

 

The results of the conducted studies were published in the original paper: 

 

P.5. Dulewicz Maciej, Kulczyńska-Przybik Agnieszka, Słowik Agnieszka, Borawska 

Renata, Mroczko Barbara. 

Evaluation of synaptic and axonal disfunction biomarkers in Alzheimer's Disease and 

Mild Cognitive Impairment based on CSF and bioinformatic analysis. 

International Journal of Molecular Sciences 2022, 23(18), 10867;  

DOI: 10.3390/ijms231810867. IF: 6.208, MEiN: 140 points 
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8. Conclusions 

Dysfunction of synaptic plasticity and transmission are early and significant factors 

in the pathology and progression of Alzheimer’s Disease.  Proteins reflect these changes 

are needed for diagnosis and monitoring of disease progression. The published papers 

included in this dissertation investigated three different proteins related to synaptic 

plasticity. The conducted research can be summarized as follows: 

 

1. Neurogranin and Neuronal Pentraxin Receptor are promising candidates for 

biomarkers of synaptic dysfunction in MCI and AD patients, reflecting a loss of synaptic 

connections from the early stages to the full-blown disease. 

 

2. NPTXR/Ng ratio seems to have the highest diagnostic value in comparison to the 

measurement of each protein alone, particularly in the early stages of dementia. 

 

3. FABP3 plays a minor role in the early diagnosis of Alzheimer's disease. FABP3 is 

indirectly involved in synaptic plasticity and may be a valuable biomarker reflecting lipid-

related changes but rather in the later phase of the disease. 

 

4. Bioinformatic analysis of shared pathways and functions allowed for a deeper 

understanding of Alzheimer’s disease's biological mechanisms, especially in the context 

of the relationship of the core neuropathological changes (i.e. amyloid and tau pathology) 

with synaptic dysfunction. 
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10. Polish abstract 

Synapsy i plastyczność synaptyczna umożliwiają sprawną komunikację między 

neuronami w mózgu, co leży u podstaw procesów poznawczych, takich jak pamięć i uczenie się. 

Upośledzenie tych procesów jest istotnym czynnikiem cechującym choroby neurodegeneracyjne, 

a szczególnie chorobę Alzheimera (AD). AD stanowi ok. 60-70% wszystkich postaci demencji. 

Pomimo wieloletnich badań choroba wciąż jest nieuleczalna. Co więcej, długi okres 

przedkliniczny charakteryzujący się brakiem widocznych objawów klinicznych uniemożliwia 

odpowiednio wczesne jej wykrycie. Coraz większą rolę w poprawie diagnostyki tej choroby 

odgrywają biomarkery oceniane w płynie mózgowo-rdzeniowym (PMR), które stanowią dowód 

in vivo powstających wczesnych zmian neuropatologicznych. Upośledzenie plastyczności i 

transmisji synaptycznej jest jednym z najwcześniejszych zaburzeń neuropatologicznych w AD, 

spowodowanym przez złogi amyloidu-β, takie jak oligomery (Aβo) lub blaszki starcze, które są 

jedną z głównych cech AD. Utrata połączeń synaptycznych i kolców dendrytycznych w wyniku 

neuropatologii Aβ może być wykrywana i monitorowana przez detekcję białek synaptycznych w 

płynie mózgowo-rdzeniowym (PMR). Dlatego też, badanie białek o wyspecjalizowanych 

funkcjach związanych z transmisją i plastycznością synaptyczną wydaje się istotnym kierunkiem 

badań, które mogą znaleźć zastosowanie w praktyce klinicznej.   

Celem przeprowadzonych badań w ramach niniejszej rozprawy doktorskiej była ocena 

ilościowa oraz analiza potencjalnej użyteczności diagnostycznej wybranych białek 

odzwierciedlających zaburzenia plastyczności synaptycznej w przebiegu choroby Alzheimera, 

oraz łagodnych zaburzeń poznawczych (MCI). Neurogranina (Ng), receptor neuronalnej 

pentraksyny (NPT R) i białko wiążące kwasy tłuszczowe 3 (FABP3) zostały ocenione metodami 

immunologicznymi (tj. klasyczną metodą ELISA oraz technologią multiplexingu xMAP na 

platformie Luminex 200) w płynie mózgowo-rdzeniowym (PMR) pacjentów z MCI, AD oraz 

osób z grupy kontrolnej bez zaburzeń poznawczych. Ponadto przeprowadzono analizę 

bioinformatyczną z wykorzystaniem Gene ontology (GO) enrichment w celu określenia 

ewentualnych zależności między procesami biologicznymi patologii synaptycznej leżącej u 

podstaw AD, funkcjami molekularnymi a wybranymi białkami odzwierciedlającymi patologię 

synaptyczną i aksonalną na poziomie komórkowym. 

