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SUMMARY

Impaired amyloid beta (Ab) metabolism is currently considered central to understand the

pathophysiology of Alzheimer’s disease (AD). Measurements of cerebrospinal fluid Ab
levels remain the most useful marker for diagnostic purposes and to individuate people at

risk for AD. Despite recent advances criticized the direct role in neurodegeneration of corti-

cal neurons, Ab is considered responsible for synaptopathy and impairment of neurotrans-

mission and therefore remains the major trigger of AD and future pharmacological

treatment remain Ab oriented. However, experimental and clinical findings showed that Ab
peptides could have a wider range of action responsible for cell dysfunction and for appear-

ance of clinico-pathological entities different from AD. Such findings may induce misunder-

standing of the real role played by Ab in AD and therefore strengthen criticism on its

centrality and need for CSF measurements. Aim of this review is to discuss the role of CSF

Ab levels in light of experimental, clinical pathologic, and electrophysiological results in AD

and other pathological entities to put in a correct frame the value of Ab changes.

Introduction

Alzheimer’s disease (AD) is the most frequent form of cognitive

decline leading to dementia worldwide. Clinical, pathologic, and

pharmacologic approach to AD changed in last two decades, and

several new technologies have been employed to reveal the real

essence of AD. New strategies focused on development of reliable

biomarkers to obtain early diagnosis and adequate pharmacologi-

cal treatment. To date, amyloid biomarkers have been extensively

used to validate AD diagnosis and consequently to develop new

drugs [1–3]. However, the results are controversial and conflicting

so that the so-called amyloid cascade hypothesis is now chal-

lenged [4]. Here, we will discuss the meaning of CSF Ab levels in

light of experimental, clinical, pathologic, and electrophysiological

results in AD pathology.

Ab42 as a Marker of Experimentally
Induced Impaired Neuronal Transmission

Neuropathological findings of AD, namely the extracellular senile

plaques and the intracellular neurofibrillary tangles, although dif-

fused along the cortex, appear insufficient to explain entirely the

cognitive decline symptoms [5–7]. It is now accepted that long

before cognitive decline appears, several changes in the neuronal

plasticity machinery occur that could be responsible for the neu-

ronal degeneration [8]. In particular, it has been experimentally

documented in glutamatergic excitatory terminals an impairment

of long-term potentiation (LTP) mechanisms, useful for memory

formation, and persistence of long-term depression (LTD) a mech-

anism with opposite effects [9]. These changes, when prolonged,

are supposed to be responsible for dendritic spine shrinkage, neu-

ronal disarray, cell degeneration, and death. Among the main

responsibles for these changes, there are some peptides derived

from the metabolism of the amyloid precursor protein (APP) [10].

APP is a membrane glycoprotein located at synaptic level, with a

largely unknown function. In vitro evidence showed that APP has

a broad physiological role during neuronal development and mat-

uration, while in adults it seems to be more involved in the stabi-

lization of glutamatergic synapses [11,12]. In particular, it seems

to be useful in stabilizing synaptic membranes during sustained

neurotransmission. APP catabolism is regulated by a group of pep-

tidases called secretases that are distinct in two main pathways.

Secretases cleave the APP producing catabolic soluble (nonamy-

loidogenic pathway) and unsoluble (amyloidogenic pathway)

peptides [13]. Both pathways are in balance, being the nonamy-

loidogenic pathway favored in physiological condition. It is
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noteworthy that the amyloidogenic pathway is under control of

neurotransmitters such as acetylcholine, dopamine, serotonin and

norepinephrine. Unsoluble amyloid peptides are protein frag-

ments of 40 or 42 amino acids (Ab1-40 and 1-42), here indicated

as Ab. In general, these peptides are degraded by peptidases, with-

out specific function, such as insulin degrading enzyme, tissue

plasmin activator, neprilysin, and so on [14–16]. Ab peptides may

have physiological and pathological function upon a bell-shaped

curve. Ab monomers, produced in physiological conditions, are

useful to increase the strength of glutamatergic excitatory trans-

mission and have protective effects on synapse [17]. Conversely,

excessive accumulation of Ab has the opposite effects, leading to

the production of peptides able to aggregate in fibrils and then to

accumulate in senile plaques. However, intermediate species lead

to the formation of highly toxic forms such as dimmers, trimers,

or tetramers, commonly identified as oligomers. These are soluble

structures able to interfere with neurotransmission at synaptic

level, leading to the above mentioned impairment of neural plas-

ticity machinery and neuronal degeneration [18,19]. Therefore,

increased levels of Ab peptides aggregate in soluble products, oli-

gomers, able to interfere with neurotransmission. The prolonged

exposure to these peptides induces irreversible changes at synaptic

level responsible for breakdown of memory formation mecha-

nism. Oligomers have also a direct toxic effect on cholinergic,

serotoninergic, noradrenergic, and dopaminergic neurons induc-

ing their degeneration, and reducing their control on nonamy-

loidogenic pathway favoring the accumulation of unsoluble

peptides [20,21]. Pathologic aggregation of Ab peptides was sug-

gested to be responsible for AD onset (amyloid hypothesis) [10].

