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Abstract
The amyloid cascade hypothesis (ACH) has dominated strategy in dementia research for decades despite evidence of its limitations including known heterogeneity of the dementia syndrome in the population and the narrow focus on a single molecule - the amyloid beta protein (Aβ) as causal for all Alzheimer-type dementia. Other hypotheses relevant to Aβ are the presenilin (PS) hypothesis (PSH) relating to the involvement of PS in the generation of Aβ, and the amyloid precursor protein (APP) matrix approach (AMA), relating to the complex and dynamic breakdown of APP, from which Aβ derives.  In this article we explore perspectives relating to complex disorders occurring mainly in older populations through a detailed case study of the role of Aβ in AD. Scrutiny of the evidence generated so far reveals and a lack of understanding of the wider APP proteolytic system and how narrow research into the dementia syndrome has been to date.  Confounding factors add significant limitations to the understanding of the current evidence base. A better characterisation of the entire APP proteolytic system in the human brain is urgently required to place Aβ in its complex physiological context. From a molecular perspective, a combination of the alternative hypotheses, the PSH and the AMA may better describe the complexity of the APP proteolytic system leading to new therapeutic approaches. The reductionist approach is widespread throughout biomedical research and this example highlights how neglect of complexity can undermine investigations of complex disorders, particularly those arising in the oldest in our populations. 


Introduction

With the ageing of global societies, the number of people developing dementia is expected to rise, prompting calls to “defeat” dementia and “find a cure”. Following increased media attention over the past decade, Alzheimer disease (AD) as the major substrate dementia is now firmly visible in the public discourse with the expectation that science can deliver on the promises of recent decades.  
AD is a heterogeneous, clinicopathologically defined condition involving progressive cognitive impairment leading to dementia. Clinical diagnosis is confirmed neuropathologically after death by deposits of amyloid beta protein (Aβ) as senile plaques and the presence of aggregated microtubule associated protein tau in neurofibrillary tangles (NFT) and neuritic plaques (NP) [1-3]. Senile plaques have a variety of morphologies including classic cored, diffuse and fleecy, deposits [4].  Neuritic plaques appear as a ring of tau positive neurites though some neuritic plaques are less well-structured [5]. Amyloid classic cored and tau neuritic plaques may co-occur [4]. Amyloid can also be deposited in blood vessel walls as cerebral amyloid angiopathy (CAA) [6, 7]. A fully penetrant mutation in the presenilin genes (PSENs) PSEN1 or PSEN2 or the amyloid precursor protein (APP) gene defines early onset familial AD (FAD), accounting for ~1% of dementia cases [8]. Late onset sporadic AD (SAD), accounting for the majority of dementia cases [8]  has no such qualitative diagnostic feature and the diagnosis of SAD depends on cut off points along continua of features, such as neuropathological variables, fluid based [9, 10], and in vivo imaging [11] biomarkers that do not always agree [12, 13]. These markers have yet to be fully validated in the human population [14] and diagnostic boundaries can be different for different ages. For example, a neuropathological CERAD score [1, 2] for NP is adjusted for age and the same score represents a higher burden of pathology in older than younger people.  Population studies show that i) AD-associated neuropathology does not correlate very closely with clinical dementia at older ages [15, 16], ii) can be present in those without, and absent in those with, cognitive impairment [17], iii) is associated additionally with increasing age [18] and iv) clinically diagnosed AD mostly presents neuropathologically with mixed vascular and degenerative features [15, 16, 19].  

