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ABSTRACT 

The concept of my thesis is based on the link between disorders of neural 

development and age-related neurodegeneration. As the world population is becoming 

older, we are facing an increasing number of individuals with serious cognitive 

impairments. However, there are no clinical markers to predict neither who nor when 

will one develop such an impairment.  

 

Recent research revealed that practically all individuals with a genetic cause of 

intellectual disability (Down syndrome (DS) individuals) will develop Alzheimer’s 

disease (AD)-like pathology in the course of their life. Thus, a link between neural 

development and ageing was proposed. Indeed, a transient physiological 

phosphorylation of tau is reported at some phosphorylatable epitopes during normal 

brain development. These epitopes are normally seen to be hyperphosphorylated in 

AD.  

 

Thus, the aim of this thesis was to investigate the patterns of tau phosphorylation 

during normal development and in brains of individuals with DS from early 

development until early postnatal life. The results of the experimental work conducted 

in this thesis suggest a critical loss of physiologic phosphorylation of tau at several 

neurodegeneration-related sites on the protein including Thr-181, Thr-212, Ser-214, 

Ser-202/Thr-205, and Thr-231 in individuals with DS. This outcome was noted 

primarily in the rhombencephalic structures, and to minor extent in rostral brain areas 

(the hippocampus and the internal capsule). With exception of the subiculum, total 

amount of tau did not differ between groups. Thus, this data strongly suggest 

functional tau disturbance, as shown by region-specific selective loss of tau 

phosphorylation in DS brains during development. The results show that tau could be 

another principal player in the pathophysiology of cognitive impairment in DS and a 

further link to AD. 
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POVZETEK 

Zasnova pričujočega dela temelji na povezavi med motnjami v nevrološkem razvoju 

in s starostjo povezano nevrodegeneracijo. Z vedno večjim številom starejšega 

prebivalstva se soočamo tudi z vedno večjim številom dementnih bolnikov z resnimi 

kognitivnimi motnjami. Vendar pa do današnjega dne še vedno ni kliničnih 

označevalcev, ki bi pripomogli k napovedi kdo in kdaj bo nekdo razvil tovrstno 

okvaro.  

 

Nedavne raziskave so pokazale, da bodo praktično vsi posamezniki z genetskim 

vzrokom duševne prizadetosti (posamezniki z Downovim sindromom (DS)) tekom 

svojega življenja skoraj zagotovo razvili patologijo, podobno Alzheimerjevi bolezni 

(AD). Na podlagi tega je bila predlagana povezava med nevrološkim razvojem in 

staranjem. Pravzaprav obstajajo tudi študije, ki poročajo o prehodni fiziološki 

fosforilaciji na nekaterih epitopih proteina tau med normalnim razvojem možganov. 

Ti epitopi so v možganih ljudi z AD običajno hiperfosforilirani.  

 

Cilj pričujoče raziskave je bil raziskati vzorce tau fosforilacije pri normalnem razvoju 

in v možganih posameznikov z DS med zgodnjim obdobjem razvoja možganov do 

zgodnjega poporodnega obdobja. Rezultati ekperimentalnega dela kažejo kritično 

izgubo fiziološke fosforilacije tau proteina na številnih z nevrodegeneracijo povezanih 

predelih proteina (vključujoč Thr-181, Thr-212, Ser-214, Ser-202/Thr-205 in Thr-

231) pri posameznikih z DS. Ta rezultat je bil opažen predvsem v rombencefaličnih 

strukturah in v manjši meri tudi v rostralnih možganskih predelih. Z izjemo 

subikuluma, razlik v celotni količini tau proteina med skupinama ni bilo. Ti podatki 

torej nakazujejo na funkcionalno motnjo proteina tau, kot je razvidno iz regijsko-

specifične selektivne izgube tau fosforilacije v razvijajočih se možganih 

posameznikov z DS. Rezultati kažejo, da bi protein tau lahko predstavljal še enega 

izmed glavnih akterjev, vpletenih v patofiziologijo kognitivne okvare pri 

posameznikih z DS kot tudi nadaljnjo povezavo z AD. 
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1. Introduction 

 1.1 An introduction to the present work 
The increasing number of elderly people will have a major impact on the prevalence 

of age-related diseases in the near future leading to enormous costs and challenges for 

health systems all over the world. For instance, Alzheimer’s and Parkinson’s disease 

are one of the most frequent age-related disorders in industrialized countries (Dorsey, 

et al., 2007). Furthermore, the epidemiology studies report that in 2015, there were 35 

million people affected by Alzheimer’s disease (AD) worldwide and it is expected 

that the number will escalate by the year 2050, with the incidence of AD patients 

expected to approach nearly a million per year (Alzheimer’s Association, 2016; Ullah, 

2015). However, to this day, there are no mechanism-based treatments for the age-

related diseases available, and those treatments that do exist are mainly symptomatic.  

 

One possible reason for this may be the legacy of past perspectives on brain function.  

Starting with the common distinction drawn between “physical” and “mental” health 

that can be traced to the philosophical roots of Descartes and his separation of body 

and mind (Bear, Connors, & Paradiso, 2007). Another possible or even probable 

reason for the lack of a break-through in this field is also a very complex 

pathophysiology of neurodegenerative diseases (NDDs). In the 1990s a concept of 

conformational diseases was recognised. It proposed that certain physiological 

proteins may undergo conformational changes, associated with an increased tendency 

to self-assembly and tissue deposition (Carrell & Lomas, 1997). Soon it has become 

clear, that different combinations of protein deposits in the brain may cause certain 

clinical symptoms. Moreover, deposition of a single misfolded protein can result in 

clinically distinct phenotypes. Thus, this theory implicates an extensive overlap 

among NDDs, which can be alternatively considered to form a continuum (Armstrong, 

Lantos, & Cairns, 2005; Kovacs, Botond, & Budka, 2010). However, further studies 

would be needed to elucidate why some combination of protein modifications and 

depositions are preferentially associated with certain clinical phenotypes and why 

some regional and cellular vulnerability can be observed.  
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Intriguingly, there have been reports made on some NDDs, such as AD, being linked 

to early development of the human brain (Kovacs, 2015). Thus, the frame of this 

research, focuses on the developmental changes of tau protein, which is the most 

common protein associated with age-related neurodegenerative disorders, collectively 

known as tauopathies. Pathological forms of tau protein can be detected in elderly 

brains, either primary tauopathies (such as progressive supranuclear palsy, 

corticobasal degeneration and Pick’s disease), or in secondary tauopathies (AD and 

Down syndrome (DS)) (Kovacs, 2015). The latter group includes the most prevalent 

form of dementia, AD, making the investigation of tau dysfunction, and possible ways 

in which this could be reversed or even prevented, critically important.  

 

The research compares the patterns of tau phosphorylation in the cerebellum (chief 

area for motor learning), the hippocampus (which is essential for navigation and 

different memory functions, including spatial and declarative memory), and in the 

internal capsule (an important intersection between cortex and brain stem) of human 

fetal brains of normal and DS individuals. The objective of this study is to investigate 

if there is a change in tau phosphorylation patterns in fetal cases of DS, regarding to 

the fact that the majority of DS individuals develop Alzheimer’s later on in their life 

(Alzheimer’s Association, 2016; Hartley et al., 2015). The principal hypothesis is that 

early developmental changes in tau phosphorylation might predict pathologic 

changes connected to cognitive impairment in the course of the later life. 

 

This thesis firstly examines the memory and learning theories and introduces different 

memory- and learning-related brain regions. Secondly the link between development 

and the ageing brain as well as brains of individuals with DS is established. In the 

following part, the focus turns to protein tau and its involvement in NDDs, such as 

AD. Before the experimental work is presented, the theoretical part of the present 

research is concluded with an overview of the development of human brains.  
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Uvod v pričujoče delo 
Vedno večje število starejših ljudi bo imelo v bližnji prihodnosti velik vpliv na 

razširjenost bolezni, povezanih s starostjo. Tovrstne bolezni vodijo v ogromne stroške 

in izzive za zdravstvene sisteme po vsem svetu. Na primer, Alzheimerjeva in 

Parkinsonova bolezen predstavljata dve najpogostejši motnji, povezani s staranjem 

prebivalstva v industrializiranih državah (Dorsey et al., 2007). Epidemiološke študije 

poročajo, da je bilo leta 2015 kar 35 milijonov ljudi po vsem svetu, prizadetih z 

Alzheimerjevo boleznijo (AD). Poleg tega napovedi kažejo, da se bo število 

prizadetih le še stopnjevalo. Tako naj bi do leta 2050 število bolnikov z AD naraslo 

na skoraj milijon na leto (Alzheimer’s Association, 2016; Ullah, 2015). Kljub temu pa 

nam še do današnjega dne ni uspelo razviti sistema za zdravljenje bolezni, povezanih 

s starostjo, ki ne temeljijo le na simptomatičnem zdravljenju.  

 

Eden izmed možnih razlogov za ta neuspeh je morebiti zapuščina našega preteklega 

(ne)poznavanja delovanja možganov. Začenši z razlikovanjem med "fizičnim" in 

"duševnim", ki segajo vse do filozofskih korenin Descartesa in njegove ločitve telesa 

in duha (Bear et al., 2007). Drug možen razlog za neučinkovitost študij na tem 

področju je tudi zelo zapletena patofiziologija nevrodegenerativnih bolezni. V 90ih je 

bil uveden koncept konformacijskih bolezni, ki je predlagal, da lahko določeni 

fiziološki proteini povzročijo konformacijske spremembe, povezane s povečano 

nagnjenostjo k samo-montaži in tkivnemu odlaganju (Carrell & Lomas, 1997). Kmalu 

pa je postalo jasno, da različne kombinacije proteinskega odlaganja v možganih 

določajo različne klinične manifestacije. V tem smislu omenjena teorija sovseblja 

obsežno prekrivanje med nevrodegenerativnimi boleznimi, ki navsezadnje lahko 

tvorijo kontinuum (Armstrong et al., 2005; Kovacs et al., 2010). V korist pojasnitvi, 

zakaj so nekatere kombinacije proteinskih sprememb in usedlin prednostno povezane 

z nekaterimi kliničnimi fenotipi, so potrebne nadaljnje raziskave. 

 

Izredno zanimivo je, da nedavne raziskave nekatere nevrodegenerativne bolezni, kot 

je AD, povezujejo z zgodnjim razvojem človeških možganov (Kovacs, 2015). Protein 

tau je najpogosteje vpleten protein v s starostjo povezanih nevrodegenerativnih 

boleznih, skupaj znanih pod terminom tauopatije. V sklopu pričujoče raziskave se 

zato osredotočam na spremembe proteina tau v razvoju človeških možganov. 
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Patološke oblike proteina tau je možno zaznati pri možganih starejših ljudi, bodisi pri 

primarnih tauopatijah (kot je progresivna supranuklearna paraliza, kortikobazalna 

degeneracija in Pickova bolezen), ali sekundarnih tauopatijah (AD in Downov 

sindrom (DS)). Slednja skupina vključuje najbolj razširjeno obliko demence, AD, 

zaradi česar je preiskava tau disfunkcije in možnih načinov kako tau disfunkcijo 

popraviti ali celo preprečiti, ključnega pomena. 

 

V raziskovalnem delu naloge primerjam vzorce tau fosforilacije v malih možganih 

(glavno središče za motorično učenje), v hipokampusu (ki je bistvenega pomena za 

navigacijo in različne spominske funkcije, vključno s prostorskim in deklarativnim 

spominom) in v notranji kapsuli (pomembno križišče med korteksom in možganskim 

deblom) možganov nerojenih otrok tako v normalnem razvoju kot tudi v razvoju 

posameznikov z DS. Cilj te raziskave je preveriti, če se tau fosforilacijski vzorci 

razlikujejo v primerih z DS, glede na dejstvo, da večina DS posameznikov razvije AD 

kasneje v njihovem življenju (Alzheimer’s Association, 2016; Hartley et al., 2015). 

Glavna hipoteza raziskave je, da bi spremembe v tau fosforilaciji zgodaj v razvoju 

lahko napovedovale patološke spremembe, povezane s kognitivnimi motnjami v 

kasnejšem življenjskem obdobju.  

 

Pričujoča naloga najprej obravnava teorije glede spomina in učenja in predstavi 

različne s spominom in učenjem povezane možganske predele. Sledi vzpostavitev 

povezave med razvojem in staranjem možganov, kot tudi možganov posameznikov z 

DS. V nadaljevanju dobi pozornost protein tau in njegova udeležba v 

nevrodegenerativnih boleznih, kot je AD. Pred predstavitvijo experimentalnega dela 

naloge, se teoretični del pričujoče raziskave zaključi s pregledom razvoja človeških 

možganov. 
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1.2 Memory (and Learning) 
Other than what is genetically determined, everything we know derives from and 

reflects memory of our past experiences. As a lifelong adaptation of the 

interconnected brain to the surrounding environment, learning and memory enable us 

to respond accurately to situations we have experienced before (Bear et al., 2007; 

Gazzaniga, Ivry & Mangun, 1998). Memory is closely linked to most, if not all, levels 

of human cognition (Wagner, 2002), from the ability to temporarily keep in mind the 

beginning of this sentence until you reach the final word or to recall where you parked 

your car yesterday, to language acquisition and belief making. It is a fundamental part 

of our existence, yet it is still only vaguely understood.  

