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Abstract

Alzheimer’'s disease is a progressive neurodegenerative disease most often associated with memory deficits and cognitive
decline, although less common clinical presentations are increasingly recognized. The cardinal pathological features of the
disease have been known for more than one hundred years, and today the presence of these amyloid plagues and
neurofibrillary tangles are still required for a pathological diagnosis. Alzheimer's disease is the most common cause of
dementia globally. There remain no effective treatment options for the great majority of patients, and the primary causes
of the disease are unknown except in a small number of familial cases driven by genetic mutations. Confounding efforts
to develop effective diagnostic tools and disease-modifying therapies is the realization that Alzheimer's disease is a mixed
proteinopathy (amyloid and tau) frequently associated with other age-related processes such as cerebrovascular disease
and Lewy body disease. Defining the relationships between and interdependence of various co-pathologies remains an
active area of investigation. This review outlines etiologically-linked pathologic features of Alzheimer's disease, as well as
those that are inevitable findings of uncertain significance, such as granulovacuolar degeneration and Hirano bodies.
Other disease processes that are frequent, but not inevitable, are also discussed, including pathologic processes that can
clinically mimic Alzheimer's disease. These include cerebrovascular disease, Lewy body disease, TDP-43 proteinopathies
and argyrophilic grain disease. The purpose of this review is to provide an overview of Alzheimer's disease pathology, its
defining pathologic substrates and the related pathologies that can affect diagnosis and treatment.
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Background

Historical information

Alois Alzheimer first described the neurodegenerative
disease that would bear his name more than 100 years
ago, and today the cardinal features of amyloid plaques
and neurofibrillary tangles that he described are still re-
quired for its pathological diagnosis [1]. Alzheimer’s dis-
ease (AD) is a progressive neurodegenerative disease
most often characterized by initial memory impairment
and cognitive decline that can ultimately affect behavior,
speech, visuospatial orientation and the motor system,
and it is the most common form of dementia [2]. Variant
syndromes with early focal atrophy do not always follow
this traditional presentation, and pathological subtypes
of AD have been described [3]. Clinical AD dementia
cannot be definitively diagnosed until post-mortem neu-
ropathologic evaluation, though research institutes
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capable of assessing amyloid and tau burden in living pa-
tients are challenging this historic paradigm [4]. AD is
also characterized by a long asymptomatic preclinical
phase, and cognitively normal individuals can also have
the disease [5]. Furthermore, AD is rarely found without
other neurodegenerative co-pathologies as observed in
the Mayo Clinic Brain Bank data in Table 1. It is so
tightly associated with old age that there is speculation it
is a normal part of aging [6]. Currently, there are no dis-
ease modifying therapies for Alzheimer’s disease [7].

Epidemiology

It is estimated that more than 47 million people in the
world are affected by dementia, and as of 2018 the cost of
these diseases was expected to surpass $1 trillion annually
[8]. AD is the most common form of dementia, account-
ing for 60 to 80% of the cases, with less than half expected
to be pure AD and the majority expected to be mixed de-
mentias [9]. The other most common causes of dementia
include vascular dementia, Lewy body dementia and
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Table 1 Comorbidities in 1153 Patients with Pathologic Diagnosis of AD. The majority of AD cases were observed to have
pathologic comorbidities as observed in the Mayo Clinic Brain Bank 2007-2016. Plus sign (+) in the column on pathological
diagnosis of AD indicates additional pathologies beyond the primary and secondary diagnoses listed. Bold indicates significance

from the pure AD cases (Student t-Test, p <0.01)

Pathological Dx Cases (n) Age (yr) Brain (g) Braak Thal

AD 243 765+ 108 1077 £ 159 55+07 47 £06
AD/LBD 175 760 = 10.2 1053 £ 151 56 +06 48 £ 06
AD/LBD+ 206 81.8 +9.3 1025 + 170 56+ 06 48 £ 05
AD/Vas 113 845+79 1070 + 164 53+0.8 46 +08
AD/Vas+ 77 86.0 + 6.4 1043 + 142 5307 48 £ 06
AD/CAA 42 761 £11.6 1089 + 163 56 £06 46+ 06
AD/CAA+ 110 80.1 £ 9.0 1086 + 163 56 £06 47 £07
AD/HpScl 27 86.0 + 6.9 1088 + 158 54+07 50+00
AD/HpScl+ 51 87.8 +6.9 1012 £ 174 54 +£0.7 48 + 06
AD/Other 59 793 £ 109 1044 £ 164 54+08 47 £07
AD/Other+ 50 819+ 112 1019 + 186 53+08 45+08

Parkinson’s disease with dementia, frontotemporal lobar
degeneration and normal pressure hydrocephalus with
each of these accounting for between 5 and 10% of cases;
and of these, vascular dementia and Lewy body dementia
are most often associated with mixed pathology, including
concurrent AD [9]. These debilitating and financially dev-
astating diseases are expected to increase into the middle
of the century, and it is anticipated that greater than 131
million individuals will be affected by 2050 as the popula-
tion ages [8]. Aging is the strongest risk factor for AD,
with the incidence for all dementias doubling every 6.3
years from 3.9 per 1000 for ages 60—90 to 104.8 per 1000
above age 90 [10]. Prevalence is estimated at 10% for indi-
viduals over 65 years and 40% for those over 80 years [2].
The exploding personal and financial costs call for effect-
ive pre-clinical diagnosis and treatments to halt disease
progression before symptomatic onset.

Etiology

Dominantly inherited familial AD (FAD) can be caused
by mutations in amyloid precursor protein (APP), prese-
nilin 1 (PSENI) or PSEN2 genes. These rare familial
forms of AD account for less than 1% of the cases. FAD
can present as early as age 20, with the average age of
onset of 46.2 years [11]. Early onset Alzheimer’s disease
(EOAD) is defined by those affected before age 65; and
though they are slightly more common than FAD cases,
they account for fewer than 5% of the pathologically di-
agnosed AD cases. EOAD often has an atypical presenta-
tion and an aggressive course [12]. Similarly, most
Down’s syndrome patients with a partial or full chromo-
some 21 trisomy, which includes the region on chromo-
some 21 where APP resides [13], have Alzheimer type
pathology by age 40 with many developing clinical
symptoms after 50; the majority have dementia by age

65 [14]. More common late onset AD (LOAD) is consid-
ered sporadic, although genetic risk factors have been
identified, most notably apolipoprotein E gene (APOE)
[7]. Age, family history in a first degree relative, and
APOE4 genotype confer the greatest risks of developing
AD [14]. Individuals carrying a single copy of the APOE4
polymorphism have an odds ratio for AD of 3 compared
to non-carriers. Those homozygous for APOE4 have an
odds ratio of 12 [7]. Furthermore, APOE4 allele appears
to confer risk for vascular dementia, Lewy body demen-
tia, Down’s syndrome and traumatic brain injury [15].
Other risk factors for LOAD including TREM2,
ADAMI10 and PLD3 have been identified using genome
wide association studies to implicate nearly 30 genes
that not only affect APP and tau directly but also modu-
late cholesterol metabolism, endocytosis and immune re-
sponse, among those with known functions [16, 17].
Understanding the role of these and newly identified risk
factors should provide insight into mechanisms that
drive Alzheimer’s pathogenesis.