Therapeutic interventions depend on understanding the complex relationships between the clinical, biological and molecular features of AD in the human population and this in turn depends on the frameworks we choose to model and understand these areas of evidence. For AD, there are three frameworks relating to the role of the amyloid beta protein (Aβ) in disease processes, the amyloid cascade hypothesis [20-22], Figure 1, the presenilin (PS) hypothesis [23, 24], Figure 2,and the amyloid precursor protein (APP) matrix approach [25-27], Figure 3. Of these, the amyloid cascade hypothesis has held a dominant position in experimental design, interpretation of results and underlies current therapeutic strategies. Here we compare and contrast these three hypotheses in relation to the genetic, molecular, neuropathological and biomarker evidence and examine how well they serve as frameworks to support future amyloid based dementia research.
The three hypotheses.
1) The amyloid cascade hypothesis [20-22], Figure 1a, is a hierarchical model that synthesizes the genetic, neuropathological and clinical evidence to invest Aβ, whether by increased total Aβ levels, increased ratio of Aβ(1-42)/Aβ(1-40) [21, 22] or oligomers [28-30], with a toxic and causal role in AD initiation and progression. It has been repeatedly argued that because selected SAD and FAD share clinical and neuropathological features, then by Occam’s razor, FAD and all SAD also share disease mechanisms and therapeutic strategies developed for FAD will be applicable in SAD. The amyloid cascade hypothesis has not been fully accepted as it does not account well for heterogeneity and mixed pathology seen in brain donations from representative human populations. The amyloid cascade hypothesis postulates that Aβ drives tau pathology and this has been supported by evidence related to some forms of FAD but not others [31]. The better correlation of tau pathology with dementia status [32] and the complex cell signalling relationships between amyloid and tau [33] question this simplistic view. 
2)  In contrast to the over-production of Aβ required by the amyloid cascade hypothesis, the presenilin hypothesis, [23, 24] Figure 1b, suggests that PSENs mutations can be interpreted as showing complex change of PS function [34], with several mutations showing almost complete abolition of γ-secretase activity [24, 35, 36]. The majority of FAD is associated with mutations in PS and the presenilin hypothesis allows for multiple pathways depending on the exact nature of the change in γ-cleavage arising from PS mutations [37] described by Aβ  levels, Aβ sequence length or interactions between competing targets of the γ-secretase complex such as Notch [38, 39]. The PHS has not been widely adopted. It does not fully explain the role of some mutations in APP and mechanisms leading to loss or gain of PS function across all its substrates require clarification. 
3) The APP matrix approach [25-27], Figure 2, proposes that the APP proteolytic system, simplified in Figure 2a, can be understood as an iterative hub [40], receiving information from cellular systems that regulate cleavages and returning information via proteolytic fragments back to the wider cellular systems. This framework proposes that the competing α- and β-cleavages of the APP/PS proteolytic system are dynamically regulated around a homeostatic point associated with neuronal function [25-27] and this homeostatic point changes in disease states. Aβ40 and Aβ42 are only two of the many peptides [41] derived from APP and are produced by sequential β- and γ- cleavages. Other peptides produced include the P3 type peptides via sequential α- and γ- cleavages [40] and Aβ’ type peptides via sequential β’- and γ- cleavages [42]. P3 potentially may modulate the effects of Aβ either agonistically e.g. enhancing the aggregation of Aβ1-40 [43] or antagonistically e.g. via competitive binding (not yet tested) due to shared sequence with Aβ. P3 has been shown to aggregate as fibrils and oligomers [44-47], has been associated with fleecy amyloid plaques [48], may have a signalling role in apoptosis via caspase activation [49].  Full length APP and the larger soluble peptides, sAPPα and sAPPβ, released by the initial α- and β- cleavages are involved in functions including cell adhesion, neurite outgrowth and neuroprotection [50] and synaptic plasticity [51, 52]. Peptides arising from APP share various sequences of amino acids and this allows them to bind competitively to other proteins, allowing the APP proteolytic system to feedback to wider cellular processes via promiscuous signalling. These wider cellular processes iteratively feedback via regulation of proteolytic cleavage and may involve cross signalling between multiple systems. The APP matrix approach proposes that the functional consequences of this proteolytic system arise from the ratios of all the fragments and therefore all the fragments should be measured. There may be multiple disease pathways through this complex system. The APP matrix approach is the least acknowledged hypothesis and has not been tested at all.

How well does the evidence support the different hypotheses?