In addition to the mechanisms related to AD, Ab peptides were

involved in several other pathological conditions all indicative of a

clear perturbation of neural transmission on one hand and of toxic

protein–protein interaction on the other. During mood disorders,

changes of glutamatergic transmission, with pathologic dendritic

spine remodeling [22] exposed to stress, in brain areas, such as

hippocampus, orbito-frontal cortex, and amygdala, have been

indicated causative of symptoms onset [23–25]. In all these cases

and in the same areas, increased accumulation of Ab was sug-

gested to be related to AD onset in old individuals. Changes of

sleep-wake cycle were associated to accumulation of Ab peptides

and AD pathogenesis [4], likely related to perturbed neurotrans-

mission and catabolic mechanisms, like orexins system [26–28], a

condition that resulted altered in CSF of patients with AD. Mela-

toninergic transmission in pineal gland has also been shown to be

associated to Ab [29,30]. Moreover, diabetes mellitus (DM) is con-

sidered a potential risk factor for AD. In DM, experimental models

have been demonstrated that Ab oligomers were capable of

changing hypothalamic peripheral control of glucose levels,

strengthening the relationship between AD and DM [31–33].

Even experimental models of traumatic injuries have been associ-

ated to Ab pathology [34]. Ab peptides can also interact with

membrane proteins forming pores capable of increasing intracel-

lular Ca2+ and inducing deleterious changes of cell activity. This is

the case of Ab and a-synuclein interaction in substantia nigra neu-

rons responsible for cell degeneration [35,36] or of platelets in

which the interaction with Ab increase platelets adhesion increas-

ing prothrombotic activity in small arteries [37–39]. The latter

demonstration could be of importance to understand white matter

changes formation considered an important factor for disease pro-

gression. In addition to these data are recent observations of the

potential atherogenic mechanism promoted by Ab. Both APP and

Abwere found in microvasculature surrounding advanced human

carotid artery plaque [40], where platelet APP is proteolytically

degraded to Ab, a condition able to activate inducible nitric oxide

synthase and macrophage activity, mechanisms involved in proin-

flammatory cascade of atherosclerosis [41,42]. In this case, Ab
would be responsible for induction of the brain-endothelial dam-

age often observed in several studies [43,44]. These mechanisms

adjunct to the role played by major cerebrovascular risk factors,

such as hypertension, atherosclerosis, diabetes, and hyperlipemia,

strengthen the potential link between atherosclerosis and Ab
metabolism as mechanisms mutually involved in neuronal synap-

topathy of AD [42,45,46]. Finally, Ab is also able to induce cyto-

kine release from microglia, in particular interleukin 1 [47,48],

speeding up mechanisms of neurodegeneration. Indeed, all of the

above-described mechanisms and changes clearly indicate that Ab
accumulation and aggregation have toxic effects, perturbing neu-

rotransmission and changing ionic intracellular influx even dec-

ades before cognitive decline onset. However, it is still unclear

what triggers peptides accumulation and how or even whether

this correlates with cognitive symptoms.

Notably, recent experimental findings demonstrated that other

mechanisms independent from Ab could be responsible for cogni-

tive decline of AD. In particular, it has been proposed that induc-

ing hyperphosphorylation of tau could be involved in

mechanisms of neurodegeneration [49–54]. Unexpectedly, other

substances like formaldehyde or mechanisms of D-ribosylation,

not involved in Ab metabolism could trigger neuronal degenera-

tion. Further studies however are needed to understand if these

mechanisms have a substantial role in the pathophysiology of AD.

Nonetheless, a question remains unsolved over all: what does Ab
CSF level indicate?

Ab as a Biomarker of Cognitive Decline

Pathological hallmarks of AD are widespread deposits of plaques

constituted mainly of Ab peptides and neurofibrillary tangles con-

stituted by hyperphosphorylated tau protein. These changes are

mirrored in CSF of patients with AD and are currently the earliest

signs of AD process. Decreased levels of Ab in association to

increased levels of total tau (T-tau) and phosphorylated tau

(p-tau) proteins reflect the concomitant neurodegenerative

process. These biomarkers are reliably used to detect incipient AD

in patients with MCI defined individuals [1]. Ab is considered a

marker expressing the potentiality of an individual to develop cog-

nitive decline symptoms [1,3]. Ab levels lower in a very slowly

fashion and can occur two or more decades to reach a pathological

threshold. Of note is the observation that below a threshold con-

sidered pathological, there is not a real Ab gradient that parallels

the gravity of cognitive symptoms [55,56]. In addition, several

other recent observations demonstrated that neuronal degenera-

tion as well as cognitive decline symptoms are more adherent to

variations of t-tau CSF levels than that of Ab42 [57–60]. In other

words, the more t-tau increases, the more rapidly cognitive

decline appears, and high levels of t-tau do correspond to cogni-

tive decline severity. These findings highlighted tau protein
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metabolism as a more crucial marker in the neurodegenerative