It was at the beginning of the last century, when the neuron was recognized to be the 

basic functional unit of the nervous system. By then, it was also made clear that the 

nerves communicate within the brain via conducting electrical signals and it was in 

the 1950s, with the development of the electron microscope, when it was finally 

possible to show that the neurons are not continuous with one another. Additionally to 

discovering the great importance of a synapse, it also became clear that there are 

different identifiable parts in the brain, which perform distinct functions (Bear et al., 

2007), such as memory and learning. These different brain systems supporting distinct 

functions are believed to be immensely complex, invoking coordinated activity of 

numerous brain areas and brain events (Eichenbaum & Cohen, 2004).  

 

With the advances in experimental research of (cognitive) psychology and the rise of 

modern neuroscience, we did get a clearer picture about memory and brain function 

emerging from two basic insights, which prominently describe today’s knowledge 

about the phenomena. First being that “memory is a fundamental property of the 

brain, and its storage is intimately tied to ongoing information processing in the 

brain”, and the second one stating that “memory is manifested in multiple ways by 

multiple functionally and anatomically distinct brain systems” (Eichenbaum & 

Cohen, 2004, p. 4). Nevertheless, quite some time passed before the development of 

today’s useful descriptions and distinctions of different types of memory, their 

corresponding brain locations and underlying cellular and molecular mechanisms.  
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1.2.1 Early Views of Memory 

The nature and organization of memory has been challenging writers, philosophers, 

and scientists for thousands of years. Thus, when unraveling the origins of memory 

theories, one has to look back all the way to ancient times, approximately 2000 years 

ago, when the famous Greek philosopher Plato (427-347 B.C.E.) developed one of the 

first epistemological and psychological theoretical concepts of memory and learning – 

the theory of anamnesis. The idea of anamnesis is that of immortality of the human 

soul in a way that humans possess knowledge from past incarnations and that learning 

is a mere case of remembering. In one of his dialogues (Meno), Plato develops the 

concept of anamnesis as follows. The person [soul] has learnt about everything 

already in Had and all of this knowledge is stored on some kind of a panel. The 

person [soul] has the ability to remember everything about the world there is to know; 

all it takes is to carefully force the knowledge it possesses to the surface (Kocijančič, 

2009).  

 

Following Plato, another revolutionary thinker contributed to unraveling the mysteries 

of the memory system – a French philosopher and scientist Rene Descartes (1596-

1650). His theory of animal spirits describes a process of spirits passing through pores 

or gaps lying between the fibers of the brain, causing changes of the pattern in which 

the spirits will later flow through the brain. He further describes preserving of the 

ideas that were previously placed on the pineal gland1 with the ability to be formed 

again later in time, without requiring corresponding objects. Later in life, Descartes 

speculated about memories not being stored only in the pineal gland itself, but also in 

the hemispheres and in muscles and apart from this, he suggested that there is also 

another kind of memory, an intellectual one depending exclusively on the soul 

(Popper & Eccles, 2012).  

 

Interestingly, both, Plato’s and Descartes’ concepts of memory can be translated into 

modern memory theories. For instance, Plato’s concept of memory being stored 

somewhere apart from the brain is similar to the modern neuroscience inquires into 

memory concerning memory localization or in other words, identifying brain areas, 

which change in some way with memory (Eichenbaum & Cohen, 2004). Furthermore, 
                                                
1 Descartes’ principal seat of the soul and place where all the thoughts are formed (Popper & Eccles, 
2012). 
2 A motor speech disorder (Kooistra & Heilman, 1988). 
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his idea about learning resembles a modernistic information-processing view of the 

human mind, which places the method of retrieval called recollection among the core 

processes of memory. This theory also suggests that some kind of a memory trace or 

engram exists and acts as a continuous bridge connecting past and present (Bear et al., 

2007; Kocijančič, 2009).  

 

Nonetheless, also Descartes’ old mechanistic theory of memory can be translated into 

a more modern version. According to Popper and Eccles (2012, p. 139):  

“when we speak of an (electric) nerve impulse, Descartes speaks of the flow of animal 

spirits. When we speak of a synapse or a synaptic knob, Descartes speaks of pores 

through which the animal spirits can flow.”  

 

Furthermore, Descartes develops his version of a memory type today known as long-

term memory by describing engrams as nothing but the fact that the pores, through 

which spirits have passed, acquired a greater facility than the others for being once 

more opened by the animal spirits. His theory parallels well with a contemporary 

conjecture that long-term memory traces consist of sets of synaptic knobs which are 

enlarged owing to use, leading to an increase in synaptic efficacy (Bear et al., 2007; 

Eichenbaum & Cohen, 2004; Popper & Eccles, 2012).  

 

Although Plato and Descartes may have had some revolutionary ideas of their time 

which can be linked to modern discoveries regarding brain and memory mechanisms, 

their theories lack the ability to explain the phenomena on the sophisticated level that 

we have reached today. Their theories may also represent the grounds of common 

misconceptions regarding the phenomena of memory. For instance, when we think of 

memory, we still often associate it with recollection of some past events or facts. 

However, this sort of description implies a false necessity of conscious awareness of 

the person remembering, since it is well known today that the vast majority of our 

memory is immersed from our consciousness (Eichenbaum & Cohen, 2004) (e.g. 

procedural memory that will be discussed later). Another misconception that was 

taken seriously in the 1960s is that memories could be encoded in specific molecules. 

This idea was initiated by a demonstration of a transfer memory made via cannibalism 

in planaria but represented an experiment that afterwards failed to replicate in 



 8 
 

numerous attempts. Today, it is believed that memories cannot be transferred among 

areas of the brain (Eichenbaum & Cohen, 2004).  

 

The search for explaining the mechanisms underpinning memory and learning 

continued and resulted in many other memory theories and views, such as memory 

viewed as a warehouse or a switchboard. The warehouse metaphor is still one of 

today’s most commonly held views about memory and it supports the idea of memory 

working like a storeroom of information. Such a metaphor suggests that memory is a 

rather static or passive affair and that there should be an existence of one or more 

brain region(s) dedicated to the storage of the information. On the other hand, the 

switchboard metaphor had its peak when psychologists attempted to reduce memory 

to the fundamental mechanism of association. Guided by this view, in an important 

contributor to the study of memory and learning, Karl Lashley (1929) pioneered the 

work of localizing the stimulus-response associations thought to underlie maze 

learning in rats. His results dramatically influenced the switchboard metaphor, as well 

as the warehouse idea by showing that complex memories cannot be localized within 

distinct memory-dedicated brain areas or a specific circuitry in the brain. Rather than 

viewing memories being localized within dedicated storage areas in the brain, 

neuropsychologists such as Lashley and Hebb (1949) viewed memories as being 

diffusely distributed yet well organized in the brain (Bear et al., 2007; Eichenbaum & 

Cohen, 2004). This view utterly challenged the past ideas about memory and agrees 

with current research.  

1.2.2 Types of Memory and Amnesia 

By the 19th century, it was well established that the brain operates similar to a 

machine and follows the laws of nature. The foundations of (cognitive) neuroscience 

research rest on the work of many scientists and biologists that were working with 

electrical phenomena. The progress in the areas of communication technologies, 

information theory and computing led to the establishment of a so-called information-

processing paradigm, an idea that humans process information rather than only 

respond to obtained stimuli (Bear et al., 2007). From the information-processing 

perspective, there came one of the most useful conceptual developments in memory 

theorizing - the subdivision of memory into three separate processes: encoding, 

storage and retrieval. Encoding involves lying down of information received. Storage 
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stands for creation of a permanent record of the memory trace, while retrieval is the 

process of reactivating the stored information for the purpose of current use. With 

additional extensive studies, conducted mainly by psychologists studying memory 

and learning, also other concepts of distinguishing ways of categorizing memories 

appeared, among many of which are also duration and information type (Gazzaniga et 

al., 1998).  

 

A generally accepted way to classify memory concerns its duration. We know of three 

discrete types of memory: sensory, short-term, and long-term memory. Sensory 

memory serves to hold information in the mind in a raw (sensory) form for only some 

immediate need. Short-term memories last between seconds to hours and are 

vulnerable to disruption, while you can recall long-term memories for days, months or 

even after years. Short-term memories can be erased by head trauma or 

electroconvulsive shock – treatments that normally do not affect long-term memories. 

It is also possible that the duration of short-term memory depends on transient 

changes in neuronal communication, whereas long-term memory is maintained by 

some more permanent changes in neural structure that depend on protein synthesis 

(Bear et al., 2007; Gazzaniga et al., 1998; Matlin, 2005).  

 

There is a common notion that all information has to pass the short-term memory in 

order to be stored in long-term memory via a process of memory consolidation. 

However, there were cases reported when patients could form and recall long-term 

memories with their short-term memory capabilities being severely impaired. 

Additionally to those, there were reports of patients with cortical lesions who had 

normal memory from one modality (e.g. seen number written on a paper) but a 

profound deficit when the information came from another sensory system (e.g. 

number spoken to them). These cases support the notion of a multi-component 

memory system. Particularly, they are of evidence for the two types of memory 

existing in parallel and multiple temporary storage areas in the brain.  

 

It is known since the 1960s that short-term system consists of variety of independent 

sub-systems. For instance, a system of which function is to maintain visual-spatial 

information (the sketchpad) and the other one responsible for holding and 

manipulating speech-based information (phonological loop) (Bermúdez, 2010). In 
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addition to these, Allan Baddeley introduced another short-term memory subdivision 

– the working memory. He described it best with its hallmark being to keep several 

interrelated bits of information “in mind” and being able to work with it with the help 

of repetition (Bear et al., 2007; Bermúdez, 2010; Matlin, 2005).  

 

Another one of the memory classification criteria is information type, by which 

cognitive psychology divides the phenomenon into dissociable forms of procedural 

(also implicit/nondeclarative) and declarative (explicit) memory. Procedural memory 

is memory for tasks we learn, reflexes and emotional associations we have formed 

(Bear et al., 2007), while declarative memory represents the form of memory 

considered in every-day life. Studies suggest that the limit of declarative memory 

storage is remarkably high. Generally, declarative memories can be consciously 

retained and procedural memory cannot. However, the procedural memory of skills 

and habits operates smoothly without needing a conscious recollection. Moreover, 

declarative memories are easier to form but also easier to forget in comparison to 

forming procedural memories that tends to require more effort (repetition and 

practice) over a longer period of time. Furthermore, declarative memory is known to 

be memory for facts (semantic memory) and events (episodic memory). Semantic 

memory allows us to encode and use abstract knowledge about our surroundings, such 

as “Ljubljana is the capital of Slovenia”, while we use episodic memory for more 

personal memories (Bear et al., 2007; Gazzaniga, et al., 1998). 

 

According to Bear et al. (2007, p. 726), “learning is the acquisition of new 

information or knowledge and is nearly as common an occurrence as forgetting”. 

However, there also exists a serious loss of the ability to learn or form memories 

caused by injury or by disease termed amnesia. While absolute amnesia is very rare, 

there are limited types of the disease with great consequences on the lives of the 

affected. Following trauma in the central nervous system (CNS), memory loss can 

manifest itself in two distinct ways. One way is characterized by the loss of memory 

for the events prior to brain damage (you forget the things you already knew) and is 

termed retrograde amnesia; the other form of amnesia being anterograde amnesia, or 

loss of memory for the events occurring after the brain damage. Anterograde amnesia 

also concerns the inability to form new memories following brain trauma (Bear et al., 

2007; Eichenbaum & Cohen, 2004; Matlin, 2005).  
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The landmark of discovering the dissociations of memory types is evidence derived 

from brain-damaged patients (Bermúdez, 2010), but it were particularly human 

studies on amnestic patients that marked the beginning of an era in which different 

forms of memory became tied to distinct brain structures.  

1.2.3 Memory-associated brain areas 

The different brain systems supporting distinct functions are believed to be 

immensely complex, invoking coordinated activity of numerous brain areas and brain 

events (Eichenbaum & Cohen, 2004). Acknowledging the importance of 

interconnectedness, Donald Hebb (1949) first recognized that memory traces based on 

the information from only one sensory modality should be localized within the 

regions of cortex that serves that modality. Thus, a brain area functionally 

correspondent to sensory information such as visual stimuli can at the same time store 

memories. Hebb further suggested that a defect of only one part of the reciprocally 

interconnected neural cells involved in a memory trace would not be expected to 

eliminate the memory (Bear et al., 2007). Although his models eventually became 

outdated, he did leave an impeccable trace on our knowledge regarding features of 

human memory.  

 

Another case that left us with some of our greatest insights into memory processing 

by the brain is the well-known amnestic patient H. M., who had suffered from a 

mundane injury of his brain while riding a bicycle. Consequently, H. M. was suffering 

from a severe case of epilepsy and, in order to ease its symptoms, a big portion of his 

temporal lobe bilaterally was excised. The excised areas included the cortex, 

amygdala and the anterior two-thirds of the hippocampus. While the result of his 

operation did not have major effect on the patients perception, intelligence, neither his 

personality, it did however have a major impact on his ability to form new memories 

(severe and global anterograde amnesia), especially declarative ones and he did suffer 

also from a temporally graded retrograde amnesia. However, his ability of repeating 

strings of words or digits was completely preserved (Bear et al., 2007; Bermúdez, 

2010; Eichenbaum & Cohen, 2004; Eysenck & Keane, 2010). A diametrically 

opposed pattern of breakdown has been observed in another patient with severe brain 

damage of the left hemisphere, particularly in the area close to the Sylvian fissure (a 
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center responsible for control of speech) – patient K. F. who could not repeat strings 

of numbers or words after these would be presented to him. Nonetheless, he 

performed normally on tasks involving recalling information that he had read, 

recognizing faces, or learning over time (Baddeley, 1997; Bermúdez, 2010).  