Genetic evidence
The genetic evidence relating to FAD involves fully penetrant autosomal dominant mutations in either the PSEN genes (PSEN1 and PSEN2) or APP and has been interpreted as showing strong support for the amyloid cascade hypothesis and underpins the dominance of this hypothesis over the past few decades. Each mutation is associated with increases in total Aβ-type fragments, increases in Aβ(1-42) specifically, as shown by increased Aβ42/Aβ40 ratio used in biomarker diagnostics, or increases in Aβ oligomers. The amyloid cascade hypothesis suggests that reduction of Aβ will be therapeutic. The presenilin hypothesis suggests the changes in Aβ- type fragments derive from change in PS function, either loss or gain, and therapeutic approaches should target PS function. A detailed re-interpretation of the APP-related genetic evidence guided by the APP matrix approach suggests that each APP mutation can be grouped by differences in neuropathological associations and molecular characterisations of changes to Aβ expression that map to the physical structure and sequence of APP [53].  Each APP mutation may affect APP expression and/or specific APP cleavages to different extents depending on how that mutation affects flow through specific cleavage pathways. Changes in the expression of each APP proteolytic fragment via changes to cleavages can be combined with the effects of each amino acid substitution on the physical properties of each proteolytic fragment and how it interacts with the wider cellular environment, potentially leading to multiple disease associated pathways from this complex proteolytic system. Mutations around the initial α- and β- cleavages that lead to an increase in total Aβ suggest that removal of Aβ is a rational therapeutic approach and for these cases all three hypotheses generally agree, though the APP matrix approach additionally suggests that increasing flow via α-cleavage would also be useful. Mutations in PSEN genes show many similarities with the APP mutations grouped around the γ-secretase cleavage site which lead to a reduction of total Aβ that is generally due to a greater reduction in Aβ(1-40) resulting in an increase in the Aβ42/40 ratio [54]. In contrast to the amyloid cascade hypothesis where removal of Aβ in any form is suggested to be therapeutic in all AD, both the presenilin and APP matrix hypotheses suggest that selectively enhancing γ-cleavage or increasing specific forms of Aβ could be investigated therapeutically in case where levels of physiologically relevant Aβs are reduced. 

Molecular evidence
Much of the evidence relating to Aβ is derived from experiments in animals or humans that use various antibodies to either quantitatively or qualitatively measure Aβ. Most studies interpret antibody reactivity as representing Aβ and results showing the presence of Aβ are often interpreted as supporting the amyloid cascade hypothesis. However, cross-reactivities of antibodies used to measure Aβ – especially those that recognise the Aβ C-terminal ending in amino acids 40 or 42 that cross-react with P3 derived from sequential α- and γ-cleavages [55, 56], confound current interpretations of anti-Aβ immunoreactivities. The effects of cross-reactivities in amyloid-based immunoassays for amyloid based biomarkers have not been adequately addressed.  One step assays that use antibodies that recognise C-terminals for Aβ40 or Aβ42 will be confounded by other fragments such as P3. A two-step process using a capture antibody that recognises N-terminal Aβ followed by antibodies for C-terminals can measure specific Aβ fragments however, it is then difficult to assign causality where other fragments from the wider APP proteolytic system have not been controlled for. 

The additional modulating effects on antibody immunoreactivities due to specific conformations of Aβ-type fragments, whether as monomers, dimers, oligomers or fibrils [57], and post translational modifications such as pyroglutamylation and truncations [58] may explain the different reactivities seen with the anti-Aβ antibodies 6E10 and 6F3D both recognising the N-terminal of Aβ [59], leading to serious concerns relating the understanding of what any immunoreactivity actually means with important implications for AD research. 

Neuropathological evidence
Neuropathological diagnosis has often been described as an art and involves a considerable subjective component. Standardised neuropathological assessment was introduced by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuropathological protocol which uses visual guides to semi-quantitatively assess densities of neuropathological features such as amyloid deposits, neuritic plaques and tangles as none, mild, moderate or severe [1, 60]. Braak staging [61-63] represents a summary measure of the semi quantitative tangle density across multiple brain regions. Recent updates [2, 3] have included Thal phase [64] as a summary measure of amyloid deposition, however the initial semi-quantitative scores for plaques and tangles first introduced by the CERAD protocol should not have changed. Indeed if they had, comparison between studies over time would be impossible. The neuropathological evidence relating to amyloid deposition has been interpreted as lending support for the amyloid cascade hypothesis, however population studies have long suggested that neuropathological diagnoses of AD when blinded to cognitive status in life do not correspond strongly with dementia status and neuropathologically presents as mixed with both neurodegenerative and vascular features [15, 16, 19] . There are many problems that limit the understanding of what these neuropathologies represent. 