Pathology of Alzheimer’s disease

Macroscopic features

The pathologic diagnosis of AD remains the gold stand-
ard for diagnosis. While certain features of AD can be
ascertained on macroscopic examination, no single fea-
ture or combination of features is specific, but certain
features are highly suggestive of AD. The AD brain often
has at least moderate cortical atrophy that is most
marked in multimodal association cortices and limbic
lobe structures. The frontal and temporal cortices often
have enlarged sulcal spaces with atrophy of the gyri,
while primary motor and somatosensory cortices most
often appear unaffected [18]. There is increasing recog-
nition of atrophy in posterior cortical areas in AD, most
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notable the precuneus and posterior cingulate gyrus,
driven in part by functional imaging studies [19, 20]. As
a result of this atrophy, there is often enlargement of the
frontal and temporal horns of the lateral ventricles as
shown in Fig. 1, and decreased brain weight is observed
in most affected individuals. None of the macroscopic
features are specific to AD, and unaffected clinically nor-
mal people may have moderate cortical atrophy,
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especially affecting frontal lobes, with volume loss
mostly affecting white matter [21]. Medial temporal at-
rophy affecting amygdala and hippocampus, usually ac-
companied by temporal horn enlargement is typical of
AD [18, 22, 23], but can be seen in other age-related dis-
orders such as hippocampal sclerosis or argyrophilic
grain disease. Another macroscopic feature commonly
observed in AD is loss of neuromelanin pigmentation in

features is exclusive to Alzheimer's disease

Fig. 1 Gross Anatomy of Alzheimer's Brain. Lateral view of an Alzheimer’s brain can show widening of sulcal spaces and narrowing of gyri
compared to a normal brain. This may be more readily observed in coronal sections as indicated by the arrowheads, and this atrophy is often
accompanied by enlargement of the frontal and temporal horns of the lateral ventricles as highlighted by the arrows. Additionally, loss of
pigmented neurons in the locus coeruleus is commonly observed in the pontine tegmentum as shown with the open circle. None of these
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the locus coeruleus as shown in Fig. 1 [23]. None of
these observations alone are specific to AD, but often
they can be highly supportive, especially in the ab-
sence of macroscopic changes specific for other neu-
rodegenerative diseases.

Microscopic features

The definitive diagnosis of AD requires microscopic
examination of multiple brain regions employing staining
methods that can detect Alzheimer type neuropathologic
change [24], with diagnosis based upon the morphology
and density of lesions and their topographic distribution.
Several of the brain regions that are vulnerable to Alzhei-
mer type pathologic change are also vulnerable to other
disease processes, such as a-synucleinopathy and TDP-43
proteinopathy. Mixed pathology is common. Indeed in the
Mayo Clinic Brain Bank from 2007 to 2016 (Table 1, Add-
itional file 1: Figure S1), the majority of AD cases had
coexisting non-Alzheimer pathologies, and comorbidities
increased in frequency with age. Furthermore, when the
original clinical diagnoses were examined for cases with
pure AD pathology, it is clear (Table 2, Additional file 2:
Figure S2) that a number of clinical syndromes can mas-
querade as Alzheimer’s disease.

As first observed over 100 years ago [25], the presence
of extracellular amyloid plaques and intracellular neuro-
fibrillary tangles is required for diagnosis. Additionally
tau-positive neuropil threads and dystrophic neurites
can be detected, as well as activated microglia and react-
ive astrocytes. Additionally eosinophilic Hirano bodies,
granulovacuolar degeneration (GVD) and cerebral amyl-
oid angiopathy (CAA) are also common [18, 23]. The re-
sult of these lesions is the loss of synapses and neurons
in vulnerable regions leading to the symptoms com-
monly associated with AD. Evidence suggests that

Table 2 Clinical Diagnoses of 227 Patients with a Pathologic
Diagnosis of Pure AD. More than a third of pathologic AD cases
on the Mayo Clinic Brain Bank from 2007 to 2016 were not
expected to have AD. Plus sign (+) in the column on clinical
diagnosis indicates additional clinical diagnoses are supported.
Bold indicates significance differences from the pure AD cases
(Student t-Test, p < 0.01)

Clinical Dx  Cases (n)  Age (yr) Brain (g) Braak Thal

AD 109 773 £112 1061 £163 55+07 4707
AD+ 35 73.0+85 1069+138 56+06 48+05
LBD 16 809+98 1073+158 53+06 45£08
CBS 12 713+£74 1008169 59+03 5000
FTD 10 66.4+89 1103+128 55+11 49+04
Aphasia 6 722 £ 7.1 940 £ 109 59+02 48+04
Other 21 782 £103 1132155 54+08 5000
Mcl 1 877+69 1162+136 49+06 5000
Normal 7 859+66 1251 +120 47+08 30£00
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amyloid deposition and tau pathology in AD can precede
structural changes in the brain, including hippocampal
volume loss and decreased glucose metabolism, by de-
cades [26]. As the disease progresses, downstream clinical
features of memory loss, social dependence and motor ab-
normalities eventually become manifest [5, 6]. The usual
symptoms of early AD (e.g., memory deficits) can be dif-
ferent in some AD subtypes, and indeed, clinical features
lack specificity for a pathologic process, but rather indi-
cate brain regions or systems affected by the disease
process [3, 4]. This finding is highlighted by the fact that
nearly one third of patients with pathological findings of
high likelihood Alzheimer’s disease [24] were thought to
other disorders, and 3% were considered clinically normal
at the time of their last clinical exam (Table 2).

Amyloid plaques

Senile amyloid plaques or “miliary foci” as described by
Alzheimer in the description of Alzheimer’s disease and
originally that same year by Oskar Fischer are formed by
the extracellular nonvascular accumulation of AB40 and
AP42 peptides that result from the abnormal processing
of amyloid precursor protein by the - and y-secretases
and an imbalance in the production and clearance path-
ways [1, 27-29]. These small 4 kDa peptides (A4) fold
into a beta-pleated sheet structures that are highly fibril-
logenic. The AP filaments bind congophilic dyes and
produce birefringence upon exposure to polarizing light
as is characteristic of amyloid [30]. Work using anti-
bodies to A4 protein, now recognized as AP peptides,
demonstrated they are involved in early formation of
amyloid plaques that were not captured with congophilic
dyes [31]. Additional AP peptides containing between 38
and 43 amino acids are also detected, but AP42 is the
most fibrillogenic and the predominant component of
amyloid plaques in AD [6]. There are many reviews de-
scribing the generation of AP peptides [32], and these
pathways remain viable therapeutic targets. The termin-
ology for AP amyloid plaques can be confusing. Nearly a
dozen types of nonvascular amyloid deposits have been
described, but the two types of amyloid plaques most
commonly observed in AD are diffuse plaques and dense
core plaques [29, 33] as shown in Fig. 2a, b [23, 29]. Dif-
fuse plaques form initially in the neuropil and stain
weakly by thioflavin S and other amyloid binding dyes
(e.g., Congo red). They commonly lack argyrophilia on
Bodian silver stains, and they do not show preferential
accumulation of activated microglia and reactive astro-
cytes. In comparison, dense core plaques have dense re-
ticular or radiating compact dense amyloid and are
intensely positive with thioflavin S fluorescent micros-
copy and Congo red, suggesting they contain more
fibrillogenic forms of AP [29, 34, 35]. More importantly,
a subset of dense core plaques have neuritic elements as
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Fig. 2 Alzheimer Senile Plaques. Immunohistochemistry of affected Alzheimer’s tissues using antibodies directed against AR peptides
demonstrates the presence of both diffuse (a) and dense core (b) senile plaques. These dense core plaques are often associated with neuritic
elements that can stain filamentous tau and correlate with disease severity. Neuritic AD plaques are readily observed using Bielchowsky silver
staining (c) or Thioflavin S staining (d). These stains can also label neurofibrillary tangles as shown by the arrowheads. The scale bars are 40 um

shown in Fig. 2c, d, and these cored neuritic plaques
(NPs) can be associated with tau-positive or dystrophic
neurites, the latter demonstrated with a variety of
markers including synaptic and APP immunohistochem-
istry [33]. Dense cored NPs are also accompanied by syn-
aptic loss, activated microglia and reactive astrocytes [23,
29, 36]. In contrast, diffuse plaques often lack neuritic
components, though diffuse neuritic plaques can be ob-
served in advanced AD [33]. The diffuse plaques are posi-
tive with AP immunohistochemistry and contain
filamentous AP at the ultrastructural level, but it is not
certain whether diffuse plaques are a part of pathological
aging or an early stage in the maturation of neuritic A
plaques [29]. Indeed, it appears as many as 8 types of non-
vascular amyloid plaque deposits can form after initial de-
position of AP and that the morphology and type of
plaques can vary from region to region [29]. Plaques com-
posed almost exclusively of dense cores lacking neuritic
components have been termed “burnt out” plaques [18].
Most importantly the neuritic plaques with dense amyloid
and tau-positive neurites are believed to be closely associ-
ated with neuronal loss and cognitive decline in Alzhei-
mer’s disease [37, 38].