 

Such discoveries of different symptoms of impaired memory caused by different brain 

lesions led to conclusions about declarative memory depending on the hippocampus 

and its related structures, procedural memory relating to the cerebellum and striatum, 

working memory traces being found in several brain locations, and the most robust 

form of memory – the long-term memory – being tightly connected to structural 

changes of the neocortex (Bear et al., 2007; Eichenbaum & Cohen, 2004; Gazzaniga 

et al., 1998). 

 

There appears to be a multitude of brain structures and mechanisms involved in 

different forms and aspects of memory and probably many more remaining to be 

discovered. Therefore, the research conducted in this thesis focuses exclusively on the 

regions that were inspected in the practical part of the present study, namely: the 

cerebellum (consisting middle cerebellar peduncle), hippocampus and internal 

capsule.  

1.2.3.1 The cerebellum 

The cerebellum or “the little brain” is a small part of the brain known to play an 

important role in motor control. It receives important axonal inputs from the spinal 

cord and the pons (Bear et al., 2007). It is connected to the brainstem by three 

cerebellar peduncles, one of them being the middle cerebellar peduncle (Moritani et 

al., 2003). Thus, this brain section is an important intersection of the whole brain.  

 

The cerebellum is assumed to be associated with the procedural memory systems and 

does not only contain interconnecting circuits that mediate motor control, but also 

circuits controlling emotion. Nevertheless, its exclusive role in procedural memory is 

linked to the motor memory system that further involves separate subsystems, which 

are involved in the contributions by the striatum to higher motor coordination and also 

in the contributions by the cerebellum to fine reflex coordination. Nonetheless, each 



 13 
 

procedural memory system works closely together with other memory systems 

(Eichenbaum & Cohen, 2004).  

1.2.3.2 The hippocampus 

In the medial part of the temporal lobe there situates a folded structure of the 

hippocampus. It consists of only two thin sheets of neurons: the dentate gyrus and 

Ammon’s horn. The latter further divides into four parts: CA1, CA2, CA3 and the 

Subiculum (Bear et al., 2007). 

 

There is a consensus among psychologists and neuroscientists that the essential role 

of hippocampus is in the formation of new memories about experienced events 

(episodic memory) (Gazzaniga et al., 1998), especially during the process of 

consolidation. Nevertheless, the hippocampal area is also involved in other important 

roles concerning memory and learning, such as the role in spatial memory and 

navigation (Bear et al., 2007). Additionally, Leutgeb, Leutgeb, Moser and Moser 

(2007) showed support for a role of the initial stages of the hippocampus being 

involved in pattern separation, completion and association. Their experimental work 

with rats suggests that a dual set of network mechanisms is involved in pattern 

separation – mechanisms in the dentate gyrus and another one in the CA3 area.  They 

also recognized a separate mechanism for pattern completion and association residing 

in the CA1 area.  

1.2.3.3 The Internal Capsule 

Internal capsule is a large collection of axons in the inferomedial part of each cerebral 

hemisphere and it links the cortex with the brain stem, particularly with the thalamus. 

Thalamic neurons send axons to the cortex via the internal capsule by a contralateral 

rule. Therefore, all the stimulations from the right arm are relayed to the left cortex by 

the left thalamus via axons in the left internal capsule. Also cortical neurons send 

axons to the brain stem via internal capsule (Bear et al., 2007). Thus, this area 

represents another important intersection of the brain yet it does not seem to be 

associated with any particular memory type or mechanism.  

 

However, there are rare cases of brain damage that have shown that after experiencing 

a subcortical white matter infarct, the patient was able to repeat four numbers forward 

and was able to remember all the recent presidents, but was not able to recall three 
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objects after three minutes. The patient remained significantly amnestic also two 

years after his discharge (Kooistra & Heilman, 1988). Thus, there is some evidence 

that supports linking pathways running through this part of the brain with disorders of 

unusual verbal memory associated with dysarthria2 and mild expressive difficulties 

(Damasio, Damasio, Rizzo, Varney, & Gersh, 1982; Kooistra & Heilman, 1988).  

 

Although animal and human studies of brain damage did help us distinguish several 

types of memory and associate those to certain parts of the human brain, the aim to 

localize a memory trace at the anatomical level has still not reached the wanted 

success. This letdown made much of current memory research focused on a different 

level of analysis that implicates identification of the molecular and cellular grounds of 

changes in neural activity underlying memory and learning (Eichenbaum & Cohen, 

2004). 

1.2.4 Cellular and Molecular basis of Memory 

Even though there could be as many memory mechanisms as there are cellular and 

molecular events that contribute to neural activity and information processing, there 

has been a great deal of progress in the search of specific molecules, synaptic or 

different cellular structures associated to memory. Results of research conducted in 

this direction, suggest evidence of mechanisms, at the cellular level, of changing the 

membrane properties that affect ion flow and changes in transmitter-related functions 

at the synaptic (presynaptic or postsynaptic) site (Eichenbaum & Cohen, 2004). 

 

There is still no evidence linking different types of memory to different synaptic 

plasticity mechanisms. However, the knowledge about the rules of synaptic 

modifications clarifies the limitations of different brain system models and may 

consequently also represent limitations of various forms of memory supported by 

such systems. Thus, our best guess is that the use of neural circuitry results in 

alterations of the homeostasis of many cellular and molecular processes, and that each 

of them contributes and sufficiently supports the resulting behavioral changes that 

reflect memory (Eichenbaum & Cohen, 2004).  

 

                                                
2 A motor speech disorder (Kooistra & Heilman, 1988). 
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Synaptic plasticity is understood to be the main candidate responsible for cellular 

mechanism of memory. In order to provide its fundamentals, this thesis focuses on 

one of its forms – the process of long-term potentiation (LTP). LTP is “a long-lasting 

enhancement of the effectiveness of synaptic transmission” based on certain types of 

stimulation (Bear et al., 2007, p. 804). The induction of LTP is closely linked to the 

rise of postsynaptic [Ca2+]i, which appears only when glutamate binds and the 

postsynaptic membrane is depolarized enough to displace Mg2+ ions that clog the N-

methyl-D-aspartate (NMDA) glutamate receptor channel. The rise in [Ca2+]i activates 

two protein kinases (protein kinase C and calcium-calmodulin-dependent protein 

kinase II (CaMKII)) and triggers the increased effectiveness of postsynaptic 

glutamate receptors by way of phosphorylation (Bear et al., 2007).  

 

It was Terje Lomo, a PhD student exploring the physiology of hippocampal circuitry, 

who first discovered the LTP phenomenon. While working with high-frequency 

electrical stimulation, he observed consequential changes in the synaptic and cellular 

responses to single pulses that lasted for several hours, hence the name of the 

phenomenon. Subsequent work did demonstrate several common physiological and 

molecular bases between LTP and memory. For instance, LTP develops very rapidly, 

as it is expected for a plausible memory mechanism; moreover, LTP can be very long 

lasting, like a well “imprinted” memory.  Its characteristics also include a sort of 

specificity one would require of a memory mechanism since only the synapses 

activated during the stimulation are potentiated and associativity in that potentiation 

occurs best when multiple inputs are stimulated simultaneously during the electrical 

stimulation (Eichenbaum & Cohen, 2004). On the grounds of the similarities between 

characteristics of distinct types of memory and this mechanism of synaptic plasticity, 

it is believed that LTP is an important contributor to the formation of the declarative 

memory (Bear et al., 2007).  

 

Surprisingly, the basic molecular mechanisms in the mammalian brain associated with 

memory and learning are fairly similar to memory formation mechanisms in 

invertebrates. According to Hebb (1949), whose experimental work was mainly done 

on rats, memories can indeed result from subtle alterations in widely distributed 

synapses. There was, however, another important contribution made by E. Kandel and 

his colleagues at Columbia University. The research group worked with sea slugs, 
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studying their reflex mechanisms (the so called Gill-Withdrawal Reflex) when they 

discovered that a memory-associated process of habituation occurs at the site of the 

synapse. Additionally, they revealed that habituation associates with a presynaptic 

modification (there are fewer packets of transmitter molecules released per action 

potential), and that voltage gated Ca2+ channels in the nerve terminal of the sensory 

neuron become progressively and persistently less affective after habituation. Similar 

results were drawn from the vertebrate studies about the possible neural basis of 

memory (Bear et al., 2007).  

 

Thus, regardless of the species, brain location or memory type investigated, many of 

the underlying mechanisms appear to be universal. Today, it is generally accepted that 

memories firstly undergo changes in the electrical activity of the brain, then secondly 

messenger molecules, and lastly as modifications of existing synaptic proteins (Bear 

et al., 2007; Eichenbaum & Cohen, 2004). Learning, as a predecessor of memory 

formation, occurs when a presynaptic calcium pulse precedes a guanine nucleotide-

binding protein (G-coupled-protein) activation of an enzyme called adenylyl cylclase, 

which stimulates the production of a wide amount of cyclic adenosine monophosphate 

(cAMP; an important second messenger) produced from adenosine triphosphate 

(ATP) (cellular currency of energy transfer). cAMP further along activates protein 

kinase A, an enzyme that phosphorylates various proteins, also potassium channels. 

Following the closure of potassium channels due to phosphorylation, neurotransmitter 

release is enhanced and that is when it is believed that memory occurs (Bear et al., 

2007). 

 

Interestingly, learning requires many of the same mechanisms that are used to refine 

brain circuitry during brain development (Eichenbaum & Cohen, 2004). Furthermore, 

evidence is accumulating that major signaling pathways involved in brain 

development are implicated in pathologic ageing as well (Iyer et al., 2014; Kovacs et 

al., 2014). Thus, recent data, which suggests that at least some NDDs (such as AD) 

might have a developmental origin (Kovacs, 2015), could be of evidence for a new 

approach in understanding and targeting these devastating diseases that immensely 

impact memory and learning abilities of a human being.   
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1.3 Molecular basis of neurodegenerative diseases – A possible link 

between ageing and development 
In general, proteins can deposit extracellularly (i.e. amyloid-beta (Aβ) and prion 

protein) or intracellularly (i.e. tau, α-synuclein, TDP-43, and FUS). Based on the 

protein predominately deposited, we can distinguish between tauopathies, α-

synucleinopathies, TDP43-protheinopathies, or prion diseases (Kovacs et al., 2010). 

Thus, the latest classification of NDDs is based on clinical-pathologic and molecular 

characteristics (Fig. 1).  

 

  
Figure 1 Algorithm for the classification of sporadic neurodegenerative disorders based on 

clinical-pathologic and molecular characteristics. AGD: argyrophilic grain disease; BIBD: 

basophilic inclusion body disease; CAA sporadic cerebral amyloid angiopathy; CBD corticobasal 

degeneration; CJD: Creutzfeldt-Jakob disease; DLB: dementia with Lewy bodies; FTLD: 

frontotemporal lobar degeneration; NIFID: neurofilament intermediate filament inclusion disease; 

MND: motor neuron disease; MSA: multiple system strophy; PD: Parkinsin’s disease; PSP: 

progressive supranuclear palsy; sFI: sporadic fatal insomnia (Kovacs et al., 2010) [Reproduced with 

permission from Gabor G. Kovacs]. 
 



 18 
 

Tauopathies represent clinically, morphologically and biochemically heterogeneous 

neurodegenerative diseases characterized by intraneuronal inclusions of abnormal 

protein tau (Kovacs et al., 2010). The pathological forms of tau protein can be 

detected in elderly brains, primary tauopathies, or in secondary tauopathies (Kovacs, 

2015). Tau is an important contributor to brain physiology and one of the main 

proteins involved in AD. However, AD is characterized by further pathologies, in 

particular the deposition of Aβ (Alzheimer’s Association, 2016; Kovacs, 2015), a 

protein of which precursor protein (amyloid precursor protein (APP)) is coded on the 

chromosome 21 (Alzheimer’s Association, 2016).  

 

Interestingly, studies have shown that subjects with trisomy of chromosome 21 (DS 

patients) will eventually develop AD-like pathology (Alzheimer’s Association, 2016; 

Hartley et al., 2015). One of the possible reasons for that may be related to the 

additional full or partial copy of chromosome 21 in individuals with DS. However, 

the reason for DS individuals being prone to developing AD is not clarified yet. 

Nevertheless, there seems to be a strong link between these two diseases. 

Interestingly, a transient physiologic phosphorylation of tau at epitope3 Ser-202, 

which disappears perinatally (Goedert et al., 1993), was reported in normal 

development. Furthermore, there have been assumptions made about the abnormal 

phosphorylation of tau protein (the hallmark of tauopathies (Braak, Braak, & 

Mandelkow, 1994)) at Ser-202 in AD recapitulating phosphorylation during normal 

development (Goedert et al., 1993). Thus, DS may serve as a valuable model to 

investigate possible aberrant phosphorylation of tau during development, which may 

serve as a predictor for developing AD later in life.  

2. An introduction to tau 
A healthy adult brain has about 100 billion neurons, each consisting of the soma and 

its projections or neurites (Fig. 6). The cytoskeleton of a neuron is formed of three 

distinct types of filaments, one of which are called microtubules. Microtubules are 

straight, thick-walled hollow pipes running longitudinally down the neurites. 

Microtubule walls are composed of small globular molecules of protein tubulin and 

they are under the regulation of various signals within the neuron. One group of those 
                                                
3 Specific site of a protein, which represents the target of an immune response (Alberts et al., 2014). 
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signals being microtubule-associated proteins (MAPs), such as protein tau 

(Alzheimer’s Association, 2016; Bear et al., 2007). 