Although the CERAD protocol aimed to provide a standardised guide for the semi quantitative assessment of neuropathological features, it is not clear how routinely these guides are used or whether an individual neuropathologist has ever used them at all. Given that there may be many subconscious cognitive biases including subtle changes to estimations given densities in prior cases and the effect of knowing the cognitive status before neuropathological assessment in routine settings, there may be significant uncertainty surrounding reported values especially where cases may be borderline between categories. Do all published studies follow the same or similar protocols and if not, how do we best compare different studies?

This issue of standardisation is further illustrated by neuropathological assessments of the vascular system. No standardised neuropathological assessments of vascular contributions are currently widely accepted and many vascular features themselves are not well defined or understood [65]. Given the substantial associations between vascular pathologies and dementia status and the common co-occurrence of mixed vascular and neurodegenerative features in population studies [15, 16, 19, 66], the lack of standardisation in the neuropathological assessment of vascular features introduces unquantifiable uncertainty when different human neuropathological studies are compared. 

Inter-rater analysis in neuropathology assesses the extent to which two independent raters using a well-defined protocol recognise and score specific pathological features. The assessment of agreement of ratings between individual assessors via inter-rater analysis adds some degree of confidence in neuropathological assessment however, inter-rater investigation is not common across neuropathological diagnosis in routine settings where diagnosis of dementia type is often reliant on the subjective view of a single neuropathologist. This view is potentially subject to change over time as new evidence is generated and understanding of the wider context is clarified. Investigations of differences in neuropathological diagnoses between individual neuropathologists highlight the effects of different laboratory protocols e.g. staining [67] including the use of different anti-Aβ antibodies [59], differences in individual assignment of pathological categories e.g. the recognition of cerebral amyloid angiopathy with specific involvement of capillaries [59] and difficulties in implementing alternative assessment protocols as shown by assessment of neurite density [68].  

Complications also arise from the cross-sectional nature of neuropathological assessment at one time point after death for pathologies that may have longitudinal progressions either in presentation, such as microinfarcts or microhaemorrhages of different ages, or implied progressions in severity, such as pre-tangle/mature tangles/ghost tangles in Braak staging. 

Variation for whatever reason in neuropathological assessment has important implications for the reliability of diagnoses of collected brains in brain banks. The impact of variations in diagnoses between individual neuropathologists and how diagnostic assessments may have changed over time has not been adequately addressed in brain collections.

Clinical biomarker evidence
While the presence of a mutation in APP or PSEN in familial AD is a qualitative marker of disease, no qualitative marker for sporadic AD exists. Clinical AD biomarkers are thought to indicate pathophysiology in vivo and are assumed to reflect AD related pathologies associated with deposition of Aβ and tau in NFT and NP in the brain. Amyloid PET imaging, CSF Aβ42 and CSF Aβ42/Aβ40 ratio are common biomarkers of brain Aβ deposition. Markers of tau accumulation include increased total tau or phosphorylated tau (p-tau) levels in CSF. 