Neuritic plaques
Cored neuritic plaques containing tau-positive neurites
usually have a central zone of dense amyloid, sometimes

forming a compact core. The dense core can display ra-
diating AP fibrils, and it is in these peripheral zones of
the plaque where dystrophic neurites and activated
microglia are concentrated, that lends credence to the
hypothesis that AP drives neuronal degeneration and
cognitive decline in AD [18, 39]. Neuritic plaques fre-
quently contain activated microglia and reactive astro-
cytes, and their processes intermingle with neuritic
elements in the plaque periphery. Some of the dys-
trophic neurites associated with neuritic plaques contain
tau filaments, which can have a paired helical filament
morphology with electron microscopy [23]. These are
termed “type 1”7 dystrophic neurites, and it is suggested
they occur in regions receiving input from neurons bear-
ing neurofibrillary tangles in their soma [29, 36]. The
dystrophic neurites in neuritic plaques are heteroge-
neous [36]. In addition to tau-positive neurites, some
dystrophic neurites contain neurofilament proteins, sug-
gesting that cytoskeletal changes are part of the neuro-
degenerative process [40]. Additionally degenerating
mitochondria, lysosomal bodies and vesicles, some with
ubiquitin-immunoreactivity, can accumulate in a subset
of plaque-associated dystrophic neurites, indicating that
trafficking and protein degradation pathways are affected
[23]. More recent studies demonstrate that exogenous
AP fibrils lead to cell death and disruption of membrane
integrity in a cell culture model [41]. In fact, even the
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presence of dystrophic neurites, which are postulated to
be benign age-related neurites, still provides evidence
that amyloid plaques negatively affect the integrity neur-
onal processes in their vicinity [36]. While dense core
neuritic plaques are thought to be more closely associ-
ated with neuronal loss in AD [38], diffuse amyloid pla-
ques with neuritic elements are observed in advanced
disease though their disease relevance and relationship
to the formation of dense core neuritic plaques is not
certain [33]. Understanding the links between amyloid-
driven neuritic pathology, more widespread tau neuronal
and thread pathology, as well as neuronal loss remains
an area of active research.

Distribution of amyloid plaques

In AD, senile plaque and neurofibrillary tangle formation
tend to form neuroanatomically in stereotypic patterns,
which has led to several staging schemes [42, 43]. One of
the first attempts to stage amyloid plaques in AD was pro-
posed by Heiko and Eva Braak. A three stage scheme was
proposed, with the basal frontal and temporal lobes af-
fected in Stage A, extension into the association neocorti-
ces and hippocampus in Stage B, and finally reaching
primary cortices, subcortical nuclei and cerebellum in
Stage C [42]. Within the cortical layers, layers III and Va
are most affected, layers IV and Vb were affected less, and
other layers were relatively spared [42]. More recently, the
Braak plaque staging has been modified by his research as-
sociate, Dietmar Thal, and this scheme of amyloid
“phases” using highly sensitive silver staining or Af anti-
bodies [43] has been adopted by NIA-AA [44] and Brain-
Net Europe [45]. In Thal Phase 1 the neocortex is
involved, expanding to the allocortex in Phase 2, subcor-
tical nuclei, including the striatum, in Phase 3, with in-
volvement of brainstem in Phase 4 and cerebellum in
Phase 5 [43]. For practical work, phases 1-4 can be deter-
mined by amyloid deposition in the medial temporal lobe
[29]. It is not unusual for neurologically normal patients
to have Thal 1-3 amyloid phase as shown in Table 2.

Cerebral amyloid Angiopathy

AP peptides not only deposit as amyloid plaques in the
brain parenchyma, but also in cerebral blood vessels. It
is estimated that 85-95% of AD cases have at least some
degree of cerebral amyloid angiopathy. In the Mayo
Brain Bank 13% of confirmed AD cases have moderate-
to-severe CAA (Table 1) that can be confirmed using AP
immunohistochemistry or thioflavin S fluorescent mi-
croscopy Figs. 3a, b [46]. Amyloid deposits in CAA are
enriched in AP40 (while parenchymal deposits are
enriched in AP42 species) and can affect small arteries,
arterioles and even capillaries of the gray matter of the
cerebral cortices and in leptomeningeal vessels [18, 23].
In fact, two types of CAA have been described. Type 1
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CAA affects capillaries, arterioles and small arteries and
it is 4-times more likely to be associated with APOE4.
Type 2 CAA affects arterioles and small arteries, but not
capillaries and is 2-times more likely to associated with
APOE?2 [47, 48]. Interestingly the parietal and occipital
cortices are more vulnerable than the frontal and tem-
poral lobes, and leptomeningeal arteries are more vul-
nerable than parenchymal vessels [23]. Severe CAA can
impair blood flow and produce ischemic lesions or small
infarcts, while severe CAA can lead to lobar hemor-
rhages typically affecting the frontal and occipital lobes
[18]. The preponderance of CAA in AD and its associ-
ation with an earlier age of onset support its role on the
disease process, independently contributing to clinical
presentations of AD [46, 49, 50]. Several methods have
been proposed to score severity of CAA burden, and im-
aging techniques are being developed to differentiate
CAA from plaque amyloid [46]. Interestingly,
immunization strategies targeting AP peptides may be
useful in alleviating amyloid plaque burden, while shift-
ing amyloid into CAA, sometimes associated with in-
flammation and hemorrhage [51, 52]. The evidence from
animal models suggest capillary CAA is derived from
neuronal AP, which leads to impaired perivascular clear-
ance, peri-capillary AP deposits and ultimately CAA
[53]. It is postulated that the APOE4 risk associated with
capillary CAA results from less efficient transendothelial
clearance of AB-apolipoprotein complexes compared to
complexes in individuals with APOE2 [48]. Interestingly,
the severity of perivascular neuritic tau pathology has
been found to correlate with perivascular Ap accumula-
tion, implicating amyloid deposition in driving dys-
trophic neurites [54].

Neurofibrillary tangles and neuropil threads

Neurofibrillary tangles (NFTs) were first described in
Alzheimer’s seminal paper as “neurofibrils,” which
formed thick bundles near the cell surface of affected
neurons [25]. These were visible using Bielschowsky sil-
ver stain and associated with neuronal death and disinte-
gration resulting in what are now called extracellular or
“ghost tangles” as shown in Fig. 4a [1]. A neuropatho-
logic diagnosis of AD requires both amyloid plaques, es-
pecially cored neuritic plaques, and neurofibrillary
tangles composed of filamentous tau proteins. There is
evidence to suggest that the latter lesions correlate bet-
ter with cognitive impairment than amyloid deposits
[55]. The tau filaments in AD have been termed “paired
helical filaments” (PHFs) [56], as they exhibit marked
periodicity when viewed with electron microscopy, and
they appear to be composed of two smaller filaments of
about 10nm diameter that twist around one another
forming periodic structures with a crossover distance of
65—-80 nm. As shown in Fig. 5, these filaments exhibit
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Fig. 3 Cerebral Amyloid Angiopathy. Cerebral amyloid angiopathy or congophilic amyloid angiopathy can by visualized in frontal cortical sections
using AB directed immunohistochemistry (a) or Thioflavin S staining (b) similar to that used to detect senile plaques, and they are believed to
contribute independently to the Alzheimer's disease course. Scale bars are 40 um

modulations in width from roughly 10-20 nm, and their  tauopathies and filaments generated in vitro using re-
uniformity has allowed for the structural folding of the  combinant tau. The composition of PHF in AD includes
core peptide to be resolved at 3.5 A using cryoelectron all 6 isoforms of tau protein, including isoforms with 3-
microscopy [57]. Additionally, straight filaments (SFs) repeats (3R tau) and 4-repeats (4R tau) in the micro-
are observed in AD, but these exhibit less periodicity  tubule binding domain. The repeat domain forms the
with a longer crossover distance and modulations in  core of PHF [59]. Tau proteins in AD are hyperpho-
width from 10 to 15nm [58]. Alzheimer straight helical  sphorylated and abnormally folded compared to unas-
filaments are different from straight half filaments that sembled normal tau, and they have lost their normal
are uniformly 10 nm in diameter and observed in other  abilities to bind and stabilize microtubules in the axon
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Fig. 4 Neurofibrillary Tangles. Neurofibrillary tangles develop from intracellular pre-tangles containing misfolded tau and small tau aggregates to
mature NFTs containing bundles of cross-linked tau filaments before the neuron dies and an extracellular ghost tangle (asterisk) remains. Silver
staining (a) and Thioflavin S (b) capture many mature tangles (arrows) and some pre-tangles (arrowheads) along with amyloid plaques and tau
neuropil threads. Development of NFTS from the pre-tangles is more easily visualized using tau immunohistochemistry (c, d). This allows the mis-
localized somal tau to be distinguished readily from the bundles of PHFs in NFTS in addition to the neuropil threads that can also be
pronounced (d). The scale bars are 40 um
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Fig. 5 Paired Helical Filaments and Straight Filaments. Neurofibrillary tangles are composed of insoluble tau filaments that can be extracted using
detergents or acids and visualized using electron microscopy and negative staining such as 2% uranyl acetate here. The paired helical filaments
(arrows) and straight filaments (arrowheads) both appear to be composed of pairs of 10 nm filaments that wrap around one another with the
PHFs exhibiting wider 10-20 nm modulations in diameter and the SFs narrower 10-15 nm modulations. Length bars are 100 nm