2.1 The physiological role of tau 
Weingarten, Lockwood, Hwo and Kirschner (1975) first identified tubulin-associated 

unit, or shortened tau, as a small protein that promotes microtubule assembly. It is a 

highly soluble protein found predominantly inside of neurons (in axons of mature 

neurons, neuronal membranes, nucleus, dendrites and synapses) (Bukar Maina, Al-

Hilaly, & Serpell, 2016; Noble, Hanger, Miller, & Lovestone, 2013). Besides its 

principle role in microtubule assembly and stabilization (James, Doraiswamy, & 

Borges-Neto, 2015; Mohorko & Bresjanac, 2008), tau is also known to be involved in 

other functions, such as regulation of axonal transport, neurogenesis, establishing of 

neuronal polarity in development and regulation of signaling pathways (Luna-Muñoz 

et al., 2013; Noble et al., 2013).  

 

There are six known isoforms of tau present in the adult human brain, resulting from 

the alternative splicing (Kovacs et al., 2010) of exons 2, 3 and 10 of a single 

microtubule-associated protein tau gene (MAPT) (Fig. 2). Depending on the absence 

or presence of exon 10, three or four microtubule repeat domains may be detected in 

the protein (3R- and 4R-isoforms). Both 3R- and 4R-isoforms may have variations in 

exons 2 and 3, which result in variable amino acid inserts in the protein (0N, 1N, 2N) 

(Goedert, Spillantini, Jakes, Rutherford, & Crowther, 1989; James et al., 2015; 

Spillantini & Goedert, 2013) (Fig. 2).  
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Figure 2 Schematic demonstrations of the human tau gene, the human tau primary transcripts 

and the six human CNS tau isoforms. The human tau gene is located at position 17q21 on the MAPT 

gene and it contains 16 exons, while tau primary transcription contains only 13 exons, since 3 exons 

(4A, 6 and 8) are not transcribed in humans. Also, exon 1 and 14 do transcript but do no translate. 

Exons 2, 3, and 10 are alternatively spliced, giving rise to six different CNS tau isoforms (lower panel). 

These isoforms vary from one another by the number of microtubule binding repeats (3R and 4R; black 

boxes) in the C-terminal of the protein and by the presence or absence of zero, one or two inserts (0N, 

1N or 2N) in the N-terminal of the protein. The fourth microtubule-binding domain is encoded by exon 

10 (slashed box) (lower panel). The shortest 352-amino acids isoform is found only in the fetal brain, 

and thus is referred as fetal tau isoform, while the rest of the isoforms are found in an adult human 

brain (Luna-Muñoz et al., 2013) [Reproduced from the original source under CCA License]. 

Each of these isoforms may have a particular physiological role since they are 

expressed differentially during development. For example, only the smallest isoform 

is found in a fetal brain, expressing three microtubule-binding repeats (3R) on its C-

terminal and zero N-terminal (0N) (Fig. 3) inserts, and is called fetal tau. The rest of 

the isoforms are bigger and predominantly found in adult human brain, having either 

3- or 4-R microtubule binding repeats and the presence or absence of 1 or 2 N-

terminal inserts (Buée, Bussiere, Buée-Scherrer, Delacourte, & Hof, 2000).  
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Tau is a phosphorylatable protein, containing 85 potential serine (Ser), threonine 

(Thr), and tyrosine (Tyr) phosphorylation sites or residues (Noble et al., 2013, Kovacs 

et al., 2010). Posttranslational tau modifications play an important role in tauopathies 

and normal function. For instance, normal tau is phosphorylated on two or three 

residues in contrast to hyperphosphorylated tau in neurodegenerative disorders, which 

is phosphorylated at least on 8–12 residues (Kopke et al., 1993). 
 

 
Figure 3 Schematic representation of the human tau protein functional domains. Tau protein can 

be divided into three domains: the projection domain, including an acidic region in the N-terminal 

projection and a proline-rich domain. This projection domain interacts with cytoskeletal elements to 

determine the spacing between microtubules in axons. The C-terminal part, referred to as the 

microtubule-binding domain, on the other hand, regulates the rate of microtubules polymerization and 

is involved in binding with functional proteins (Luna-Muñoz et al., 2013) [Reproduced from the 

original source under CCA License].  

2.2 Tau phosphorylation and toxicity 
Tau is the only one among several microtubule-associated proteins, involved in the 

development of neurofibrillary tangles (NFTs) in tauopathies (Bear et al., 2007; Lee 

& Leugers, 2012; Mazzaro et al., 2016). This pathological hallmark of tauopathies 

correlates with the degree of cognitive impairment (Mazzaro et al., 2016).  

 

In the 1980s and 1990s, immunohistochemistry, electron microscopy, biochemistry, 

and molecular biology were used to establish that the paired helical filaments (PHFs) 

seen in the brains of patients with AD are made of microtubule-associated protein tau 

in a hyperphosphorylated state (Ihara, Nukina, Miura, & Ogawara, 1986; Kosik, 

Joachim, & Selkoe, 1986; Spillantini & Goedert, 2013). This discovery triggered 
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much interest in the protein tau, with large amounts of work over the next decades 

focusing on its isolation and characterization.  

 

PHFs are toxic species of tau and are very likely to be hyperphosphorylated (Fig. 4) 

(Buée et al., 2000). Hyperphosphorylation represents an imbalance in tau kinease and 

phosphatase activity (Buée et al., 2000), while the mere process of tau 

phosphorylation signifies a physiological way of regulating its activity, the 

microtubule binding and its binding to signaling molecules (Kovacs et al., 2010). 

Mechanically speaking, phosphorylation means adding a phosphate group, by a 

process of esterification, to one of the three different amino acids (Ser, Thr and Tyr) 

residing on protein tau. It can have dramatic consequences if it gets phosphorylated 

on more than 8 residues (Kovacs et al., 2010). 

Figure 4 Tau phosphorylation and hyperphosphorylation. Tau forms a part of a microtubule, which 

helps with substance transportation from one part of the neuron to another. In AD the tau protein is 

abnormal (PHF formations) and the microtubule structure collapses (Luna-Muñoz et al., 2013) 

[Reproduced from the original source under CCA License].  

 

When tau is hyperphosphorylated and in a filamentous state, its interaction with 

normal (soluble) tau and its inhibition of microtubule stabilization is disrupted along 

with anterograde axonal transport. When in such state, tau is intrinsically disordered 

meaning it partially or entirely lacks a stable protein structure. Misfolding of tau leads 
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to aggregation, loss of physiological function and gain of toxicity (Lee & Leugers, 

2012). These changes lead to neurodegeneration or cell death (James et al., 2015).  

 

Interestingly, distinct tauopathies show different isoform composition of pathologic 

tau filaments (Fig. 5) (Spillantini & Goedert, 2013). For instance, diseases that 

predominantly contain 4R-isoforms (Fig. 5C-E) are progressive supranuclear palsy 

and corticobasal degeneration (both diseases of movement and to some extent 

cognition) and argyrophilic grain disease (mainly dementing disease). In brains of 

patients with Pick’s disease (a form of frontotemporal dementia), predominantly 3R 

tau (Fig. 5A,B) can be detected, while in the brains of patients with AD both 3R- and 

4R-isoforms are present (Fig. 5F,G) (Spillantini & Goedert, 2013).  

 

 
Figure 5 Morphologies of tau filaments caused by MAPT mutations. (A, B) Neuronal tau filaments 

from a tauopathy with abundant Pick body-like inclusions. (A) and (B) filaments are made out of three-

repeat (3R) tau. (C-E) Tau filaments from cases with neuronal and glial tau inclusions. (C) and (E) 

filaments are made out of four-repeat (4R) tau. (F, G) (F) Paired helical and (G) straight filaments are 

present as in AD. The filaments in (F) and (G) are made out of 3R and 4R tau. Scale bar: 100nm. 

(Goedert, 2015) [Reproduced with permission from Elsevier]. 

 
In AD, tau detaches from the microtubules and accumulates in the soma. This 

disruption of the cytoskeleton causes the axon to wither and disrupts the normal flow 

of information in the affected neurons. That is to say tau proteins do not stop 

irrelevant information flowing to the brain and it causes the brain to overload with 

information and might lead to inflammation, clumps or tangles, which kill most of the 

cells (Luna-Muñoz et al., 2013). In later stages of the disease, damage affects also 
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brain areas that enable a person to carry out basic bodily functions (walking, 

swallowing). People in the final stages of AD are bed-bound and require around-the-

clock care (Alzheimer's Association, 2016).  

During neurodegeneration in AD, tau is abnormally phosphorylated in the proline rich 

region of the protein (Fig. 3), specifically at Ser and Thr residues (Luna-Muñoz et al., 

2013). It has been reported that tau phosphorylation, which occurs at specific 

epitopes, such as Ser-199, Thr-212, Thr-231 and Ser-262, impairs learning and 

memory (Di et al., 2016). It is also known that some specific sites (Thr-231 and Ser-

262) represent very important epitopes in tau binding to microtubules. 

Phosphorylation at these sites dramatically decreases tau microtubule-promoting 

activity. Thus, the crucial factor of the impairment degree in AD is the specific site of 

tau phosphorylation rather than the number of its phosphorylated sites (Di et al., 

2016).  

2.3 Tau-associated Neurodegenerative diseases 

2.3.1 Alzheimer’s disease – The most prevalent dementia 

It was a German physician, Dr. Alois Alzheimer, who in 1907 first described a group 

of pathologic defects in the brain of a 51-year-old woman Auguste Deter (Ullah, 

2015), who had symptoms ranging from personality changes (feeling extremely 

jealous towards her husband) to significant memory impairments and, in later stages 

of the disease, complete helplessness. This combination of alarming symptoms is now 

no longer recognized as an inevitable outcome of ageing, as was once believed, but is 

a sign of brain disease.  

Dementia is a state of confusion characterized by the loss of ability to learn new 

information and to recall previously acquired knowledge. Furthermore, demented 

patients face problems with language, problem solving and other cognitive skills that 

affect their ability to normally perform in every day activities (Alzheimer’s 

Association, 2016). It is now known that AD is the most common cause of dementia, 

as well as a major cause of death. The first and foremost sign of cognitive impairment 

in AD is the tremendous memory loss, followed by aphasia (language impairment 

affecting speech and information processing), agnosia (inability to recognize and 

identify people or objects), apraxia (motor disorder) and behavioral disturbances 
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(Buée et al., 2000; Matlin, 2005). The cognitive and body-functioning decline in AD 

occurs because nerve cells, in parts of the brain involved in cognitive function, have 

been damaged or destroyed. It progresses mercilessly, robbing its victims first of their 

mind, then of control over basic bodily functions, and finally of their life; the disease 

is always fatal (Bear et al., 2007). 

Microscopically inspected brains of AD patients, such as Auguste Deter, showed so-

called “neurofibrills”, now commonly known as accumulations of NFTs (Bear et al., 

2007). NFTs are the “tombstones” of dead neurons. They consist of proteins threaded 

together into PHFs (Fig. 4), which are made out of protein tau (Luna-Muñoz et al., 

2013). The severity of dementia in AD correlates with their number and spread of 

toxic tau formations (Bear et al., 2007). 

However, there is another protein whose involvement in the AD is also suggested as 

crucial – the Aβ protein – and there is still an intense debate of the order and causality 

of the disease cascade concerning Aβ and tau proteins. It was in 1991, when Amyloid 

Hypothesis was proposed, which pointed out the extracellular deposits of Aβ, the 

senile plaques (SPs), as the main causative factor of AD. In the means of this 

hypothesis, AD pathogenesis is triggered by the accumulation of the Aβ fragments, 

which is due to the overproduction of Aβ, a cleavage product of APP (Alzheimer’s 

Association, 2016). Nevertheless, it was recently reported that cultured neurons 

exposed to Aβ do not undergo cell death in the absence of tau. Also, genetically 

removing tau from animal models that exhibited AD lessened the deficits induced by 

the amyloid. Thus, while abnormal secretion of Aβ by neurons may exhibit the first 

step in the process that leads to NFTs and dementia (Bear et al., 2007), tau 

phosphorylation and conformational change are required for neuronal loss (Lee & 

Leugers, 2012) in NDDs such as AD. 

2.3.2 Down syndrome 

Intellectual disability disorders (IDDs), such as DS are complex multifactorial 

illnesses involving chronic alterations in the neural circuit structure and function as 

well as likely abnormalities in glial cells4 (Toma, Gil, Ossowski, & Dierssen, 2016). 

One of today’s most common genetic causes of IDD, with an occurrence of 

                                                
4 Type of cells in the central nervous system which are mainly responsible for insulation, support, and 
nourishing neighboring neuronal cells (Bear et al., 2007). 
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approximately 1-1.4/1000 live births (Gardiner et al., 2010; Lott & Dierssen, 2010; 

Parker et al., 2010), is trisomy 21 or DS. Chromosome 21 is one of the 23 human 

diploid chromosomes, with an additional copy of which individuals with DS are born 

with. This chromosomal abnormality results from a failure of the chromosomes to 

separate properly during the development of the brain (Mann, 2004). Therefore, DS is 

considered to be a developmental disorder.   