The term ‘Alzheimer’s disease’ may describe different entities, raising some confusion and misunderstanding in biomarker studies. For instance, AD is described as 
i) A clinical entity Alzheimer related dementia defined probabilistically by diagnostic cognitive impairment and behavioural change with unconfirmed pathophysiology [69]
ii) A neuropathological entity, independent of the degree of clinical disability [70, 71] defined by Aβ and tau neuropathology, usually with medio-temporal and temporo-parietal distribution [72] 
iii) A clinical probabilistic diagnosis of AD dementia coupled with AD related neuropathological diagnosis [2, 3] – the currently accepted “gold standard”.
iv)  A clinical probabilistic diagnosis of AD dementia coupled with biomarker evidence of ante-mortem changes in the brain and confirmed by AD related neuropathological diagnosis [73].
The National Institute on Aging and Alzheimer's Association have recently attempted to refine the definition of AD according to biological criteria, equivalent to the definition ii) above [71] for research contexts. From the biomedical perspective this redefinition usefully allows particular pathways to be followed mechanistically and avoids the uncertainty associated with probabilistic definitions of clinical AD as category i) above. However this redefinition highlights particular problems with how we understand the definition of AD in humans. Jack et al [71] state “… it is these abnormal protein deposits that define AD as a unique neurodegenerative disease among different disorders that can lead to dementia” where the presence of the abnormal protein deposits (Aβ and tau) define AD diagnostically however, this can be contrasted with population studies that show these deposits do not define AD cases in the human population context [15, 16, 19]. These two perspectives are currently irreconcilable and the issue hinges crucially on what these pathologies represent, a point acknowledged but not fully considered in Jack et al [71]. If the pathologies are direct markers for active pathological processes then the relationships between them and cognitive status should be straight forward and the biological definition of AD would be useful in following disease initiation and progression. However, if these pathologies represent indirect markers, e.g. as markers for a neuroprotective response to a disease process yet to be clarified or as an end stage representing accumulating scars of previous pathological processes, then the relationship between the pathology and cognitive status will be complex, as seen in human population representative clinicopathological studies. Here the biological definition is less useful. Within the human population, where any therapeutic intervention would apply, many could receive a diagnosis of AD without ever potentially developing dementia, as shown by category “pd” in Table 1 and any therapeutic intervention would be unnecessary and potentially cause harm via side effects. There is as yet no reliable evidence in humans to tease this fundamentally important issue apart and no consensus in the research community is possible given the uncertainty in the evidence we have at this time. The translation of mechanistic AD research to the human context requires a detailed understanding of what these pathologies represent and it is unclear how useful this redefinition of AD according to biological criteria will be in the search for therapeutic interventions that work in the human population in a cost effective manner. 
While clinical biomarkers of AD related pathologies are invaluable to non-invasively follow progression in pathology over time in humans, AD biomarkers are very often viewed as true diagnostic markers in dementia research. However, biomarkers do not determine a clinical diagnosis of AD or AD dementia and instead support a clinical diagnostic process, making a diagnosis of AD dementia [73] and MCI due to AD [74] more reliable.
Hypothetically, if individuals meet i) the clinical core criteria for MCI and ii) have positive both Aβ and biomarker of neuronal injury, then these biomarkers indicate with the highest likelihood that AD pathophysiological processes are the cause of the cognitive impairment. Additionally it is assumed that these individuals are more likely to decline cognitively or progress to AD dementia in relatively short period [74]. Ideally, this hypothesis should be tested in prospective clinicopathological studies. MCI participants need to be followed-up until conversion to AD dementia and the results of biomarkers need to be validated in neuropathologically confirmed cases after death.  Uncertainties relating to the role of Aβ in cognitive dysfunctions arise because i) the Aβ-plaque deposition alone, even in substantial quantities and widespread, is not sufficient for the presence of cognitive impairment and dementia [75] and ii) it is assumed that the toxic effects of Aβ oligomers lead to abnormal tau accumulation in neurons and synaptic dysfunction [28, 76]. There is no available clinical biomarker evidence to support these assumptions – validated clinical biomarkers of specific oligomeric forms of soluble Aβ and imaging for measuring soluble Aβ or diffuse deposition do not currently exist [75].

The findings from clinical biomarker studies relating to the deposition of amyloid have been portrayed as supporting amyloid cascade hypothesis, and as valid and reliable evidence for implementing Aβ biomarkers in clinical trials and clinical practice. However, the clinical biomarker evidence is heterogeneous and highly variable accuracy was found between studies [9, 11]. Whether AD biomarkers are understood well enough for implementation in clinical practice at the mild cognitive impairment (MCI) stage is unclear. Detailed research on the clinical validity and utility is required [72, 77, 78] including crucially post-mortem confirmation of the presence/absence of AD associated pathology identified by biomarkers in the development and validation of AD biomarkers [79]. A recent study [80] reported amyloid PET is a sensitive and specific biomarker with respect to neuropathological findings for distinguishing cases with moderate to frequent plaque from those with no or spare plaques; however estimates of the correlation between PET imaging scores and histopathological assessment of amyloid burden accounted for only 50-60% of the mutual variance. Amyloid PET with Florbetapir ligand could only detect the presence of Aβ density in the brain, leaving the prognostic implications of moderate to frequent plaque density unclear. Uncertainties might arise because it is not yet clear whether the 11C-PIB-PET scan should be interpreted as a dichotomous test (positive versus negative) or whether the degree and spatial distribution of binding offers additional diagnostic information. CSF biomarkers may be useful in identifying the presence of AD associated pathology but their prognostic value and usefulness in monitoring disease progression remains unclear [81].