[60]. This loss of tau function is coupled with increased
aggregation properties for the abnormal tau. Both a loss
of normal function and a toxic gain of function are pos-
tulated, whereby PHFs are able to co-aggregate with nor-
mal tau proteins [61]. The PHFs and SFs composed of
tau protein are also observed in neuropil threads
(NTs) which are dendritic and axonal elements con-
taining filamentous tau. Neuropil threads may repre-
sent the majority of tau burden in AD, and they are
thought to originate from neurons containing NFTs
[62-64]. Corruption of normal tau is thought to be
potentially involved in the spreading of tau pathology
throughout the brain in AD.

Distribution of neurofibrillary tangles

Detection of neurofibrillary tangles can employ traditional
histological or histofluorescent staining methods (e.g.,
Bielschowsky silver stain or thioflavin-S) or more recently
immunohistochemical techniques using antibodies against
tau as shown in Fig. 4. These techniques also mark nu-
merous neuropil threads that are believed to be part of the
neuronal degeneration associated with neurofibrillary tan-
gle formation [23]. Neurofibrillary tangles occur in three
stages beginning as “pretangles” containing abnormal con-
formers of tau (but not polymerized into microscopic ag-
gregates) in the cell body and dendrites of neurons. These
mature into aggregated filaments in the perikarya and
proximal cell processes. They can appear as “flame shaped
tangles” in pyramidal neurons of the hippocampus and

layer V of the association cortices and as “globose tangles”
as in the basal nucleus of Meynert, raphe nuclei, substan-
tia nigra and locus coeruleus among other places. The
morphology of the tangle is driven by the type of neuron
in which it forms [18]. The mature tangles displace the
nucleus and other vital cellular components, and eventu-
ally the neurons die. The insoluble filaments are left in the
extracellular spaces, where they associate with microglia,
astrocytes and extracellular proteins (e.g., AP) as a “ghost
tangle.” It is believed that neuronal tau pathology, leading
to tangles and neuropil threads, is linked to neuronal
death and cognitive decline in AD. Studies have shown
that their number and location correlates with neuronal
loss, disease severity and clinical course [65, 66]. The rela-
tionship of neurofibrillary tangles to cell death is not
understood, though mutations in the tau gene (MAPT) on
chromosome 17 lead to tau accumulation and neuronal
loss in other neurodegenerative diseases. These disorders
are termed frontotemporal dementia with Parkinsonism
linked to chromosome 17 [67]. Whether these correlations
are related to the loss of tau function and microtubule in-
tegrity associated with these diseases or both is not re-
solved. Whether tangles disrupt protein homeostasis or
sequester necessary cellular components is still controver-
sial. Similar to plaque accumulation in AD, tangles typic-
ally follow a stereotypic progression.

The most widely used staging scheme for tangles was
proposed in 1991 by Heiko and Eva Braak [68]. The sta-
ging scheme is widely used in neuropathologic criteria
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for AD [69, 70]. The earliest stages of NFT deposition in
Braak Stage I are associated with tangles in the transen-
torhinal cortex as it transitions between the allocortical
entorhinal cortex and the temporal isocortex. Here in
the transentorhinal cortex as the superficial entorhinal
Pre-a layer deepens in position, the multipolar neurons
from the entorhinal cortex transform to pyramidal cells
resembling those in the neighboring temporal isocortex.
It is these Pre-a projection neurons of the transentorh-
inal cortex that accumulate the first NFTs in Alzheimer’s
disease along with the occasional tangles observed in the
CAL1 sector of the hippocampus and select nuclei in the
basal forebrain and thalamus [68, 71]. In Stage II, NFTs
observed in Stage I become more robust and the Pre-a
layer of the entorhinal cortex becomes involved along
with stronger representation in the anterodorsal nucleus
of the thalamus. These first two stages of NFT and NT
formation are termed the “transentorhinal stages”, and
NFTs are sparse in the hippocampus proper and virtually
absent in the isocortex. In Stage III, Pre-a layers of the
transentorhinal and entorhinal cortices are fully involved
and ghost tangles begin to appear. NFTs can also be ob-
served in the Pri-a and Pre-p layers, along with the CA1
sector and pyramidal neurons of the subiculum. Tangles
in the magnocellular nuclei of the basal forebrain and
anterodorsal nucleus of the thalamus also become more
pronounced. In Stage IV, NFTs continue to accumulate
in the CA1 region of the hippocampus and also become
apparent in CA4. Additionally neuritic plaques may be
observed in the corticomedial complex along with NFTs
and NTs in the basolateral nuclei of the amygdala and
some portions of the putamen and accumbens nucleus.
All previous pathology becomes more robust during
Stages 3-4 termed the “limbic stages,” and isocortical
pathology remains limited with primary motor and sen-
sory cortices markedly untouched. In Stage V the Pre-p
and Pre-y layers and most of the hippocampus are now
affected, and NTs and ghost tangles become more pro-
nounced in previously affected areas and NPs can be
seen in CAl. The largest changes involved in Stage V re-
gard the extensive involvement of the isocortex. In mild
cases this may be more apparent in the basal portion of
the medial frontal and the inferior portions of the tem-
poral and occipital lobes followed by areas of the insula
and the orbitofrontal cortex. In more severe cases most
of the association cortices are affected, including NPs in
layer III of the temporal lobes, though still only occa-
sional NPs are observed in layer III of the primary motor
and sensory cortices. In Stage VI previously affected
areas continue to deteriorate and now all association
areas are severely affected. Changes in the primary sen-
sory cortex are defined by numerous N'Ts and occasional
NFTs in layer V while the primary motor cortex path-
ology is still largely confined to layer III NPs. The
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anteroventral and reticular nuclei of the thalamus are
more involved as are portions of the hypothalamus, stri-
atum and substantia nigra. Together with Stage V these
represent the “isocortical stages.” Recent modifications
of the Braak scheme also consider possible earlier in-
volvement of subcortical nuclei (e.g., locus ceruleus) [68,
72].

Granulovacuolar degeneration

Additional pathologic changes are inevitably detected in
AD, but not as well characterized in terms of clinical rele-
vance. Granulovacuolar degeneration is one such finding.
In addition to AD, it is detected in other neurodegenera-
tive diseases and in some normal elderly individuals albeit
in low density. These intraneuronal vacuoles were first de-
scribed by Alzheimer and colleagues in 1911 are thought
to be an integral component of AD [73-75]. They are 3—
5 um vacuoles with a central 0.5-1.5 um dense granule as
shown in Fig. 6a. They are labeled with lysosomal markers
(e.g., acid phosphatase histochemistry) and are considered
to be autophagic granules [76, 77]. They are most frequent
in the cytoplasm of pyramidal neurons in the hippocam-
pus. They are double membrane bound vacuoles at the
EM level, and they have immunoreactivity for cytoskeletal
elements, including neurofilament and tau, in addition to
the lysosomal markers (e.g., cathepsin D and LAMPI).
There is some debate as to their significance and origin, as
they also contain epitopes related to apoptosis and stress
granules [74, 77, 78]. Microscopically, these lesions can be
viewed by Bielschowsky’s silver stain, hematoxylin and
eosin staining, though they are not positive with thioflavin
S fluorescent microscopy or Congo red stains [74]. Staging
suggests these structures accumulate in the hippocampus
first, followed by the entorhinal cortex and temporal neo-
cortex and finally the amygdala, thalamus, cingulate gyrus
and even association cortices [79]. As these vacuoles con-
tain relatively few epitopes associated with pathological
tau, it is not certain if they represent a cellular defense or
are more intimately involved in AD pathogenesis [74].
Most recently, phospho-ubiquitin mitophagy markers
label granulovacuolar bodies and their abundance has
been shown to correlate with neurofibrillary tangle dens-
ity, suggesting they may be a cellular response to damage
in the neurons [80].