events of AD. Such evidences lead to revisit the amyloid hypothe-

sis cascade as the main responsible for AD. To date, Ab is still cen-

tral in AD pathophysiology and currently is considered a sort of

accelerator/initiator and tau an executor of the pathogenic pro-

cess, being the interaction crucial for triggering AD [4,61]. As Ab
is crucially involved in AD pathogenesis, recent strategic interven-

tion focused on the development of antiamyloid drugs (vaccines).

Several trials performed so far failed unfortunately. Therefore,

new strategy of intervention targeted patients in prodromal or

even in preclinical phases of the disease, and some of them are still

en course. These studies led to study also cognitively normal indi-

viduals, to identify the real candidate for antiamyloid therapy.

Recently published research showed controversial results. Some

of these studies showed that even in cognitively normal subjects

Ab could be low, a finding that led to the conclusion that individ-

uals with low Ab levels has to be considered potential future AD

[62,63]. Others, more recently, showed that cognitive decline and

neurodegeneration in cognitively normal individual is not related

to Ab burden [64,65]. Given these findings, a question about the

real meaning of low CSF Ab level in an individual arise, particu-

larly because a direct link between Ab and neurodegeneration is

still difficult to find. Moreover, what kind of relationship might

exist between Ab levels and age would be interesting to clarify.

Finally, the link between Ab and tau pathology, which is consid-

ered the real marker of ongoing degeneration, is far from being

elucidated, although several models have been proposed to

explain such a gap. So far, available data on normal individuals,

that currently represent the most important source of data, indi-

cate that Ab pathology might represent the marker of cortical neu-

rotransmission dysfunction, being a mix of local network

disruption, compensatory reorganization, and impaired control

network function [66,67]. Such impairment would involve differ-

ent neurotransmission systems, such as acetylcholine, serotonin,

dopamine, and glutamate [21,68–70], and would be independent

from AD degeneration. Thus, Ab might represent a reliable “ther-

mometer” of the cortical neurotransmission network status. In

particular, Ab seems to represent a marker of cortical synaptic

health, in a way that an increased Ab burden (low CSF levels)

might reflect a diffuse synaptic impairment of cortical network.

Such mechanism is likely to start and progress silently years before

cognitive decline onset and to involve several different neuro-

transmission systems (acetylcholine, glutamate, serotonin, dopa-

mine, etc.). The largest the transmission network impairment is,

the easier cognitive decline appears. In this view, the pathophysi-

ological link between AD and Ab pathology appear to be related

more to the synaptic impairment at the cortical levels of the main

neurotransmitter systems in the brain than to neurodegeneration

of neurons.

In vivo Electrophysiological Recordings and Ab

Recently developed electrophysiological recordings, like Transcra-

nial Magnetic Stimulation, allowed to the possibility to investigate

cortical related events in vivo, like the cortico-cortical connectivity

and synaptic plasticity-like mechanisms of human brain. These

techniques were applied in both physiological and pathological

conditions. Intermittent and continuous theta burst stimulation

paradigm in particular can be reliably used to record LTP- and

LTD-like activity in humans in a safe and easily reproducible man-

ner. iTBS and cTBS were recently used to investigate synaptic

plasticity mechanisms also in patients with AD. Results of these

studies showed impaired LTP and pathological LTD [71,72], con-

firming experimental data obtained in laboratory animals [9].

To evaluate the impact of CSF biomarkers such as Ab, t-tau and

p-tau on neurophysiological features of synaptic transmission, our

group recently coupled CSF biomarker levels to different electro-

physiological recording results in individuals with AD. In particu-

lar, we tested to what extent the electrophysiological changes

observed in patients with AD would be compatible with amyloid

hypothesis. For instance, central cholinergic transmission can be

evaluated in vivo using a neurophysiological tool called Short

Latency Afferent Inhibition (SLAI) [73]. SLAI can be easily mea-

sured by applying an electric conditioning pulse on the median

nerve at wrist that precedes the TMS test pulse applied over the

contralateral primary motor cortex (M1) by 20–25 ms. With this

method, the resulting Motor Evoked Potentials (MEPs) are gener-

ally inhibited. It was suggested that these inhibitory interactions

are mediate by cholinergic projections over the primary motor

cortex. SLAI is considered as a putative marker of central choliner-

gic activity because it is abolished by scopolamine, a potent mus-

carinic antagonist. Therefore, SLAI is currently considered a

noninvasive way to test cholinergic activity in the cerebral cortex

in healthy subjects.