 

The disorder was first described by J. Langdon Down (1867). In his ethnic 

classification of feeble-minded idiots, Down portrayed the physical characteristics of 

the numerous representatives of the great Mongolian family suffering from DS as 

follows:  

“The face is flat and broad, and destitute of prominence. The cheeks are 

roundish, and extended laterally. The eyes are obliquely place, and the 

internal canthi more than normally distant from one another. The palpebral 

fissure is very narrow. The forehead is wrinkled transversely from the 

constant assistance which the levatores palpebrarum derive from the occipito-

frontalis muscle in the opening of the eyes. The lips are large and thick with 

transverse fissures. The tongue is long, thick, and is much roughened. The 

nose is small. The skin has a slight dirty yellowish ringe, and is deficient in 

elasticity, giving the appearance of being too large for the body.” (Down, 

1867, p. 122-123) 

 

Recent histological studies focusing on the developing brains of DS individuals 

showed disturbed proliferation and migration of neurons and glia cells, resulting in 

reduced cortical volume, delayed myelination and, consecutively, mental retardation 

(Larsen et al., 2008). Among the various defects in DS, there are also several 

cognition-related impairments in language, memory, and learning (Toma et al., 2016). 

Individuals with DS have speech perception and production problems, selective 

deficits in verbal short-term memory ability (a problem with representing verbal or 

phonological information in short-term memory), and decreased neurogenesis in the 

hippocampus, resulting in disturbed learning capacity and contextual aspects of long-

term memory (Lott & Dierssen, 2010). The intellectual disabilities and characteristic 

physical traits of DS are accompanied also by several other symptoms, such as 

increased risk for cardiac defects and certain blood diseases (e.g. leukemia), 
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autoimmune disorders, recurrent infections, and nevertheless, an increased risk of AD 

(Hartley et al., 2015).  

 

It was Down (1867, p. 122), who first noted an association between DS and 

neuropathologic processes underlying dementia, with his confident speculation: “…so 

frequently are these characters [idiots] presented, that there can be no doubt that 

these ethnic features are the result of degeneration”. Furthermore, Fraser and 

Mitchell (1876, p. 169-179) described the cause of death of their numerous DS 

patients as “nothing more than a general decay – a sort of precipitated senility”. 

Although, the similarities between the neuropathological changes in the brains of DS 

individuals and the SPs, NFTs and other degeneration characteristics of AD patient 

brains have become well established by now (Alzheimer’s Association, 2016; Mann, 

2004), it is still not quite clear why individuals with DS are at higher risk of AD.  

 

However, it seems rather possible that impaired cleavage product of APP plays an 

important role in both, AD and DS. Indeed, APP was considered a link between AD 

and DS. There is growing body of evidence that late-onset AD might be considered as 

a disorder of physiologically abnormal neural development with pathological changes 

that are set up at early phases of development before the appearance of any kind of 

symptoms (Mehler & Gokhan, 2001). Thus, it is speculated that early-life 

programming may contribute to the onset of disease later in life (Kovacs et al., 2014). 

3. The developing brain 
Genetic and experiential variations of the developing brain, that can also include 

disease and trauma, all ultimately express a physical change giving rise to a colorful 

spectra of behaviors exhibited by human kind (Bear et al., 2007). Brain development 

is a product of a complex series of dynamic and adaptive processes operating within a 

highly controlled, genetically organized but constantly changing context and it 

represents both challenges and opportunities to psychologists and other enthusiasts 

seeking to understand the fundamental processes underlying social and cognitive 

development, and the neural system mediating them (Stiles & Jernigan, 2010).  
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Figure 6 Schematic drawing of a neuron. A prototypical neuron consists of several parts: the soma 

(with nucleus), the axon, and the dendrites. From each neuron extends a single large axon. Once the 

axon is situated at its target position, synapses start to form between the axon and the target neuron. 

These points of connection allow the transmission of the electrochemical signals between two 

connected neurons. Each neuron can also have numerous branches of dendrites that receive information 

from other neurons (Stiles & Jernigan, 2010) [Reproduced with permission of Springer]. 

 

The human brain is arguably the most complex of all known biological systems. It is 

composed of many different kinds of neurons (Fig. 6), representing the information 

processing cells in the brain. Neurons connect to one another and form the 

information processing networks that are responsible for all of our thoughts, 

sensations, feelings and actions. Each neuron can produce more than 1000 

connections with other neurons via synapses. Populations of neurons are connected to 

one another by fibers that extend from cell bodies of individual neurons. We know of 

two kinds of those fibers, dendrites and axons (Fig. 6). Dendrites are arrays of short 

fibers looking like the branches of a tree and extend only a short distance away from 

the soma when compared to axons. Axons, on the other hand, extend over long 

distances and make connections with other neurons, often at the site of dendrites. A 

common analogy for axons are telephone wires with their act of sending electrical 

signals to people living far apart, just like axons connect and send electrochemical 

signals to neurons located in distant locations. Axons are enfolded with a fatty 

substance of myelin that, like insulation on telephone wires, makes the transmission of 

electrochemical signals very efficient. It is white in appearance and gives its name to 
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fiber pathways of the brain referred to as white matter. The human brain is parceled 

into structurally and functionally separated areas, depending on which kinds of 

neurons they contain, what kind of inputs they receive, and what types of connections 

they make with other brain structures (Bear et al., 2007; Stiles & Jernigan, 2010). 

 

Human embryonic development begins at conception and extends through the 8th 

gestational week (GW). The early fetal period is characterized by neuron production, 

which, in humans, begins 42 days after conception (Bystron, Blakemore, & Rakic, 

2008). It is largely complete by midgestation and continues within later stages of fetal 

development. During neuronal production, neurons migrate to different brain areas 

where they begin connecting with other neurons and constructing neural networks. By 

the end of prenatal period major fiber pathways are complete. Nevertheless, brain 

development continues postnatally and extends at least through late adolescence, 

arguably throughout the whole lifespan (Stiles & Jernigan, 2010). It is of notice, 

however, that the maturation of the human brain is not uniform (Arnold & 

Trojanowski, 1996), leading to different developmental stages along the caudo-rostral 

axis of the brain. 

3.1 Early Brain Development – The Embryonic and Fetal Period 
The embryo begins developing from a disk-shaped organization of three distinct cell 

layers: endoderm, mesoderm, and ectoderm. Every layer gives rise to a specific part 

of the body, developed later in life of a human. For instance, endoderm ultimately 

develops into internal organs; mesoderm arises the skeletal bones and muscles; and 

ectoderm gives us our nervous system and skin. Ectoderm contains the neural 

progenitor cells and the neural plate. There are two main formations developed from 

neural plate: neural crest, out of which all neurons with cell bodies in the peripheral 

nervous system (PNS) derive, and neural tube (occurring very early in the 

development – approximately 22 days after the conception) (Fig. 7B), which gives 

rise to the entire central nervous system (CNS) (Bayer & Altman, 2007; Bear et al., 

2007). 
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Figure 7 Formation of neural tube and the brainship enterprise. These illustrations represent the 

early development of the nervous system in the embryo. A: The primitive embryonic CNS begins with 

the neural ridges. B: The ridges fold over and form neural groove. This is the beginning of neural tube 

formation. C: Neural tube begins to close. D: Closure of neural tube continues in rostral and caudal 

directions. E: After neural tube closes, the embryo begins to expand particularly in anterior regions. 

The primary vesicles (prosencephalon, mesencephalon, and rhombencephalon) are evident by 

embryonic day 28 (E28). F: By E49 the secondary vesicles emerge (Stiles & Jernigan, 2010) 

[Reproduced with permission of Springer]. 

 

The rostral end of the neural tube differentiates to form three swellings that will later 

give rise to the entire brain: the prosencephalon, mesencephalon, and 

rhombencephalon (Fig. 7E). These three primary brain vesicles sprout off secondary 

vesicles (Fig. 7F) at different timings. This way, prosencephalon (or forebrain) 

develops into the optic vesicles, the telenchepalic vesicles and diencephalon. 

Telencephalon continues to develop into two separate cerebral hemispheres – left and 

right one. The swellings of the telencephalon represent proliferative neurons that form 

two distinct types of grey matter (collection of neuronal cell bodies in CNS) – 

cerebral cortex and the basal telencephalon. Similarly, the diencephalon differentiates 

into two structures: the thalamus and the hypothalamus. The neurons of the 

developing forebrain extend axons to communicate with other areas of the nervous 
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system. These axons parcel together to form three major white matter (collection of 

CNS axons) systems: the cortical white matter, the corpus callosum, and the internal 

capsule. Unlike the forebrain, the other two primary brain vesicles differentiate 

relatively little during brain development. While the dorsal surface of mesencephalon 

(or midbrain) becomes tectum and the floor part tegmentum, the rhombencephalon (or 

hindbrain) differentiates into three important structures: the cerebellum, the pons and 

the medulla oblongata (Bayer & Altman, 2007; Bear et al., 2007). 

 

These transformations in the overall shape of the embryo reflect specific change in 

neural patterning within all areas of the embryonic nervous system. This patterning 

provides only a primitive map of eventual organization of CNS, but it establishes the 

grounds for later developments. Embryonic patterning affects all brain areas from the 

forebrain through the spinal column (Stiles & Jernigan, 2010). For the purpose of this 

work, the research conducted will focus rather on one example of early patterning 

within a cortical structure found only in mammals – on the development of the 

neocortex (Bear et al., 2007).  

3.1.1 Neuron production and migration 

First step in neuron production or proliferation involves expanding the number of the 

neural progenitor cell population. Neural progenitors are a mitotic population of cells, 

meaning they are able to divide in newly formed cells, the daughter cells (or immature 

neurons also called neuroblast). Once formed neurons are no longer capable of 

dividing and producing new cells (Stiles & Jernigan, 2010).  

 

Soon after the neuronal production, neurons migrate away from the proliferative 

regions of the ventricular zone (VZ) (Fig. 8) toward the superficial pia matter. Each 

group of neuroblast passes those in the existing previous layers. Thus, the cortex is 

said to be assembled inside-out (Bayer & Altman, 2007; Bear et al., 2007; Stiles & 

Jernigan, 2010) (Fig. 8A). Cell “fate” is regulated by gene expression during 

development, which is dependent on regulation of proteins called transcription 

factors (Bystron et al., 2008). The neurons that will at the end form the neocortex 

migrate orderly and form the six-layered neocortical mantel (Fig. 8B, third plate). 

Once neurons get to their positions in cortex, they begin to differentiate producing 
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neurotransmitter5 and neurothrophic factors6, and extending the dendritic and axonal 

processes (Stiles & Jernigan, 2010).   

 

 
 

Figure 8 The inside-out development of the cortex. A: The first produced neurons migrate to the 

deepest cortical layers (dark blue). Afterwards, neurons sequentially migrate to more superficial layers 

(lighter blues) creating an inside-out order of migration. B: The first cells to migrate from the 

ventricular zone (VZ) are the ones that form the preplate (PP). Subsequently, cells that migrate to 

cortical plate (CP) are those that form the transient layer of subplate (SP). Following their 

differentiation into neurons, the neuroblasts destined to become layer VI cells migrate past and collect 

in the CP. This process repeats itself until the final cortical layering is finished and all the neurons are 

differentiated. SP later disappears. The mature brain (third panel) has six well-developed cortical layers 

(I-VI), but none of the embryonic structures (MZ, SP, VZ). The intermediate zone (IZ) has become a 

mature white matter layer (Stiles & Jernigan, 2010) [Reproduced with permission of Springer]. VZ: 

ventricular zone, IZ: intermediate zone, PP: preplate, SZ: subventricular zone, SP: subplate, CP: 

cortical plate, MZ: molecular zone, WM: white matter, CR: Cajal-Retzius cells. 

                                                
5 Small signal molecule secreted by the presynaptic neuron at a chemical synapse to send the signal to 
the postynaptic cell (Alberts et al., 2015). 
6 A factor protein released by a target tissue that the neurons innervating that tissue need to survive 
(Alberts et al., 2015). 
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3.1.2 Neuron differentiation 

Distinct layers of cortex contain distinct types of neuronal cells. But how does the 

organism know when to stop producing certain neurons? It seems that in early periods 

of corticogenesis, progenitor cells receive signals to produce any neural cell line, but 

as development proceeds and specific cell types are no longer needed, the progenitor 

loses the capacity to generate those cells (Stiles & Jernigan, 2010).  

 

Very early in development (9-13 gestational weeks (GW)) there are initial regional 

differentiations and molecular specifications going on additionally to migration and 

axonal outgrowth. Two thick proliferative zones develop: VZ and subventricular zone 

(SVZ) and an initial formation of cortical plate (CP) also occurs. At 13 GW subplate 

(SP) develops. Later, between 15 and 25 GW proliferation, migration of neurons and 

regional differentiation continues. Cells aggregate into transient layers; postmigratory 

neurons have their dendrites differentiated and the axons have their pathways 

selected. Typical fetal lamination of the cerebral wall during this period in 

development is next: VZ, SVZ, IZ, SP and CP (Fig. 8B, second panel). From the 25 

GW onwards, SVZ is still proliferating (until the 27 GW) and we do develop all final 

6 layers until the 31 GW (Fig. 8B, third panel). After 28 GW, subpial granular layer 

disappears and between 24 and 34 GW, the different areas of the brain initiate to 

differentiate, CP is laminated, and synapses start to develop (Bayer & Altman, 2007; 

Bear et al., 2007). 