Hirano bodies

Hirano bodies were first described in Parkinson’s disease
complex of Guam patients as eosinophilic intracytoplas-
mic inclusion bodies found in the presence of NFTs and
GVDs, but not amyloid plaques [76, 81]. These rod-like
inclusions shown in Fig. 6b are located in neuronal den-
drites and are rich in F-actin and actin binding proteins,
and they can be seen with hematoxylin and eosin stain-
ing. They have been reported in middle age and elderly
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Fig. 6 Granulovacuolar Degeneration and Hirano Bodies. Granulovacuolar degeneration is commonly observed in the neurons of AD (a). As
indicated by the arrows, these neurons contain numerous vacuoles housing a dense granule. Additionally, Hirano bodies are often observed as
eosinophilic pink rods within the neurons, as shown with the arrowheads (b). The scale bars are 40 um

normal individuals, as well as a number of disorders in
addition to AD [81]. They are most commonly observed
in the CA1 region of the hippocampus. They are more
frequent and numerous in AD than in normal controls
[82]. Their role in AD pathogenesis remains unclear
[23]. More recently, animal models expressing mutant
actin binding proteins suggest Hirano bodies are associ-
ated with impaired synaptic responses and decreased
spatial working memory [83]. More research needs to be
done in order to better understand their pathogenesis
and role in Alzheimer’s disease.

Inflammatory response

Microglial cells are phagocytes that operate within the
brain, monitoring their territories for pathogen exposure
or deteriorating neurons, which promotes their migra-
tion to the site and subsequent activation and at times
antigen presentation [84, 85]. Normally they play a role
in synaptic monitoring and turnover, but under condi-
tions of stress or deterioration (e.g., protein aggregates
such as AP amyloid fibrils and tau paired helical fila-
ments) they become activated and are observed around
senile plaques, and their numbers increase in promotion
to neuronal damage associated with NFTs and NT [86,
87]. Microglial activation is characterized as an innate
immune response, which can be activated by multiple
factors in the local environment. Receptors on microglia
can bind AP fibrils, driving an inflammatory response
similar to the M1 (proinflammatory) phenotype ob-
served outside the central nervous system [84]. Acti-
vated ameboid microglia are frequently observed
juxtaposed to amyloid deposits in plaques. This may ex-
plain the risk association of TREM2 with AD, as this
microglial and astrocytic receptor is thought to mediate
microglial phagocytosis [84]. Reactive astrocytes repre-
sent the other inflammatory response observed in the
brains of AD patients, and they are thought to function
in the neuroprotection of damaged neurons and

maintaining homeostasis. Astrocytes normally function
to provide trophic support for the neurons and synapses
directly connecting these structures to the critical blood
supply and nutrients. In AD, they also are often observed
around senile plaques, though in lower abundance com-
pared to microglia, and at a greater distance from the
plaque epicenter. It is thought they react to the cytokines
and other agents produced by pro-inflammatory M1
microglia, and these changes in the astrocytes are thought
to be neurotoxic [88, 89]. Reactive astrocyte burden oc-
curs later in AD when dementia develops, and is consid-
ered to be correlate with tau burden [90]. It should also be
noted that neurons and oligodendrocytes are involved in
regulation of glia [85].

Synaptic loss

Neuronal loss parallels the distribution of neurofibrillary
tangles in AD, and it is a better correlate of cognitive
deficits than the tau burden [91]. Still neurons with tan-
gles can be long lasting, perhaps persisting as ghost tan-
gles for decades [23]. Perhaps more importantly, it
appears that synaptic loss precedes neuronal loss, and
these effects are probably driven by amyloid and tau
pathology [92, 93]. Numerous studies of synaptic protein
markers and as well as electron microscopy have docu-
mented synaptic loss in AD and amnestic mild cognitive
impairment that is thought to precede AD [92]. Synaptic
loss appears to be the strongest correlate of cognitive de-
cline in AD surpassing the associations with neuronal loss
and tau burden [94]. Cognitive decline and decreases in
verbal fluency early in AD are believed to reflect these de-
creases in synaptic density in the hippocampus and medial
temporal lobes. One of the earliest studies demonstrated
that declines in synapses are likely the result of axonal
dysfunction affecting the presynaptic termini [95-97].
Gene expression studies in AD validate these findings, as
proteins involved in synaptic vesicle trafficking and neuro-
transmitter recycling, in addition to structural elements of
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the synapse, are affected [92]. These pathogenic changes
appear to be directly related to AD pathology, and their
effects on synaptic function are associated with clinical
symptoms. The route of synaptic damage may be multi-
focal, as impaired axonal transport resulting from tau
dysfunction may be complemented by the arrival of
hyperphosphorylated tau in dendritic spines and con-
comitant impaired synaptic transmission [98]. Interest-
ingly, it is noted the remaining synapses become larger
and more robust, lending credence to a compensatory
synaptic hypothesis in AD [23].

Alzheimer’s diagnoses

Subtypes of AD

Atypical clinical presentations have been reported in pa-
tients that are ultimately determined to have AD at aut-
opsy and have been recognized for almost 50 years [99].
Indeed there was speculation for a time as to whether
true variants existed or whether clinical heterogeneity
resulted from examination at different points in the dis-
ease course [100]. Often these are thought to be clinical
misdiagnoses (Table 2), and many have comorbidities
that complicate clinical diagnoses. Three major subtypes
of AD can be classified by the relative density of hippo-
campal neurofibrillary tangles with respect to neocortical
tangles [3]. Two atypical AD subtypes are defined in this
manner: “hippocampal sparing AD” and “limbic predom-
inant AD.” Hippocampal sparring AD often has an earl-
ier age of onset than typical AD and a more rapid rate
of cognitive decline. In contrast, limbic predominant AD
often has a later age of onset life and a more slowly pro-
gressive cognitive decline. Interestingly, 30% of the hip-
pocampal sparing cases may have an atypical clinical
presentation. These cases can have increased cortical at-
rophy that may be focal or asymmetric, which often
leads to clinical symptoms other than defects in episodic
memory [101]. Deficits in language and semantic know-
ledge, executive functions and visuospatial deficits are
observed in AD, but they are not usually the clinical
presentation [101]. Patients with primary progressive
aphasias presenting as agrammatic, semantic or logope-
nic variants most commonly have frontotemporal lobar
degeneration, but hippocampal sparing AD can also
present in this manner [7, 102]. Another atypical clinical
presentation sometimes associated with hippocampal
sparing AD is posterior cortical atrophy (PCA). In
addition to AD, corticobasal degeneration and prion dis-
ease can cause PCA [103]. Progressive executive dys-
function is most often associated with frontotemporal
lobar degeneration, but AD, especially hippocampal-
sparing AD, can have this presentation [104]. Genetic
analyses of APOE suggest APOE4 is more closely linked
to typical or limbic predominant than hippocampal spar-
ing AD [3]. Amyloid plaque pathology is increased in
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cases with capillary CAA. Capillary CAA is also linked
to APOE4 and a variant (C766T (rs1799986)) in the LDL
receptor related protein 1 (LRP-1), a receptor for apoli-
poproteins, which suggests that capillary CAA my also
represent a subtype of AD [105, 106]. Data shown in
Table 3 and Additional file 3: Figure S3 from the Mayo
Clinic Brain Bank illustrates the frequency of primary
AD presenting with non-amnestic syndromes. In the fu-
ture, use of antemortem biomarkers for tau and amyloid,
including amyloid or tau imaging, may improve recogni-
tion of atypical presentations of AD [107].