Recent studies show that in vivo tau PET imaging has a better correlation with clinical AD stage than amyloid PET imaging [82, 83], while 18F-FDG PET imaging is a better clinical biomarker of disease development than tau PET imaging [84].  The promising results regarding monitoring of disease progression need to be confirmed in larger prospective studies and further evidence of the clinical validity and utility of 18F-FDG PET imaging is needed [85, 86]. Critical to the development and validation of AD biomarkers is standardisation of scan/ immunoassays for cut off values for normality, analysis and interpretation. Changes in AD associated pathology identified by clinical biomarkers should be assessed over time preferably in population based studies and the findings should be neuropathologically confirmed post-mortem.

Experimental design
The complexities of the relationships between clinical and neuropathological diagnoses of dementia in the population raise questions relating to how well we can select cases and controls for case control study designs and randomised controlled trials. Table 1 considers the relationships between dementia status and neuropathology with figures taken from the population representative clinicopathological Cambridge City over 75s Cohort study [15].

Table 1 Relationships between dementia status and neuropathology in Cambridge City over 75s Cohort study [15].

The category PD represents those with clinical dementia who also had a neuropathological diagnosis, blinded to clinical status, of AD and correspond to those likely to be selected as cases. Those with no dementia and little or no AD related pathology in category pd correspond to those likely to be selected as controls in case control study designs. This study design tends to neglect the categories pD, those with dementia and little or no pathology, and Pd, those with sufficient pathology for a diagnosis of AD but without dementia. Figures taken from CC75C, Table 1, suggest that there is potential for category Pd to bias case control studies leading to higher than expected associations between dementia status and pathology simply due to selection of controls with neither dementia nor pathology (pd). If we also consider that amyloid and tau deposition is included in the neuropathological diagnosis of AD and therefore also contributes to the selection of cases and controls, then any study that uses a case control design must be careful to avoid circular experimental designs when interpreting findings relating to these pathologies.

Cognitive function ultimately depends on synaptic plasticity where long term potentiation (LTP) is associated with synapse growth and long term depression (LTD) is associated with synapse loss. Biomedical mechanistic experimental design based on the amyloid cascade hypothesis often measures changes to LTP or LTD to represent the neurotoxicity of Aβ e.g. [87-90]. In contrast, the APP matrix approach suggests that dynamic balance within the APP proteolytic system as a whole is involved in the regulation of synaptic plasticity. The promotion of LTP and the inhibition of LTD are associated with sAPPα [51, 52]. In opposition to this, Aβ is associated with the inhibition of LTP [91] and the promotion of LTD [92]. Therefore the balance between LTP and LTD, essential for synaptic plasticity, may be represented in part by the balance between the competing cleavages of the APP proteolytic system as a whole. It is difficult to clearly define the contributions of normal physiological roles of Aβ from disease associated features, and from the contributions of other fragments of the APP proteolytic system. Other physiological functions associated with Aβ include roles in the innate immune system as an antimicrobial peptide [93] neuronal growth and survival and protection against oxidative stress [94].  Given that sAPPα and sAPPβ may interact in processes associated with protection from excitotoxicity and glucose deprivation induced cellular stress [95], the principle of balance between the competing APP cleavage pathways may apply in multiple ways. 

From the perspective of both the presenilin and APP matrix approaches a wide variety of cellular functions may depend on an appropriate relative rate of flow through each pathway at any given time and removal of Aβ, whether by aggregation to form plaques or via therapeutic interventions relieves end product inhibition of γ-cleavage leading via biological feedback pathways to a potential increase in flow via β-cleavage and simultaneous reduction in flow through α-cleavage. Both inappropriately increased β-cleavage and reduced α-cleavage may act synergistically in cognitive impairment and therefore current attempts to reduce Aβ can be understood as mimicking the loss of physiologically relevant forms of Aβ that may be associated with disease processes. This synergy of action implies that experimental design must consider all APP derived fragments with appropriate experimental controls. These issues are currently not considered in either human or mechanistic research contexts. The general view that APP processing via the α-pathway is neuroprotective and processing via the β-pathway is neurotoxic may represent a cognitive bias within AD research that undermines a better understanding of the whole APP proteolytic system in a physiological context and leads to misinterpretations with current biomedical mechanistic experimental design. 