In patients with AD, SLAI is reduced at various degrees depend-

ing on the severity of the disease so that the decreased inhibitory

effect of SLAI is thought to reflect the cholinergic dysfunction in

AD [74,75]. We recently investigated whether in patients with AD

the levels of CSF biological markers of AD such as Ab, total tau,
and phosphorylated tau proteins could influence the cortical

cholinergic activity assessed trough SLAI. The results showed that

in patients with AD the amount of central cholinergic function,

measured by SLAI recordings, is associated with the levels of Ab
and p-tau detected in the CSF. In particular, higher dysfunction of

cholinergic transmission is significantly associated to lower levels

of Ab and to higher levels of p-tau. These data provided a novel

in vivo demonstration that the intensity of central cholinergic dys-

function is strictly dependent on the underlying pathology of Ab
and tau [76]. In another study, we investigated the correlation

between motor cortical plasticity, measured with 1 Hz repetitive

transcranial magnetic stimulation (rTMS), and the levels of Ab
total tau (t-tau), and phosphorylated tau (p-tau) detected in CSF

of patients with AD. Measures of cortical plasticity can be obtained

noninvasively with repetitive transcranial magnetic stimulation

(rTMS) using protocols that are considered to induce plastic

changes resembling the LTP and LTD mechanisms described in

animal models [72]. When rTMS is given at low frequencies of

stimulation, in the range of 1 Hz, it can induce inhibition of corti-

cal excitability for several minutes. Altered mechanisms of cortical

plasticity have been recently described in patients with AD using

these protocols [71,72,77]. However, whether changes of such

synaptic plasticity mechanisms could be related to levels of CSF

biomarker in patients with AD has scarcely been explored. We

found that the overall rTMS after effects were milder in patients

with AD in comparison with controls. In patients with AD, the

amount of rTMS-induced inhibition correlated with CSF t-tau,
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but not with Ab CSF levels. Surprisingly, higher CSF t-tau levels

were associated to a stronger inhibition of the motor evoked

potentials, implying that the expected effects of the 1 Hz rTMS

protocol were more evident in patients with more pathological

t-tau CSF levels. These data could be interpreted as the conse-

quence of CSF t-tau-mediated abnormal excitatory activity and

could suggest that CSF t-tau may effectively impact mechanisms

of cortical plasticity [78]. Taken together, these findings indicate

that in CSF of patients with AD Ab levels appear to be related

rather to a dysfunction of cholinergic activity, then with synaptic

plasticity mechanisms. Conversely, CSF tau proteins appear to be

more involved in dysregulation of synaptic plasticity mechanisms.

This hypothesis finds support in recent evidence showing that tau

oligomers derived from brains of postmortem patients with AD are

potent inhibitors of long-term potentiation in hippocampal brain

slices [79]. These evidences do not exclude the involvement of Ab
in neurodegeneration, but highlight the need to better understand

molecular mechanisms responsible for AD. In this view, Ab
appears more related to repeated synaptopathic events likely

expression of cortical transmission system impairment. Each event

would be associated to oligomers production further sustaining

synaptopathy. Enduring synaptic dysfunction would likely induce

shrinkage, inflammation, oxidative stress, and eventually senile

plaques deposits and atrophy [80]. Such view could also explain

the reason why Ab levels can be low in other dementias like Lewy

body dementia (DLB) and fronto-temporal lobe degeneration

(FTD). In the case of AD, the sum of these mechanisms and the

progressive impairment of neurotransmitters system would

induce tau-mediated pathology responsible for disease onset and

progression [21,81]. Neurotransmitters system that instead is not

so heavily compromised in DLB [82] or FTD [83–85]. Therefore, it

is conceivable to suppose that the synaptic dysfunction observed

in our sample of patients with AD could involve a more complex

interplay between tau and Ab not fully investigated.

Conclusion

Ab maintain its centrality in AD pathogenesis, although alone is

not sufficient as predictor for AD. Measurements of its levels in

CSF samples, associated to t-tau and p-tau, remain useful to diag-

nose AD cognitive decline and to differentiate AD from other

forms of dementia. Low Ab levels in CSF alone likely are the most

adherent representation on synaptic impairment of an individual.

In this view, lowering of Ab may start long before cognitive

decline occurs. Synaptic dysfunction due to Ab levels has no clear

electrophysiological correlate in vivo. Intense neurodegeneration,

related to high t-tau levels, conversely is strictly associated to neu-

rophysiological changes. Thus, Ab levels in CSF to our opinion

have to be considered by clinicians as a “thermometer” useful to

measure synaptic dysfunction temperature.
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