Neuropathologic criteria

The pathologic diagnosis of AD recognizes that any
amount of Alzheimer neuropathologic change is abnor-
mal. The most current set of criteria for the neuropatho-
logical assessment of Alzheimer’s disease termed the
2012 National Institute on Aging-Alzheimer’s Associ-
ation Guidelines are based on the semi-quantitative
measure of Thal AP amyloid phase, Braak NFT stage
and CERAD neuritic plaque score, and they are applic-
able to patients with or without dementia [69]. This con-
trasts to the original set of criteria produced in 1985 by
the National Institute on Aging, which focused on age-
related amyloid plaque density (with silver stains or thio-
flavin S fluorescent microscopy) without regard to type
of plaque [108]. These were subsequently revised in
1991 by the Consortium to Establish a Registry for Alz-
heimer’s Disease (CERAD), which focused on neuritic
plaques in the frontal, temporal and parietal cortices and
included clinical presence of dementia to determine if
AD was the definite, probable or possible cause of the
observed symptoms [109]. Neither of these early criteria
included a measure of neurofibrillary tau burden, and
subsequently in 1997 the National Institute on Aging
and Reagan Institute combined the CERAD neuritic
plaque scoring and Braak staging to determine if clinical
dementia had a high, intermediate or low probability of
being caused by AD [110]. These CERAD and NIA-RI
criteria also considered the effects of vascular and Lewy
body disease [4]. Ultimately these criteria were revised
in the 2012 NIA-AA Guidelines as it became more uni-
versally acknowledged that AD pathology can be present
in the absence of clinical symptoms though there are up-
dated clinical guidelines available for ascribing dementia
to AD pathology before death [111]. The current criteria
use an ABC scoring system that requires the presence of
amyloid plaques and tau neurofibrillary tangles to de-
scribe the amount of AD neuropathological change ran-
ging from none to low to intermediate to high amounts
of change. The A score is measured by grouped Thal
phase, the B by Braak stage and the C by neuritic plaque
CERAD score. These guidelines include two measures of
amyloid plaque burden as their independent value was
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Table 3 Pathologic Diagnoses in 626 Patients with Clinical Diagnosis of AD. The majority of clinical AD cases as observed in the
Mayo Clinic Brain Bank from 2007 to 2016 were found to have co-pathologies. Plus sign (+) in the column on pathological diagnosis
of AD indicates additional pathologies beyond the primary and secondary diagnoses listed. Secondary AD indicates a primary
pathological diagnosis other than Alzheimer's disease though AD changes are noted and contributing. Bold indicates significance

differences from the pure AD cases (Student t-Test, p < 0.01)

Path Dx Cases (n) Age (yr) Brain (g) Braak Thal

AD 108 773 £ 112 1060 + 166 5607 47 =07
AD/LBD 73 792 £ 97 1017 £ 122 57+05 49 £ 05
AD/LBD+ 104 83.1 +£8.3 981 + 168 56 £ 06 48 £ 06
AD/Vas 41 84.4 +£5.0 1007 £ 148 54+08 46+ 07
AD/Vas+ 46 86.9 * 6.6 1052 £ 135 52+ 06 48+ 05
AD/CAA 17 753 £ 148 1019 £ 146 58 £04 48 £ 04
AD/CAA+ 53 80.3 £ 9.1 1045 £ 156 56 £05 47 +08
AD/HpScl 20 86.7 £ 5.8 1104 £ 143 55+06 50+ 00
AD/HpScl+ 24 87375 977 £ 181 57 £ 06 50+ 00
AD/Other 21 809+ 110 1032 £ 135 55+06 48 + 06
AD/Other+ 25 818+ 106 950 + 176 54+07 46+ 07
Secondary AD 15 79.5 £ 8.1 1075 £ 167 4.6 £ 0.9 44 +09
No AD 74 83.0+7.7 1049 + 167 29+13 15+17
Normal 5 876 £ 45 1140 £ 158 29+£02 14+13

not known [69]. To reach thresholds for intermediate
and high Alzheimer’s disease neuropathologic change,
cases can have low Thal phase, but they must have a
Braak stage greater than III and a CERAD score in the
moderate to frequent range. Again this system retains
adjustments for age and considers Lewy body disease,
vascular disease and hippocampal sclerosis among other
comorbidities. Additionally a practical assessment com-
panion article was published at the same time describing
the brain sections and staining techniques useful in de-
riving these scores [24]. Neuropathologic criteria align
with revised clinical framework for considering Alzhei-
mer type neuropathologic change in living individuals
using antemortem biomarkers to assess amyloid (A), tau
(T) and neurodegeneration (N). With some combina-
tions associated with AD preclinical stage (A+, T+, N-),
symptomatic stages (A+, T+, N+) or non-AD disease
processes (A-, T +, N+) [112].

Comorbidities in Alzheimer’s disease

Cerebrovascular pathologies

Vascular dementia is most often sporadic and related to
a range of cerebrovascular lesions determined by the
types of vessels involved and the location of the ensuing
brain damage [113]. It represents a heterogeneous group
of disease processes that are often observed together and
increase in frequency with age. It represents the most
common concurrent pathology in AD [18, 113, 114]. In
the Mayo Clinic Brain Bank approximately 16% of the
cases with AD also have significant cerebrovascular
pathology, and patients with mixed pathology were

significantly older than pure AD. The most commonly
observed forms of vascular dementia are multi-infarct
dementia (MID), strategic infarct dementia and subcor-
tical vascular encephalopathy [115], and these are often
caused by atherosclerosis, small vessel disease (SVD),
and CAA [113, 114, 116]. Atherosclerosis is observed in
larger meningocerebral arteries, as well as the internal
carotid and vertebral arteries and arteries of the circle of
Willis. These fibrofatty intimal lesions and can lead to
infarcts (macroscopic and microscopic in nature) or
hemorrhages [113-115]. MID can be caused by athero-
sclerosis, SVD or CAA, but atherosclerosis-related
thrombosis and emboli are a major cause of MID [115].
Similarly, SVD caused by arteriolosclerosis and cardio-
embolic disease can produce cortical and subcortical
microinfarcts, which correlate with cognitive deficits in
vascular dementia [113]. Cerebral penetrating and lenti-
culostriate arteries can be damaged, resulting in cortical
infarcts, lacunar infarcts, microinfarcts and white matter
lesions, which drive both strategic infarct dementia and
subcortical vascular encephalopathy (previously referred
to as Binswanger’s disease) [113, 115]. In strategic infarct
dementia damage to the hippocampus or thalamus can
be caused by SVD or embolic events though capillary
CAA occlusion has been observed in these regions
[115]. SVD subtypes include arteriosclerosis, lipohyalino-
sis and arteriolosclerosis and commonly affects arteries
in the basal ganglia, white matter and brainstem [116].
CAA can affect leptomeningeal and intracerebral arteries
leading to cortical microinfarcts, microhemorrhages, la-
cunar infarcts and white matter lesions [113]. In the
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later stages of CAA, the cerebellum, basal ganglia and
thalamus are affected, with white matter changes occur-
ring last [115]. Capillary CAA has been associated with
microinfarcts in CA1 of the hippocampus and can con-
tribute to hippocampal neuronal loss that is not associ-
ated with TDP-43 pathology or epilepsy [117]. Most
importantly, it appears that cerebrovascular pathology
acts synergistically with AD in driving cognitive impair-
ment and dementia, and that it is highly dependent on
the type of cerebrovascular disease and the location of
lesions [118]. Certainly as lifespans increase, the fre-
quency of cerebrovascular pathology can be expected to
increase and its contributions to age-related cognitive
deficits need to be considered.

Lewy related pathology

Lewy body dementia is a term that encompasses de-
mentia with Lewy bodies (DLB) and Parkinson disease
dementia (PDD) [119]. Lewy related pathology is as-
sociated with pathologic deposition of a-synuclein in
neuronal cell bodies as Lewy bodies and neuronal cell
processes (mostly axons) as Lewy neurites. Specific
neuronal populations in the central and peripheral
nervous systems are vulnerable to Lewy-related path-
ology. In Lewy body dementia, Lewy related pathology
affects corticolimbic regions and is often associated
with concurrent Alzheimer type pathologic change
[120, 121]. In addition Lewy related pathology has
been reported to be frequent in the substantia nigra
of AD, and for a time it was suspected that patients
with PD and coincident dementia had mixed (AD-
PD) pathology [18, 23]. Now it is accepted that pa-
tients with Lewy pathology can have dementia caused
strictly by the Lewy pathology, and this can be ob-
served in patients who exhibit Parkinsonian clinical
symptoms first, as in PDD, and those who develop
dementia first, as in DLB. Almost a quarter of AD
patients develop Parkinsonian features, but the rela-
tive contribution of substantia nigra tangles and Lewy
bodies to this presentation is unresolved [122]. Lewy
bodies in AD do not follow the same pattern of se-
lective vulnerability associated with PD. In particular,
Lewy pathology in AD is most frequent in olfactory
bulb and the amygdala [23, 123]. The clinical signifi-
cance of olfactory and limbic Lewy related pathology
is uncertain. In the Mayo Clinic Brain Bank approxi-
mately 33% of the cases with AD also have Lewy re-
lated pathology as a secondary finding, and work is
being carried out to determine what factors contrib-
ute to comorbidity. Evidence suggests that AP can
directly affect a-synuclein toxicity, and it is also
known that tau protein and a-synuclein can directly
interact promoting their co-assembly [124-126].
Moreover there are several candidate genetic risk
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factors that overlap for AD and PD, most notably
APOE and MAPT [127].