Clinical Trials
Several γ-secretase inhibitors including Semagacestat have failed in clinical trials for AD [96]. From the perspective of the amyloid cascade hypothesis this failure was disappointing. From the perspective of the presenilin and APP matrix hypotheses, this failure was expected as it represents contributions to dementia progression from a loss of physiologically relevant specific forms of Aβ and loss of wider γ-secretase functions. However, further investigation has shown that while Semagacestat reduced the secretion of Aβ, it did not selectively inhibit γ-secretase cleavage and was associated with an increase in intraneural Aβ [96]. Investigations looking at selective modulation of γ-secretase cleavage are underway for both neurodegeneration and cancer however, further work is required to understand how any modulation will affect the multiple substrates of γ-secretase [97].

The repeated failures of therapeutic interventions that aim to improve cognition by removing Aβ e.g. Solanezumab [98] and Bapineuzumab [99], despite showing reduced amyloid representative biomarkers, question the amyloid cascade hypothesis as a route to efficacious therapeutic interventions. The small improvements in cognition reported for the BAN2401 clinical trial (see [100]) cannot be fully understood until scrutiny of participant inclusion and exclusion criteria relating to possession of the ApoE ε4 allele and the analytical methods used have been shown to reliably support the reported results. Studies questioning target engagement of these antibodies [101] and the cross-reactivity of therapeutic antibodies with a wide variety of plasma proteins [102] in addition to cross reactivities of antibodies used in diagnostics and research discussed previously [55, 56] suggest failures of AD research at the level of basic science that must be urgently addressed. These failures should have been avoided and it is unclear why some parts of the AD research community appear indifferent to repeated calls for detailed preclinical work to be completed before such molecular interventions enter into clinical trials [103]. Reliable conclusions from therapeutic or mechanistic studies will remain uncertain until failures in basic science are addressed.

How well do the three hypotheses serve dementia research? 

The three hypotheses to explain the role of amyloid in dementia range in complexity. The simplest, the amyloid cascade hypothesis, is hierarchical and has a definite disease trigger, accumulation of toxic Aβ, with follow-on disease processes. This contrasts with both the presenilin hypothesis and APP matrix approach which allow multiple pathways. The presenilin hypothesis highlights the varying activity of γ-secretase as a disease trigger in AD either due to gene mutations or regulation by cellular processes and is less hierarchical than the amyloid cascade hypothesis but still focuses on γ-cleavage and the production of Aβ. The APP matrix approach, representing the most complex framework, is non-hierarchical with no intrinsic disease trigger and includes all cleavages and feedback from the wider cellular systems. Decoherence of the system from normal to abnormal function may be triggered by many factors and not all disease pathways necessarily share the same triggers. From the perspective of heterogeneity and complexity, both the presenilin hypothesis and APP matrix approach are flexible models that can be adapted to include other disease triggers and drivers such as age [25], diabetes [104], vascular disease [16, 19], oxidative stress and mitochondrial dysfunction [105-107] or autophagy [108] whereas the amyloid cascade hypothesis is less so. A combination of both the APP matrix approach and presenilin hypothesis may better represent the complexity of the evidence and detailed molecular studies are required.

The amyloid cascade hypothesis reduces the complexity of self-organising cellular and physiological processes and neuronal populations and networks in the brain to levels of Aβ – so that neuropathological deposition, amyloid as seen with in vivo imaging and/or fluid biomarkers of Aβ become major descriptors of AD. However, these descriptors are plagued by uncertainty surrounding the exact nature of Aβ or amyloid in experimental and human diagnostic settings due to many factors including antibody cross reactivities discussed above. From the perspective of systems biology, levels of APP are rate limiting [31] so that cleavages compete – if Aβ and sAPPβ levels increase due to increased β-cleavage, decreased α-cleavage necessarily leads to reduced sAPPα and P3 levels [109, 110]. Therefore assigning loss or gain of function to any single peptide is difficult. As others have argued over preceding decades [40, 111, 112], the complexity of the APP proteolytic system is a major confounding factor in our understanding of what Aβ is and its roles in disease.

The confounding of current AD research by P3 is an urgent concern. While the roles of P3 in AD from the perspective of the amyloid cascade hypothesis are minimal – perhaps why few studies investigating P3 have been reported - from the perspective of the APP matrix approach, P3 may be as important as Aβ. The presenilin hypothesis currently does not explicitly include P3 – perhaps because Aβ has been such a strong focus – and it would be straightforward to adapt this hypothesis to include P3 and the effect of mutations on γ-cleavage and its expression [113]. Detailed molecular investigations will be required to provide evidence to assess the extent to which the current literature base is confounded and how much published research should be replicated to assess the degree of confounding and if necessary, corrected or even retracted.