 Badania wykazały istotnie podwyższone stężenie Ng zarówno w grupie AD, jak i MCI w 

porównaniu z grupą kontrolną bez zaburzeń poznawczych (CTRL). Podczas gdy, stężenie 

NPT R w PMR było istotnie niższe u pacjentów z AD i MCI w porównaniu z grupą CTRL. W 

grupie pacjentów z AD zaobserwowaliśmy znamiennie wyższe stężenie białka FABP3 w PMR w 

porównaniu do MCI i CTRL. Największe pole pod krzywą (AUC) zaobserwowano dla 

współczynnika NPT R/Ng w porównaniu z MCI i CTRL (AUC=0.974). Najwyższe AUC wśród 

wszystkich porównywanych grup okazało się dla stosunku Aβ42/Ng, szczególnie pomiędzy 

pacjentami z MCI w porównaniu z AD (AUC=0.909). 

Bioinformatyczna analiza wspólnych procesów biologicznych na podstawie terminów Gene 

Ontology (GO) dla potencjalnych i klasycznych biomarkerów wykazała, że zarówno "modulacja 

chemicznej transmisji synaptycznej", jak i "regulacja sygnalizacji transsynaptycznej" są wspólne 

dla Ng, NPT R, Tau i Aβ. Dzięki zastosowaniu bioinformatyki do danych eksperymentalnych 

można poszerzyć zrozumienie i interpretację wyników w kontekście funkcji biologicznych 

badanych białek.  

Podsumowując, w badaniach zawartych w niniejszej rozprawie doktorskiej wykazano, iż Ng, 

NPT R, współczynnik Ng/NPT R oraz FABP3 mogą stanowić obiecujące biomarkery 

odzwierciedlające procesy związane z dysfunkcją synaptyczną. Ponadto, połączenie wyników 

badań potencjalnych, nowych biomarkerów z analizą wzbogacenia GO wydaje się szczególnie 

obiecujące dla rozwoju nowych celów badawczych oraz terapeutycznych.  
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11. English abstract 

Synapses and synaptic plasticity allows an efficient communication between neurons in 

the brain, which underlies of cognitive processes like memory and learning. Impairment of these 

processes is an essential feature in neurodegenerative diseases, particularly Alzheimer's disease 

(AD). AD accounts for about 60-70% of all forms of dementia. Despite many years of research, 

the disease is still incurable. Moreover, the long preclinical period characterized by the lack of 

visible clinical symptoms makes it impossible to detect it early enough. An increasingly important 

role in improving the diagnosis of this disease is played by biomarkers assessed in the 

cerebrospinal fluid (CSF), which provide evidence in vivo of the development of early 

neuropathological changes. Impairment of synaptic plasticity and transmission is one of the 

earliest neuropathological changes in AD, caused by amyloid-β deposits such as oligomers (Aβo) 

or senile plaques, one of the major features of AD. The synaptic connections and dendrites loss 

due to Aβ neuropathology can be detected and monitored by measuring synaptic proteins in the 

cerebrospinal fluid (CSF). Therefore, the study of proteins with specialized functions in synaptic 

transmission and plasticity seems to be an important direction of research that may find 

application in clinical practice. The aim of the research conducted as part of this doctoral 

dissertation was to quantify and analyze the potential diagnostic utility of selected proteins 

reflecting disorders of synaptic plasticity in the course of Alzheimer's disease and mild cognitive 

impairment (MCI). Neurongranin (Ng), neuronal pentraxin receptor (NPTXR) and fatty acid 

binding protein 3 (FABP3) were assessed by immunological methods (i.e. classical ELISA 

method and xMAP multiplexing technology on the Luminex 200 platform) in the cerebrospinal 

fluid (CSF) of patients with MCI, AD and non-cognitive controls. In addition, a bioinformatic 

analysis was performed using the Gene ontology (GO) enrichment tool to determine possible 

relationships between biological processes of synaptic pathology underlying AD, molecular 

functions of selected proteins reflecting synaptic and axonal pathology at the cellular level. 

The studies showed a significantly increased concentration of Ng in both the AD and MCI 

groups compared to the control group without cognitive impairment (CTRL). The concentration 

of NPTXR in CSF was significantly lower in AD and MCI patients than in the CTRL group. A 

significantly higher concentration of FABP3 protein in CSF was observed in the group of AD 

patients compared to MCI and CTRL. The largest area under the curve (AUC) was observed for 

the NPTXR / Ng ratio compared between MCI and CTRL (AUC = 0.974). The highest AUC 

among all compared groups was found for the Aβ42 / Ng ratio, especially between patients with 

MCI versus AD (AUC = 0.909). 

Bioinformatics analysis of common biological processes based on Gene Ontology (GO) 

terms for the candidate and classical biomarkers showed that both "modulation of chemical 

synaptic transmission" and "regulation of trans-synaptic signaling" are common for Ng, NPTXR, 

Tau and Aβ. By applying bioinformatics to experimental data, the understanding and 

interpretation of the results can be expanded in the context of the biological functions of the tested 

proteins.  

In summary, the research included in this doctoral dissertation has shown that Ng, 

NPTXR, Ng / NPTXR ratio and FABP3 may be promising biomarkers reflecting processes related 

to synaptic dysfunction. Moreover, the combination of research results of potential new 

biomarkers with GO enrichment analysis seems particularly promising for the development of 

new research and therapeutic targets.  
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