 

This complex and precise wiring of neurons gives us a clearer understanding of how 

our brain is organized and how the different parts fit together. It also gives us an 

approximate feeling how fragile the whole process of the brain development is. Since, 

it has become known that already 1st trimester embryos can experience cortically 

mediated mental processes, such as sentiment responses to somatosensory stimulation 

(Bayer & Altman, 2007), there has been a considerable scientific and public interest 

established in the prenatal development of the human brain in relation to the mental 

status of the embryo and fetus. Consequently, also the developmentally regulated 

processes such as phosphorylation and isoform expression of tau protein (Goedert et 

al., 1993; Noble et al., 2013) have gained a considerable research interest.  



 34 
 

To further clarify tau’s involvement in the pathophysiology of cognitive impairments 

in DS, a disorder further linked to AD, it is crucial to promote investigations of tau 

phosphorylation and its functional disturbances. Thus, the aim of the experimental 

work presented in the following chapter 4 was to explore the patterns of tau 

phosphorylation during development of normal human brains, compared to the 

development of brains of individuals with DS.  

4. Methods 

4.1 Human tissue 
The human tissue used in this study was recruited from the Brain Bank of the Institute 

of Neurology, Medical University of Vienna, Austria. In the study, 26 fetal cases with 

genetically diagnosed DS and 29 age-matched cases of normal brain development 

were used. Three additional cases with mosaicism of the chromosome 21 were used 

as internal control. All DS cases were diagnosed by chromosomal analysis of fetal 

cells after amniocentesis, prior to the abortion. Control fetal brain tissue was obtained 

either from spontaneous or medically induced abortions. Only fetal brain (14–34 GW) 

and brains of infants (up to 6 months of the early postnatal period) were included in 

the study, whose cause of death was not related to any other genetic disorders or head 

injury. Thus, as exclusion criteria we defined the following pathological findings: 

other chromosome abnormalities, major CNS malformations, post mortem autolysis, 

severe hypoxic/ischemic encephalopathy, intraventricular hemorrhages, severe 

hydrocephalus and meningitis or ventriculitis. Cases are summarized in Table 1. 

Tissue was obtained and used in a manner compliant with the Declaration of Helsinki 

and following institutional guidelines. This study was approved by the Ethical 

Committee of the Medical University of Vienna (Nr.1316/2012). 
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Table 1 Demographic description of cases included in this study.  

DS Gender GW PL Regions 

analyzed 

Controls Gender  GW PL Regions 

analyzed 

1 NA 14w1d  - CB, IC 1 NA 14w3d - CB, HI, IC 

2 NA 14w4d  - CB, IC 2 f 14w4d  - CB, IC 

3 NA 15w4d  - CB, IC 3 NA 15w  - CB, IC 

4 f 15w6d  - CB, IC 4 f 15w1d  - CB, IC 

5 m 16w  - CB, HI, IC 5 NA 16w6d  - CB, IC 

6 NA 16w  - CB, HI, IC 6 m 17w  - CB, HI, IC 

7 f 16w4d - HI, IC 7 m 17w6d - CB, HI, IC 

8* m 17w  - CB, IC 8 m 18w5d - CB, IC 

9 m 18w  - CB, HI, IC 9 m 19w  - CB, HI, IC 

10 f 18w2d  - CB, IC 10 m 19w3d  - CB, HI, IC 

11 m 18w4d  - CB, HI, IC 11 m 19w4d  - CB, HI, IC 

12 f 18w5d  - CB, HI, IC 12 m 19w4d  - CB, HI, IC 

13* m 19w2d  - CB, HI, IC 13 m 20w6d  - HI, IC 

14 m 19w5d  - CB, HI, IC 14 m 21w1d  - CB, HI, IC 

15 m 20w  - CB, HI, IC 15 f 21w2d  - CB, HI, IC 

16 f 20w5d  - CB, HI, IC 16 m 22w  - CB, HI, IC 

17 m 21w - IC 19 m 22w4d - CB, HI, IC 

19* f 21w4d  - CB, HI, IC 17 m 22w5d  - CB, IC 

18 m 22w1d  - CB, HI, IC 18 f 23w  - CB, HI, IC 

20 m 22w3d  - CB, HI, IC 20 f 23w2d - CB, HI, IC 

21 m 22w4d  - CB, HI, IC 21 f 23w4d  - CB, HI, IC 

22 f 23w  - CB, HI, IC 22 m 26w  - CB, HI, IC 

23 m 23w1d  - HI, IC 23 m 27w1d  - CB, HI, IC 

24 f 24w5d  - CB, HI, IC 24 m 26w5d 7 d CB 

25 m 22w1d 1 d CB, HI, IC 25 f 27w1d 7 d CB, HI, IC 

26 m  7 d CB, HI, IC 26 m 32w 11 d CB, HI, IC 

28 m  11 d CB, HI, IC 27 m 34w2d 2 d CB, HI 

27 m  21 d CB, HI, IC 28 NA  2.5 

Mo 

CB, HI, IC 

29 f  6 

Mo 

HI, IC 29 NA 32w5d 4 Mo CB, HI, IC 

DS: Down syndrome, NA: not available, m: male, f: female, GW: gestational weeks, w: week, d: day, 

Mo: month, PL: postnatal lifetime, CB: Cerebellum, HI: Hippocampus, IC: Internal Capsule. 

*=mosaicism



4.2 Tissue processing and examination 
Immunohistochemical experiments require special tissue preparation in order to keep 

the protein of interest intact. In particular, fetal brains require higher formalin 

concentrations. Thus, after macroscopic inspection, the tissue was fixed in 10% 

formalin and embedded in paraffin tissue blocks. The blocks containing the regions of 

interest (cerebellum, hippocampus and the internal capsule) were cut in 4-µm thick 

sections and mounted on pre-coated glass slides (Star Frost, Waldemar Knittel GmbH, 

Braunschweig, Germany).  

4.3 Immunohistochemistry 
In order to visualize the structure of interest, immunohistochemistry (IHC) was used. 

IHC has been established as an important tool for both research and diagnostic 

purposes and combines different techniques to identify specific tissue components by 

the interaction of target antigens (molecules that bind to an antibody at a certain 

epitope) with specific antibodies, marked with a visible label. The pivotal substance 

of all the IHC techniques is the antibody (Key, 2006).  

 

Antibodies belong to a group of proteins called immunoglobulins that are present in 

the blood of immunized animals. Antigens, a foreign substance in the body, trigger 

the body to produce antibodies. This property can be used for generation of antibodies 

for clinical interest. In this study, monoclonal phosphorylation-dependent antibodies 

(anti-PHF-Tau AT8 (pSer-202/Thr-205), anti-PHF-Tau AT100 (phosphorylation 

epitope: pSer-212/Thr-214), anti-PHF-Tau AT180 (pThr-231), and anti-PHF-Tau 

AT270 (pThr-181); all from Thermo Scientific, Rockford, Illinois, USA) and a 

polyclonal phosphorylation-independent antibody (phosphorylation-independent tau 

antibody (Dako, Glostrup, Denmark), reacting to C-terminal part of tau protein 

(amino acids 243-441) (Fig. 3) were used.  When compared, monoclonal antibodies 

have evident advantages over their polyclonal counterparts, such as high 

homogeneity, absence of nonspecific antibodies and ease of characterization (Key, 

2006).  

 

Furthermore, we classify antibodies by their IHC detection strategy into primary and 

secondary antibodies. Primary ones are raised against an antigen of interest and are 

the first used in a labeling procedure. The secondary antibodies react with the primary 
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antibodies to visualize the reaction (Key, 2006). Correspondingly, the antibody-

mediated antigen detection approach can be roughly divided into direct and indirect 

methods of detection. While in direct antibody detection, there is no need for adding a 

secondary antibody to the applied primary one, the indirect detection requires an 

additional step of adding a secondary antibody, which amplifies the primary signal 

due to multiple secondary antibodies being able to bind to a single primary antibody 

(“IHC Immunodetection”, n.d.).  

 

Detecting the antigen of interest with antibodies is a multi-step process that requires 

optimization at every level for the purpose of maximizing the signal detection. In this 

study, first, the paraffin from formalin-fixed, paraffin-embedded sections was entirely 

removed with xylene to recover the section’s epitopes (antigens) and enable the 

antibodies to reach their targets. After the deparaffinization and rehydration of the 

sections, a common requirement of pretreatment was used for a specific antibody 

(AT180). Therefore, for the purpose of unmasking the AT180 antibody epitopes, the 

pretreatment with low pH EnVisionTM FLEX antigen retrieval solution at 98°C for 20 

min (PTLink, Dako, Glostrup, Denmark; for AT180) was used. The rest of the 

antibodies (phosphorylation-independent tau antibody, AT8, AT100, and AT270) did 

not require any pretreatment. For the purpose of blocking endogenous target activity 

to avoid false positive and high background detection, the sections were incubated 

with a buffer that blocked the reactive sites on nonspecific proteins. Additionally, the 

sections were frequently rinsed throughout the whole staining procedure for the 

purpose of removing unbound antibodies and also antibodies that were weakly bound 

to nonspecific sites.  

 

After appropriate processing, the sections were stained either manually (AT180, 

phosphorylation-independent tau antibody, AT100 and AT270) or automatically 

(AT8) in an automated immunostainer (Dako, AutostainerPlusLink, Glostrup, 

Denmark) using coverplatesTM (Thermo Scientific, Massachusetts, USA). The 

antibodies used were diluted as follows: phosphorylation-independent tau antibody 

diluted 1:100, AT8 (Thermo Scientific, Rockford, Illinois, USA) 1:200, AT100 

(Thermo Scientific, Rockford, Illinois, USA) 1:500, AT180 (Thermo Scientific, 

Rockford, Illinois, USA) 1:500 and AT270 (Thermo Scientific, Rockford, Illinois, 
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USA) diluted 1:1000. Further characteristics of the antibodies, dilutions and suppliers 

are listed in Table 2. 

 

The antibody reactions against the target antigens were visualized by DAKO 

EnVision© detection kit using peroxidase/3,3'-diaminobenzidine (DAB) reaction 

producing the chromogenic response (Dako, Glostrup, Denmark). Chromogens are 

one of several electron donors, which upon oxidation become colored and insoluble 

products. Chromogenic detection is based on the activities of enzymes (Key, 2006). 

For the better recognition of anatomical subregions, sections were counterstained with 

haematoxylin, dehydrated in graded alcohol and covered with Consil-Mount 

(Shandon, Thermo Scientific, Astmoor, UK). Sections were analyzed by using a 

Nikon Eclipse E400 microscope.  



 
Table 2 Primary antibodies in the study. 

AB Characteristics Antigen Dilution Supplier Cat. Nr.  

Phosphorylation independent tau-

antibody 

polyclonal anti-human-Tau C-terminal, amino acids 

243-441 

1:100 Dako, Glostrup, Denmark A0024 

AT8 monoclonal phosphorylation-dependent 

anti-PHF-Tau 

pSer-202/Thr-205 1:200 Thermo Scientific, Rockford, 

Illinois, USA 

MNI1020 

AT100 monoclonal phosphorylation-dependent 

anti-PHF-Tau  

pSer-212/Thr-214 1:500 Thermo Scientific, Rockford, 

Illinois, USA 

MNI1060 

AT180 monoclonal phosphorylation-dependent 

anti-PHF-Tau  

pThr-231 1:500 Thermo Scientific, Rockford, 

Illinois, USA 

MN1040 

AT270 monoclonal phosphorylation-dependent 

anti-PHF-Tau  

pThr-181 1:1000 Thermo Scientific, Rockford, 

Illinois, USA 

MN1050 

      

AB: antibody, PHF: paired helical filaments.



4.4 Image analysis 
The section slides with immunohistochemical reactions were digitalized using a high-

resolution digital slide scanner (NanoZoomer 2.OHT: C9600-13, Hmamamatsu 

Photonics K. K., Japan) (Fig. 9A). After precisely determining anatomical regions, 

according to the atlas of human CNS development (Bayer & Altman, 2005),  single 

images of regions of interest – the  middle cerebellar peduncle, the hippocampus and 

the internal capsule – were exported using NDP.view (NanoZoomes Digital 

Pathology Image, Hamamatsu Photonics K. K., Japan) software in a 40-fold 

magnification (Fig. 9B). These images were further used to obtain specific areas 

within the regions of interest: white matter from the middle cerebellar peduncle 

(MCP) and the internal capsule (IC), and two distinct hippocampal areas (stratum 

oriens of the CA1 and molecular layer of the subiculum (SUB)), with a free-hand tool 

(Fig. 9B-C).  

 

With the help of the ImageJ plugin “Color Deconvolution”, it was possible to exclude 

any kind of background that could interfere with the results (e. g. nuclear 

counterstain) (Fig. 9D). Images were converted to 8-bit and different thresholds were 

set for images representing specific labelings (Fig. 9E). The differences in thresholds 

depended on the antibody immunoreactivity, showing different signals due to 

different fixation and enzymatic DAB reactions. This way, a potential technical bias 

was avoided. 
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Figure 9 Quantification of the immunoreactivity. A: Glass slides containing region of interest were 

digitalized. B: Single images of the areas investigated were exported from digitalized slides using 

NDP.view software in a 40-fold magnification. C: Using image-processing program ImageJ, images 

representing areas of interest were precisely extracted with a free-hand tool. D: The ImageJ plugin 

Colour Deconvolution was used to exclude nuclei counterstain. Additionally, a built-in stain vector for 

Haematoxylin and DAB was used. The plugin took a RGB image and returned three 8-bit images – red, 

green and blue. For the threshold setting, the red image was used. E: Different thresholds were set for 

the images depending on the antibody immunoreactivity. After trying out different thresholds, the most 

suitable one that precisely covered the stained area (middle threshold setting) was chosen. This was 

made for several random images for each antibody labeling separately. 