The full range of proteolytic fragments from the APP proteolytic system has never been measured in the human brain – there are no human reference levels for these fragments in either normal or disease states. How are we to understand any part of this system if it has been so poorly characterised? Without this understanding Aβ cannot be placed in its physiological context.
The amyloid cascade hypothesis does not fit well with evidence from population studies showing that AD-associated pathologies in general are associated with higher risk of, but do not define, dementia [15]. In particular, population studies report individuals with severe AD-type pathologies without dementia [15, 16, 19]. It has been suggested that these individuals may have had very mild impairments at the limits of detection and would have developed dementia if they had lived longer. This hypothesis cannot ever be tested and the alternative hypothesis - that we do not yet understand the relationship between neuropathology and AD - must stand and further, include ideas that amyloid plaques may have protective roles [114, 115]. From the perspectives of the APP matrix approach and presenilin hypothesis, Aβ is not necessarily the neurotoxic culprit it is often assumed to be and instead it may mark unidentified pathological processes involving wider cellular and physiological systems, all in the context of the ageing organism. Both the APP matrix approach and presenilin hypothesis, but not the amyloid cascade hypothesis, allow loss of specific biologically relevant forms of Aβ to be associated with disease – where a therapeutic approach could sensibly aim to increase that specific form of Aβ instead of general Aβ removal. Therapeutic approaches based on removal of Aβ in humans, especially at younger ages in the population with no overt signs of disease, appear premature and over optimistic given the lack of understanding of this complex system.

Conclusions
The amyloid cascade hypothesis has directed dementia research for decades however, following failures in clinical trials, interest in this hypothesis is now waning.  While the genetic, molecular and neuropathological evidence suggest a role for the APP proteolytic system, there has been no detailed reflection on exactly where the amyloid cascade hypothesis has failed. Identifying why this approach has failed contains valuable lessons, however uncomfortable, that will impact on future dementia research strategy. Current research strategy is confounded by the complexity of the APP proteolytic system and by anti-Aβ antibody cross-reactivities. It is time for a diversity of perspectives within and beyond molecular biology to be allowed to contribute to research strategy.  For biomedical research focused on dementia in an ageing context we suggest that a combination of the presenilin hypothesis, to account for γ-cleavage, and the APP matrix approach, to account for the complexity of the APP proteolytic system, will lead to better understanding of the role of the APP proteolytic system in AD and allow identification of new therapeutic targets with relevance in humans.
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Table 1 Relationships between dementia status and neuropathology in Cambridge City over 75s Cohort study [15].
	
	Dementia (D)
	No dementia (d)

	Pathology (P)
	PD (85%)
	Pd (76%)

	No or insufficient pathology (p)
	pD (15%)
	pd (24%)






Figure 1. The amyloid cascade and presenilin hypotheses
1a The amyloid cascade suggests that increases in total Aβ, Aβ(1-42)/Aβ(1-40) or oligomers, or a failure of Aβ clearance initiate disease processes and drive AD progression; Adapted from [21]. 
1b The presenilin hypothesis suggests that changes to γ secretase activity initiate disease processes and drive AD progression; Adapted from [23, 24]. 


Figure 2 The APP matrix approach
Solid black lines with arrow heads represent cleavage pathways; dotted lines represent synergistic interactions; solid grey lines represent complex synergistic homeostatic interactions between wider cellular systems and the APP proteolytic system. Square boxes represent the various cleavages, light grey:α-cleavage, mid grey:β-cleavage, dark grey: γ-cleavage. Other cleavages e.g. BACE2 leading to sAPPβ’ and Aβ’, general catabolism of all fragments and caspase cleavage not shown. 1: Functional group due to the synergistic interactions of full length APP, sAPPα, sAPPβ and sAPPβ’. 2: Functional group due to the synergistic interactions of the various fragment lengths following γ-cleavage with N- and C- terminal variations. 3: Functional output due to synergistic actions of products from α and β cleavage with those from γ cleavage. Other functions are associated with the AICDs following γ- and caspase cleavage, not represented here.