TDP-43 pathology

TDP-43 protein deposition is often encountered in hip-
pocampal sclerosis and AD [128] in addition to the fron-
totemporal dementias [129]. Hippocampal sclerosis of
aging is now recognized to almost always include TDP-43
deposits and sometimes arteriolosclerosis that lead to
intracellular and neuritic deposits of TDP-43 in the hippo-
campus during the preclinical state and eventually hippo-
campal sclerosis and cerebral atrophy in the disease state
[130, 131]. This independent disease process may affectt
up to 10% of clinical AD cases over age 85 without patho-
logically confirmed AD [130]. Typically when observed in
AD, TDP-43 inclusions are first observed in the amygdala
and later the hippocampus (“limbic”), followed by involve-
ment of neocortex and subcortical areas (“diffuse”) analo-
gous to terms used to describe distribution of Lewy-
related pathology [130, 132]. Data from multiple reports
suggest that between 19 and 75% of AD have TDP-43
neuronal inclusions [132]. AD patients with TDP-43 path-
ology tend to be older [130]. As the distribution of TDP-
43 increases from limbic regions to other parts of the
brain, it is associated with worsening cognition and with
medial temporal atrophy on antemortem brain imaging
[130, 132, 133]. TDP-43 deposits are more common in
typical AD and limbic-predominant AD than hippocam-
pal-sparing AD [134]. Similar to the increased frequency
of Lewy related pathology in AD, TDP-43 is more frequent
in the presence of pure AD or mixed AD/LBD compared
to controls [135]. This is a rapidly expanding field of re-
search, and more work will be needed to elucidate how
TDP-43 pathology is related mechanistically to AD path-
ology and their downstream effects.

Argyrophilic grain pathology

In Alzheimer’s disease, tau is routinely deposited as PHF
composed of 3R and 4R tau, but in many primary tauopa-
thies it can also be deposited as either 3R tau or 4R tau.
Argyrophilic grain disease (AGD) is a 4R-tauopathy [136]
with grain like deposits in neuronal dendrites, accompan-
ied by oligodendroglial inclusions (“coiled bodies”), rami-
fied astrocytes and ballooned neurons in the amygdala,
hippocampus and medial temporal lobe [137, 138]. AGD
is associated with amnestic cognitive impairment, in-
creases in frequency with age and has been reported in up
to a quarter of AD. Data from the Mayo Clinic Brain Bank
supports these findings [139]. A pathologic diagnosis of
argyrophilic grain disease can be confirmed with anti-
bodies specific for 4R tau that readily distinguish grains
from the tangles and threads of AD. Argyrophilic grain
disease is not only more frequently observed in Alzhei-
mer’s disease than the general population, but it also
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lowers the pathological threshold for the presentation of
clinical dementia [140].

Age related tau pathologies

Primary age-related tauopathy (PART) and aging-related
tau astrogliopathy (ARTAQG) are independent tau patholo-
gies commonly observed in patients over 80 years of age,
and PART may account for a proportion of the misdiag-
nosed clinical AD cases in the elderly [130, 141, 142].
Neurofibrillary pathology in PART is similar to AD, being
composed of 3R and 4R isoforms. Lesions are found in
the hippocampus and adjacent regions similar to those ob-
served in Braak I-IV, but PART is distinct from AD in that
it lacks amyloid plaques, and it has distinct morbidity and
age range [130, 142]. The frequency of PART increases in
the 80s and 90s when AD prevalence is level or declining
[130]. NFTs in PART may pass through similar phases as
those observed in AD, with progression from pretangles
to NFTs and eventually extracellular ghost tangles. The
latter, when frequent, are associated with memory com-
plaints observed in the elderly [130, 142]. Differentiating
PART from AD remains a challenge [130]. ARTAG repre-
sents astrocytic tau pathology distinct from that observed
in primary tauopathies including PSP, CBD and GGT. It is
associated with 4R tau deposits in subpial or perivascu-
lar thorn-shaped astrocytes or granular fuzzy astrocytes in
gray matter [130]. It is recommended that location, region
and severity of ARTAG be noted, but its relationship to
neurological symptoms is not well characterized [130].

Preclinical Alzheimer’s disease

Alzheimer’s pathology can be found in cognitively nor-
mal patients at the time of autopsy, and this preclinical
phase can also be observed in patients with mild cogni-
tive impairment that do not meet the criteria for clinical
AD [4, 23]. At this point, it is not certain whether clinic-
ally normal individuals with AD pathology would have
developed clinical manifestations had they lived longer
[55, 143]. Recommendations for defining the preclinical
stages of AD are designed to help improve early and ac-
curate clinical diagnoses for potential therapeutic inter-
vention, and as such these efforts require recognition of
amyloid and tau pathology, as well as synaptic loss as
substrates for the clinical manifestations of AD [144].
Those with amnestic mild cognitive impairment do not
always have AD at autopsy even though they have a re-
ported risk for developing dementia of 10-15%, and
sometimes they do not have any discernable pathology
at autopsy [145, 146]. Indeed criteria for the clinical
diagnosis of AD take care to document dementia and
progression while ruling out other likely diseases, with
additional emphasis placed on patients with positive
amyloid and tau biomarkers [111]. Currently, most of
this work is still in the research phase. The majority of
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practicing clinicians lack access to amyloid and tau bio-
markers. Spinal fluid assessments are not routine, and
molecular imaging is currently not a reimbursed ex-
pense. The presence of amyloid plaques and tau neuro-
fibrillary tangles defines AD, but even with the best
imaging, neuropathological diagnoses will remain the
standard to identify comorbidities and attribute clinical
symptoms to their root cause.

Conclusions

Alzheimer’s disease is an expanding medical crisis taking
an enormous personal and financial toll on those af-
fected and their families. The problem is exacerbated by
the lack of routine diagnostic tools for identifying pa-
tients early enough in their course for treatment. Of
equal concern is the lack of effective therapeutic options
once the disease process is recognized. Future research
is needed to determine the root causes of AD, as well as
its variability in clinical presentation. Increasing aware-
ness of comorbidities that contribute to clinical out-
comes will be needed to develop the most effective
treatments. Given the multi-proteinopathies associated
with aging brains, eventual therapies will be multifaceted
targeting the disease through multiple avenues to inhibit
both primary disease pathogenesis and additional unto-
ward cellular responses. Effectiveness of therapeutic ap-
proaches requires concurrent progress in developing
specific and sensitive diagnostic tools. These challenges
are considerable as are the costs to the millions of pa-
tients affected by this disease.

Additional files

Additional file 1: Figure S1. Comorbidities in 1153 Patients with
Pathologic Diagnosis of AD. The majority of AD cases were observed to
have pathologic comorbidities as observed in the Mayo Clinic Brain Bank
2007-2016. (PPTX 52 kb)

Additional file 2: Figure S2. Clinical Diagnoses of 227 Patients with a
Pathologic Diagnosis of Pure AD. More than a third of pathologic AD
cases on the Mayo Clinic Brain Bank from 2007 to 2016 were not
expected to have AD. (PPTX 52 kb)

Additional file 3: Figure S3. Pathologic Diagnoses in 626 Patients with
Clinical Diagnosis of AD. The majority of clinical AD cases as observed in
the Mayo Clinic Brain Bank from 2007 to 2016 were found to have co-
pathologies. (PPTX 63 kb)

Abbreviations

AD: Alzheimer’s Disease; AGD: Argyrophilic Grain Disease;

APOE: Apolipoprotein E; APP: Amyloid Precursor Protein; ARTAG: Aging-
related Tau Astrogliopathy; CAA: Cerebral Amyloid Angiopathy;

DLB: Dementia with Lewy Bodies; EOAD: Early Onset Alzheimer's disease;
FAD: Familial Alzheimer's; GVD: Granulovacuolar Degeneration; LOAD: Late
Onset Alzheimer's disease; MID: Multi-infarct Dementia; NFT: Neurofibrillary
Tangle; NT: Neuropil Thread; PART: Primary Age-related Tauopathy;

PCA: Posterior Cortical Atrophy; PDD: Parkinson’s Disease Dementia;

PHF: Paired Helical Filament; SF: Straight Filament; SVD: Small Vessel Disease


https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1186/s13024-019-0333-5

DeTure and Dickson Molecular Neurodegeneration (2019) 14:32

Acknowledgements
The authors are grateful to the many patients and their families who have
provide materials and information to the Mayo Clinic Brain Bank.