 

Different fixation times and enzymatic DAB reactions of the antibodies used in this 

study also entailed the troubleshooting regarding the measurement used for further 

statistical analysis. Because of these differences in antibody reactions, the intensity of 

the labeling signal did not represent an accurate measurement of the differences 

between the labelings. Therefore, a measurement of density of immunoreactivity (IR-

density) was defined rather than intensity. IR-density represents the proportion (%) of 

positive pixels (falling in the range of threshold limits, standardized for each antibody 

separately) as compared to the whole number of pixels in the extracted area. The 

images were evaluated for specific IR-density by ImageJ (Rashband, W. S., ImageJ, 

U. S. National Institutes of Health, Bethesda, Maryland, USA) (Milenkovic et al., 

2016 – in revision).  
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4.5 Statistical analysis 
Collected data was tested for outlayers (boxplots), normal distribution (Shapiro-Wilk 

test) and homogeneity of variance (Levene's test). To demonstrate the differences 

between DS and control cases and their age periods either Univariate General Linear 

Model on normally distributed data (GLM; for middle cerebellar peduncle data) or 

non-parametric Kruskal-Wallis H test on not normally distributed data (K-W test; for 

data on hippocampal areas and internal capsule) was applied to ranked values of IR-

density values representing different labelings of phosphorylation-specific residuals in 

all investigated structures. The biological periods were defined according to paediatric 

criteria as previously described (Kanaumi, Milenkovic, Adle-Biassette, Aronica, & 

Kovacs, 2013): period 1 included early pregnancy period (P1; 14-16 GW), period 2 

included middle pregnancy period (P2; 16-28 GW) and period 3 late pregnancy 

period (P3; 28 GW onwards, newborns and babies). Subsequently, post-hoc analysis 

with Tukey-Kramer range test (if equal variances were and equal sample sizes were 

not assumed) or Games-Howell test (if equal variances and equal sample sizes were 

not assumed) was performed. Effects were considered significant when p value was 

below 0.05. The statistical analysis was performed using IBM SPSS statistics for 

MAC OSX version 21.0. 

5. Results  
In the present study, IR-density was investigated for different phosphorylation-

dependent antibodies (AT8, AT100, AT180, AT270) and a phosphorylation-

independent tau antibody in the cerebellum, the hippocampus and the internal capsule 

during human brain development.  

 

Using the different antibodies, two distinct immunostaining patterns were 

distinguished: (1) the diffuse punctuate labeling of the neuropil was observed for all 

antibodies whereas, the highest IR-density was observed using the phosphorylation-

independent antibody; and (2) the diffuse neuronal cytoplasmic labeling was observed 

in the hippocampal regions using the phosphorylation-independent tau antibody. 

Although the labeling patterns did not vary between controls and DS, there were 

antibody- and region-specific differences in the IR-density. 
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5.1 Anatomical distribution of immunoreactivity 

5.1.1 The middle cerebellar peduncle 

The labeling for all the antibodies used in this study was uniform. The labeling pattern 

was diffuse and punctuate and there was no nuclear labeling detected.  

 

The phosphorylation-independent antibody revealed the highest IR-density when 

compared to the rest of the antibodies used in this study. There was no statistically 

significant difference in IR-density for phosphorylation-independent tau antibody 

between normal development and DS individuals in any of developmental periods 

investigated (pP1=0.913, pP2=0.240, pP3=1.000, Fig. 10A-C). 

 

Similarly, AT8, AT100, AT180 and AT270 antibodies showed a diffuse punctuate 

labeling pattern of the neuropil in the concerned brain area, although with a lower IR-

density when compared to the phosphorylation-independent antibody. Relatively high 

density of AT8-IR was detected during normal development (Fig. 10D). Relatively 

low density of IR in P1 gradually increased and reached peak in P2 and then 

decreased later in the last period of development (red line in Fig. 10F). The 

development of DS brains showed markedly lower density of AT8-IR in comparison 

to the normal development (Fig. 10E). There was no statistically significant 

differences detected between groups in P1 (pP1=0.063) and P3 (pP3=0.888); 

nonetheless a significant difference was observed in density of AT8-IR between the 

groups in P2 (pP2=0.002, compare Fig. 10D, E). 

 

The overall AT100-IR was low in all cases investigated and comparable between 

control and DS group. Thus, no statistically significant difference was noted between 

these groups (pP1=0.100, pP2=0.999, pP3=0.986). However, in P2 three control cases 

were noted with higher density of AT100-IR (not shown).  
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Figure 10 Representative images of phosphorylation-independent tau, AT8 and AT180 in the 

middle cerebellar peduncle during the second period of brain development. A-C: Note similar 

density of phosphorylation-independent tau in normal development (A) and Down syndrome (B). The 

graph (C) summarizes the quantified data. Note that cases with chromosome 21 mosaicism do not defer 

from other cases (shown in green). D-F: Note loss of AT8 in Down syndrome (E) as compared to 

normal development (D). The quantified data are presented in F. G-I: Single cases showed prominent 

AT180-immunoreactivity during normal development (G). Note complete lack of AT180-

immunoreactivity in Down syndrome (H). Graphical presentation is shown in I. w: week; d: days; DS: 

Down syndrome; Ctrl: Control group. Green: mosaicism cases. Scale bar: 100µm.  

 

Similarly, the density of AT180-IR was extremely low in both the control group and 

DS. Therefore, there was no statistically significant difference between groups 

detected in P1 and P3 (pP1=0.887, pP3=0.278). However, three control cases showed 

high density of IR in P2 (Fig. 10I). Due to these cases this study detected a 

significantly higher mean AT180-IR in controls in P2 as compared to DS (pP2=0.003) 

(compare Fig. 10G-H).  
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The IR-density of AT270 was low and mainly constant during the whole development 

in DS brains. There were, however, three control cases (one with mosaicism 21) in P2 

with moderately high IR-density noted. Despite that, the densities of AT270 IR 

revealed no considerable differences between the groups (pP1=0.848, pP2=0.109, 

pP3=0.087).  

5.1.2 The hippocampus 

The transition from the CA1 to the subiculum is difficult to determine on 

cytoarchitectural grounds at the earliest stages of development (P1) (Arnold & 

Trojanowski, 1996). Thus, due to not being able to clearly distinguish the border 

between these two hippocampal areas, these cases were excluded from the statistical 

analysis and from graphical representation of the statistical results.  

 

All the antibodies revealed uniform diffuse punctuate labeling of neuropil in the 

hippocampal areas of the CA1 and the subiculum. Only the phosphorylation-

independent antibody showed cell labeling, specifically neuronal cytoplasmic labeling 

in both of the hippocampal areas inspected.  

 

The IR-density for phosphorylation-independent tau antibody during normal 

development in both the CA1 and in the subiculum was high. The highest levels, 

however, were noted in both groups in P2 (Fig. 11A, B). Interestingly, in P3 regional 

differences in density were noted, being lower in the CA1 when compared to the 

subiculum. No statistical difference between the groups was detected in the CA1 in 

neither of the later developmental periods (pP2=0.776, pP3=0.428). Similarly, no 

statistical difference was detected in the subiculum in P3 (pP3=0.762), whereas in P2, 

significantly lower IR-density was noted in DS (pP2=0.000; compare Fig. 11A, B).  
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Figure 11 Representative images showing phosphorylation-independent tau and AT8 in the 

hippocampus during the second period of brain development. There was no difference in 

immunoreactivity between control group (A, C) and DS (B, D) for phosphorylation-independent tau 

and AT8 antibody, with an exception of the subiculum area that showed a significantly lower IR-

density for phosphorylation-independent tau in DS (compare A and B). DG: Dentate gyrus, CA1: CA1 

region of the hippocampus, SUB: Subiculum. Scale bar: 1µm.  

 

The phosphorylation dependent antibodies showed generally very low IR-density in 

the hippocampus in both groups inspected in this study. Contrasting the middle 

cerebellar peduncle, the IR-density of AT8 was practically undetectable in the 

hippocampus during development (Fig. 11C, D). Thus, no statistically significant 

difference was observed in the hippocampal areas CA1 and subiculum (K-W test; 

CA1: p=0.889; SUB: p=0.165).  

 

Correspondingly, the density of AT180- and AT100-IR was extremely low during 

development and was practically not detected. The only exception, namely two DS 

cases and two control cases showed a somewhat higher density of AT180-IR in P2. 

However, these changes were not statistically significant (K-W test; AT180: CA1: 

p=0.328, SUB: p=0.106). Similarly, AT100-IR showed no statistically significant 

difference between groups in the CA1 (p=0.730), and in the subiculum in P3 

(pP3=0.281). However, statistically significant difference in the subiculum in P2 

(pP2=0.016) was detected. AT270-IR was also very low in DS brains during the 
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development. In controls, however, six moderately stained cases were observed in the 

CA1 and four cases in the subiculum. Therefore, a statistically significant difference 

was detected between the groups in P2 in both the CA1 and the subiculum (K-W test; 

CA1: pP2=0.005, SUB: pP2=0.021), whereas in P3, there was no statistically 

significant difference detected between the groups in neither of the areas (K-W test; 

CA1: pP3=0.639; SUB: pP3=0.916). 

5.1.3 The internal capsule 

Similarly to the middle cerebellar peduncle, the labeling patterns of the internal 

capsule also revealed a diffuse punctuate labeling which was particularly evident in 

the neuropil. This labeling was uniform and was revealed by all the antibodies used in 

this study. There was no nuclear labeling observed.  

 

Both groups showed high IR-densities of phosphorylation-independent tau antibody 

in all of the developmental periods. However, lower IR-density values in P1 and P3 in 

the DS group were detected when compared to controls. Nevertheless, no statistically 

significant difference was detected in IR-density of the phosphorylation-independent 

tau antibody between groups (K-W test; pP1=0.053, pP2=0.127, pP3=0.407, Fig. 12A-

C).  

 

The density of AT8-IR was generally low in the internal capsule in both normal 

development and DS during the whole fetal development. No statistically significant 

difference between groups was noted (K-W test; p=0.530, Fig. 12G, H).  

 

Comparably, low densities were noted for all the other phosphorylation-dependent 

antibodies used in the study (AT100, AT180). The density of AT100 was particularly 

low during development in the internal capsule. There were however single cases 

revealing moderate IR-densities: two control cases were observed in P1 being 

moderately positive for AT100. There was no statistically significant difference 

detected between groups for IR densities of AT100 (K-W test; p=0.393). 

  

Intriguingly, the patterns of AT180 and AT270 were different. There were several 

cases with moderate density of both AT180- and AT270-IR noted in the internal 

capsule. The majority of those were control cases in P2. However, one DS case in P2 
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and one in P3 revealed moderate density of AT180- and AT270-IR as well. There was 

no statistically significant difference between groups noted in P1 and P3 for both 

antibody labelings (K-W test; AT180: pP1=0.247, pP3=0.790; AT270: pP1=0.471, 

pP3=0.505). However, there was a statistically significant difference detected for both 

antibodies between the groups in P2 (K-W test; AT180: pP2=0.012; AT270: 

pP2=0.000). 

 

 
Figure 12 Representative images showing phosphorylation-independent tau, AT180, AT8 and 

AT270 in the internal capsule during the second period of brain development. Note high density 

of immunoreactivity for phosphorylation-independent tau both in controls (A) and Down syndrome 

(B). Although some difference was observed in the density between groups (C), no statistical 

difference was obtained. By contrast, AT180 showed significant reduction of density in Down 

syndrome (E) as compared to controls (D). Quantification is shown in F. Contrasting AT8, where 

practically no immunoreactivity was noted in the internal capsule (G, H), there was a significant 

reduction observed in density for AT270 in Down syndrome (J) as compared to controls (I). 

Nevertheless, the difference in AT270 density was minor. DS: Down syndrome. Scale bar: 100µm.  
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6. Discussion 
The comparison of different tau phosphorylation patterns between the developing 

brains of healthy individuals and individuals with Down syndrome showed a critical 

loss of IR-density at several neurodegeneration-related epitopes on the protein in the 

Down syndrome group. This outcome differed in distinct brain structures inspected. 

Since the total amount of tau did not differ between groups, with an exception of the 

subiculum, this data strongly suggests functional tau disturbance in brains of 

individuals with Down syndrome during the development. Taken together, the results 

show that tau could represent another principal player in the pathophysiology of 

cognitive impairment in Down syndrome and a further link to Alzheimer’s disease, 

which is characterized by major memory and learning deficits. 

 

Thus, the principle of the present study is the link between early human brain 

development and neurodegenerative disorders that usually occur in later stages of life 

and can lead to catastrophic consequences for the ones affected, their caretakers, and 

the whole society.  

 

Linking molecular neuroscience to human brain research, which deals with cognitive 

phenomena, such as memory and learning, is challenging. The challenge is even 

greater when one tries to integrate different disciplines which deal with the same 

phenomena, not only on different levels of analysis but also with a significantly 

different terminology arising from different techniques and tools they employ. 

However, there are reports of applying neuroscience research to psychological 

memory concepts that did find some success. For instance, short- and long-term 

memory types are believed to be distinctly modified on the cellular level. The 

duration of short-term memory is possibly dependent on transient changes in neuronal 

communication, whereas long-term memory is maintained by some more permanent 

changes in neural structure that depend on protein synthesis (Bear et al., 2007; 

Gazzaniga, Ivry & Mangun, 1998). Furthermore, the double dissociation between 

declarative and non-declarative memory systems seems to be supported by the studies 

made on amnestic patients (such as H. M.) who’s brains were post mortally inspected 

by methods primarily used in neuroscience (Bear et al., 2007; Eichenbaum & Cohen, 

2004; Eysenck & Keane, 2010). Profoundly amnestic patients suffering from 
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anterograde amnesia, as opposed to retrograde amnesia, have suggested this 

distinction within the general long-term memory system (Bermúdez, 2010). Although, 

the reductionist method of unraveling molecular and cellular basis of human memory 

system may only provide some insight into the storage process, it is without doubt 

fundamental to fully understanding this phenomenon as well as it is important at 

addressing its related diseases (Bermúdez, 2010), such as Alzheimer’s disease and 

Down syndrome.  

 

Recent research suggested, that some diseases, such as Alzheimer’s disease, affective 

disorders, and schizophrenia (Bale et al., 2010; Loke, Hannan, & Craig, 2015) might 

even have developmental origins. Based on this “developmental hypothesis” some 

critical event during early development might lead to certain diseases in the later life 

(Kovacs et al., 2014). Since virtually all individuals with Down syndrome would 

develop Alzheimer’s disease-like symptoms and pathology in the course of their lives, 

Down syndrome is considered a perfect model to investigate this hypothesis. 

Overexpression of amyloid-precursor protein was considered to be the linking 

molecular mechanism, as amyloid-precursor protein gene is located on chromosome 

21. Thus, an overexpression of amyloid-precursor protein might theoretically increase 

the amount of pathological cleavage products as well.  

 

The research concentrated, thus, on amyloid-precursor protein and its cleavage 

products, leaving another key player in Alzheimer’s disease and Alzheimer’s disease-

like pathology in Down syndrome individuals aside, the tau protein.  

 

Tau seems to play an important role during brain development. Tau is shown to be 

ubiquitously present during early embryonic brain development (Goedert et al., 1993). 

In mature neurons, however, it changes its localization and can be found in certain 

compartments. Thus, in adult brains it can be found predominately in axons, but also 

in association with cell membranes, in the nucleus, the dendrites and nevertheless in 

synapses (Noble et al., 2013). Interestingly, not only that a change in tau isoform from 

3R to 4R is developmentally regulated, but its phosphorylation status as well (Goedert 

et al., 1993; Noble et al., 2013). This suggests a key role of functional tau 

modifications during development. This physiological phosphorylation is reported to 

be developmentally specific and disappears perinatally (Goedert et al., 1993). 
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The research data presented here demonstrate interesting tau phosphorylation patterns 

in normal development and in individuals with Down syndrome. Regional differences 

in tau phosphorylation were discovered during normal human brain development with 

the earliest immunoreactivity observed in the rhombencephalic structure (middle 

cerebellar peduncle), following by rostral brain regions. Besides the regional 

differences in phosphorylation of tau, also region-dependent critical reductions were 

detected in tau phosphorylation patterns in Down syndrome individuals. In the middle 

cerebellar peduncle, the change was mainly detected at Ser-202/Thr-205 (detected by 

AT8) and Thr-231 (AT180). On the other hand, hippocampal regions showed 

disturbances at sites of Thr-181 (AT270) and Thr-212/Ser-214 (AT100). There were 

also two significant changes between the groups noted within the internal capsule, one 

at Thr-231 (AT180) and another one at Thr-181 (AT270).  

 

Among all the detected changes in IR-density, the most prominent one was marked by 

AT8, which primarily labels protein sites at Ser-202/Thr-205, whereas the significant 

results for all the rest of phosphorylation-dependent antibodies were attained on the 

grounds of single control cases with high IR-density. Thus, it is possible that, besides 

phosphorylation at Ser-202/Thr-205, phosphorylation of Thr-231 might also play an 

important role in human brain development while other phosphorylation sites 

inspected do not seem to be of great importance in that manner. However, it is still 

possible that phosphorylation at sites Thr-181, Thr-212/Ser-214, and Thr-231 arises 

prior the phosphorylation at Ser-202/Thr-205 and that this study missed it due to the 

limitations of the cohort (tissue from medically induced abortions or spontaneous 

abortions). 

 

Surprisingly, the results showed no changes between the groups (with exception of 

the subiculum) in IR-density of phosphorylation-independent tau antibody. Thus, one 

can assume, that in Down syndrome tau protein is expressed comparably to control 

cases. This observation is very intriguing, as it would strongly imply that Down 

syndrome patients may suffer from a functional tau change rather then a protein loss. 

Furthermore, the results of mosaicism cases (green circles in Fig. 10C) would support 

this notion. Namely, higher IR-density was noted in mosaicism cases in comparison 

to pure trisomy cases (but still lower then in controls), implying that the reduction of 
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physiological tau phosphorylation may depend on the triplication of certain genes of 

patients suffering from Down syndrome.  

 

At least two factors may explain this observation. Firstly, another gene(s) at 

chromosome 21 could affect the phosphorylation levels of tau. Alternatively, an 

additional copy of transcript for amyloid precursor protein may trigger one of the 

dysfunctions that lead to premature ageing of the Down syndrome brains, resulting in 

premature loss of physiologic phosphorylation (Hartley et al., 2015).  

 

Nevertheless, pathologic phosphorylation of tau may have major impact on normal 

function of the cell and cellular transport. It is reported that tau toxicity is strongly 

linked to posttranslational modifications (Kovacs et al., 2010; Morris, Maeda, Vossel, 

& Mucke, 2011). When tau formation is in its toxic state, its functions are disrupted 

along with axonal transport, which is essential for normal neuronal communication 

(James et al., 2015; Lee & Leugers, 2012). Indeed, tau is a structural cell protein 

playing an important role in microtubule assembly and stabilization (James et al., 

2015; Mohorko & Bresjanac, 2008), axonal transport, regulation of signaling 

pathways (Luna-Muñoz et al., 2013; Noble et al., 2013). Thus, it is not surprising that 

impairment of axonal transport may result distally in synaptic failure that represents 

one of the main characteristics of tauopathies, such as Alzheimer’s disease (Roy, 

Zhang, Lee, & Trojanowski, 2005) with major memory and learning deficits.  

 

On the other hand, the overexpression of amyloid-precursor protein results in 

dramatic structural and functional changes in the brains of those affected. The most 

prominent pathological change, as well as a similarity between the brains of Down 

syndrome individuals and Alzheimer’s disease patients, is the presence of senile 

plaques in the brain. Senile plaques are deposition of beta-amyloid, which is a 

cleavage product of amyloid-precursor protein. In most Down syndrome individuals 

older than 50, senile plaques and neurofibrillary tangles always occur together and in 

high numbers. Although the histological findings in younger cases of Down syndrome 

patients may vary in intensity and distribution of the pathology, there was no patient 

reported that would have neurofibrillary tangles without the presence of senile 

plaques (Mann, 2004). This very interesting observation may suggest a strong link 

between amyloid-precursor protein, it cleavage products and tau. These toxic brain 
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accumulations cause a shrinkage and loss of neurons within specific cortical and 

subcortical structures and loss of pathways connecting such structures. There are no 

significant differences in senile plaque and neurofibrillary tangle structure or 

chemistry between Alzheimer’s disease and Down syndrome; also patterns of 

neuronal impairment and loss of transmitters appear similar. Therefore, any variations 

that can possibly occur might reflect the obvious differences in progression of the 

pathology or the patient’s experiential part of the brain development (e.g. community 

versus institutional life) (Mann, 2004).  

 

Despite a colossal progress in science of the human brain ever since Brodmann’s 

famous classification of cortical regions in the 1970s (Bermúdez, 2014), neurology 

and neuroscience stayed majorly influenced by the idea of brain fixity and 

localization. In particular, the cerebral cortex is believed to be classified into regions 

according to their function (the type of information they process and stimuli to which 

they respond) and is also presumably effectively programmed since birth (Sacks, 

2003), or even before we take our first breath (Bear et al., 2007). This idea leaves 

little possibility to self-determination, let alone of adaptation, especially in the event 

of a neurological mishap (Sacks, 2003).  

 

Interestingly, the changes exhibited in the present experimental work can be applied 

to the functional regions affected as well as the symptoms of Down syndrome, which 

represents a further link to the Alzheimer’s disease. For instance, the greatest 

physiological disruption of tau was detected in the middle cerebellar peduncle, which 

is a region mainly associated with the procedural memory systems but has also 

important connections to circuits mediating emotion and motor control (Eichenbaum 

& Cohen, 2004).  It is known that patients with Alzheimer’s disease suffer from 

tremendous memory loss, which can also include impairments of procedural memory. 

In addition, in the later stages of the disease, their motor skills tend to get disrupted 

and they do suffer from behavioral disturbances (Buée et al., 2000; Matlin, 2005), 

with major emotional imbalances that were reported already by Alois Alzheimer 

himself (Bear et al., 2007). Surprisingly, the cerebellum is not primarily affected by 

tau pathology in Alzheimer’s disease. On the other hand, individuals with Down 

syndrome also show memory and learning impairments (Toma et al., 2016), 
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particularly long-term memory deficits (Lott & Dierssen, 2010) which procedural 

memory is a part of (Eysenck & Keane, 2010).  

 

Additionally, the research data showed differences in IR-density also in other regions 

inspected but did not seem to be as reliable. For instance, there were certain 

exceptional cases showing changes of tau phosphorylation between the groups 

observed in the hippocampal areas, which have an essential role in the formation of 

new memories about experienced events (episodic memory) (Gazzaniga et al., 1998), 

spatial memory and navigation (Bear et al., 2007), and pattern separation, completion 

and association (Leutgeb et al., 2007). These changes are correspondent to specific 

symptoms of memory deficits in patients with Alzheimer’s disease, which suffer from 

a state of confusion characterized by the loss of ability to learn new information and 

to recall previously acquired knowledge (Alzheimer’s Association, 2016) as well as 

with memory and learning deficits of individuals with Down syndrome (Lott & 

Dierssen, 2010).  

Nevertheless, the change shown at Thr-231 in the middle cerebellar peduncle and the 

internal capsule corresponds well to the reports of several studies suggesting that tau 

phosphorylation at this specific site may indeed significantly impair memory and 

learning (Di et al., 2016; Luna-Muñoz et al., 2013). Deficits of internal capsule have 

been linked to unusual verbal memory associated with motor speech difficulties and 

mild expressive disorders (Damasio et al., 1982; Kooistra & Heilman, 1988), 

particularly when it comes to recalling objects after a couple of minutes (Kooistra & 

Heilman, 1988). These symptoms go surprisingly well in line with the motor and 

cognitive difficulties that individuals with Down syndrome are facing, such as speech 

perception and production problems and selective deficits in verbal short-term 

memory ability (Lott & Dierssen, 2010).  

 

However, it has to be noted that the changes demonstrated in the present experimental 

work are speculative already for Down syndrome patients and then further along for 

patients with Alzheimer’s disease. The observations discussed here can, therefore, 

give us an insight in how loss of the phosphorylation on specific sites of tau protein 

might connect cognitive impairments in Down syndrome and Alzheimer’s disease.  
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In order to understand the underpinnings of anatomical connectivity (e.g. 

interconnected neural mechanisms on local or system level) responsible for the higher 

levels of human mental activity, such as memory and learning, one has to turn to 

exploring anatomical regions also on a smaller scale.  Perhaps, all the way to the site 

of neurons communicating with one another – the synapse (Bermúdez, 2010). While 

neuroscientists and psychologists at the small-scale memory explanation suggest that 

memories firstly undergo changes in the electrical activity of the brain, secondly 

messenger molecules, and lastly as modifications of existing synaptic proteins (Bear 

et al., 2007; Eichenbaum & Cohen, 2004; Gazzaniga et al., 1998), Popper and Eccles 

(2012) suggest that the fundamental idea is that any experience leads to reverberating 

circuits in the brain, involving a large number of synapses. These reverberating 

circuits constitute different temporal memory types. Thus, there is a strong notion 

among several scientists with different backgrounds that the site of, not only neuronal 

connection, but also different disciplines concerning the phenomena of memory and 

learning, is at the site of a synapse. 

 

In sum, there is evidence adding to the story of neurodegenerative diseases 

representing a disorder of aberrant brain development. Aged Down syndrome 

individuals are reportedly more prone to developing progressive Alzheimer’s disease 

neuropathology (Alzheimer’s Association, 2016; Hartley et al., 2015). It was 

proposed that trisomy of chromosome 21 may result in premature aging and that the 

role of amyloid precursor protein and amyloid depositions in Down syndrome brains 

represent the link between Alzheimer’s disease and Down syndrome. However, the 

present research suggests more complex pathogenetic mechanism beyond the 

neurodegeneration in individuals with Down syndrome. 
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6.1 Conclusion 
The present study demonstrates physiologic tau phosphorylation during human brain 

development and implies that phosphorylation at a specific epitope (Ser-202/Thr-205) 

could represent an important occurrence in the normal brain development. 

Additionally, the absence of the phosphorylation at the same epitope in the age-

matched individuals with Down syndrome, suggests that this phosphorylation site 

may be another key link between brain development and aberrant ageing.  

 

For further investigations, it would be interesting to examine, whether there is a 

physiologic transient phosphorylation of tau at Ser-202/Thr-205 or Thr-231 even 

before the 15th gestational week. Due to the nature of the cohort of this study, the 

number of cases from early development (before 15th gestational week) was limited 

and this aspect could have been missed. It would also be very interesting if tau could 

be studied in connection to memory and learning system non-invasively so that the 

subjects of the research could be living patients with Alzheimer’s disease and/or 

Down syndrome. 
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