Author’s contributions
Both authors read and approved the final manuscript.

Funding
Alzheimer's Disease Research Center (P50 AG16574).

Availability of data and materials
All data generated during this study are included in this published article.

Ethics approval and consent to participate

The Mayo Clinic brain bank operates under the auspices of the Mayo Clinic
Institutional Review Board (IRB), which has determined that research on
postmortem material is exempt from human subjects research. All autopsies
are approved by the next-of-kin or someone with legal standing to grant
permission for postmortem examinations.

Consent for publication
All participants were properly consented.

Competing interests
The authors declare that they have no competing interests.

Received: 18 October 2018 Accepted: 26 July 2019
Published online: 02 August 2019

References

1. Alzheimer A, Stelzmann RA, Schnitzlein HN, Murtagh FR. An English
translation of Alzheimer's 1907 paper, "Uber eine eigenartige Erkankung der
Hirnrinde". Clin Anat. 1995,8:429-31.

2. Schultz C, Del Tredici KH.B: Neuropathology of Alzheimer's Disease. In
Alzheimer's Disease Current Clinical Neurology. Edited by R. R, B. R. Totowa,
NJ: Humana Press; 2004.

3. Murray ME, Graff-Radford NR, Ross OA, Petersen RC, Duara R, Dickson DW.
Neuropathologically defined subtypes of Alzheimer's disease with distinct
clinical characteristics: a retrospective study. Lancet Neurol. 2011;10:785-96.

4. Caselli RJ, Beach TG, Knopman DS, Graff-Radford NR. Alzheimer disease:
scientific breakthroughs and translational challenges. Mayo Clin Proc.
2017;92:978-94.

5. Aisen PS, Cummings J, Jack CR Jr, Morris JC, Sperling R, Frolich L, Jones
RW, Dowsett SA, Matthews BR, Raskin J, et al. On the path to 2025:
understanding the Alzheimer's disease continuum. Alzheimers Res Ther.
2017;9:60.

6. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL.
Alzheimer's disease. Nat Rev Dis Primers. 2015;1:15056.

7. Lane CA, Hardy J, Schott JM. Alzheimer's disease. Eur J Neurol. 2018;25:
59-70.

8. World Alzheimer Report 2016. http://www.alz.co.uk/research/
WorldAlzheimerReport2016.pdf. 2016.

9.  Barker WW, Luis CA, Kashuba A, Luis M, Harwood DG, Loewenstein D,
Waters C, Jimison P, Shepherd E, Sevush S, et al. Relative frequencies of
Alzheimer disease, Lewy body, vascular and frontotemporal dementia, and
hippocampal sclerosis in the state of Florida brain Bank. Alzheimer Dis
Assoc Disord. 2002;16:203-12.

10.  World Alzheimer Report 2015. http://www.alz.co.uk/research/
WorldAlzheimerReport2015.pdf. 2015.

11. Ryman DC, Acosta-Baena N, Aisen PS, Bird T, Danek A, Fox NC, Goate A,
Frommelt P, Ghetti B, Langbaum JB, et al. Symptom onset in autosomal
dominant Alzheimer disease: a systematic review and meta-analysis.
Neurology. 2014;83:253-60.

12. Mendez MF. Early-onset Alzheimer disease. Neurol Clin. 2017;35:263-81.

13. Kang J, Lemaire HG, Unterbeck A, Salbaum JM, Masters CL, Grzeschik KH,
Multhaup G, Beyreuther K, Muller-Hill B. The precursor of Alzheimer's disease
amyloid A4 protein resembles a cell-surface receptor. Nature. 1987,325:733-6.

14. Ballard C, Mobley W, Hardy J, Williams G, Corbett A. Dementia in Down's
syndrome. Lancet Neurol. 2016;15:622-36.

15.  Verghese PB, Castellano JM, Holtzman DM. Apolipoprotein E in Alzheimer's
disease and other neurological disorders. Lancet Neurol. 2011;10:241-52.

18.
19.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

Page 15 of 18

Karch CM, Goate AM. Alzheimer's disease risk genes and mechanisms of
disease pathogenesis. Biol Psychiatry. 2015,77:43-51.

Jansen IE, Savage JE, Watanabe K, Bryois J, Williams DM, Steinberg S, Sealock
J, Karlsson IK, Hagg S, Athanasiu L, et al. Genome-wide meta-analysis
identifies new loci and functional pathways influencing Alzheimer's disease
risk. Nat Genet. 2019;51:404-13.

Perl DP. Neuropathology of Alzheimer's disease. Mt Sinai J Med. 2010;77:32-42.
Rami L, Sala-Llonch R, Sole-Padulles C, Fortea J, Olives J, Llado A, Pena-
Gomez C, Balasa M, Bosch B, Antonell A, et al. Distinct functional
activity of the precuneus and posterior cingulate cortex during
encoding in the preclinical stage of Alzheimer's disease. J Alzheimers
Dis. 2012;31:517-26.

Zhou J, Greicius MD, Gennatas ED, Growdon ME, Jang JY, Rabinovici GD,
Kramer JH, Weiner M, Miller BL, Seeley WW. Divergent network connectivity
changes in behavioural variant frontotemporal dementia and Alzheimer's
disease. Brain. 2010;133:1352-67.

Piguet O, Double KL, Kril JJ, Harasty J, Macdonald V, McRitchie DA, Halliday
GM. White matter loss in healthy ageing: a postmortem analysis. Neurobiol
Aging. 2009;30:1288-95.

Apostolova LG, Green AE, Babakchanian S, Hwang KS, Chou YY, Toga AW,
Thompson PM. Hippocampal atrophy and ventricular enlargement in
normal aging, mild cognitive impairment (MCl), and Alzheimer disease.
Alzheimer Dis Assoc Disord. 2012,26:17-27.

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT. Neuropathological
alterations in Alzheimer disease. Cold Spring Harb Perspect Med.
2011;1:a006189.

Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW,
Duyckaerts C, Frosch MP, Masliah E, Mirra SS, et al. National Institute on
Aging-Alzheimer's Association guidelines for the neuropathologic
assessment of Alzheimer's disease: a practical approach. Acta Neuropathol.
2012;,123:1-11.

Ryan NS, Rossor MN, Fox NC. Alzheimer's disease in the 100 years since
Alzheimer's death. Brain. 2015;138:3816-21.

Jack CR Jr, Petersen RC, Xu YC, O'Brien PC, Smith GE, Ivnik RJ, Boeve BF,
Waring SC, Tangalos EG, Kokmen E. Prediction of AD with MRI-based
hippocampal volume in mild cognitive impairment. Neurology. 1999;52:
1397-403.

Kumar A, Singh A. Ekavali: a review on Alzheimer's disease pathophysiology
and its management: an update. Pharmacol Rep. 2015;67:195-203.

Goedert M. Oskar Fischer and the study of dementia. Brain. 2009;132:1102-11.
Thal DR, Capetillo-Zarate E, Del Tredici K, Braak H. The development of
amyloid beta protein deposits in the aged brain. Sci Aging Knowledge
Environ 2006. 2006:reT.

Sipe JD, Cohen AS. Review: history of the amyloid fibril. J Struct Biol.
2000;130:88-98.

Rozemuller JM, Eikelenboom P, Stam FC, Beyreuther K, Masters CL. A4
protein in Alzheimer's disease: primary and secondary cellular events
in extracellular amyloid deposition. J Neuropathol Exp Neurol. 1989;
48:674-91.

O'Brien RJ, Wong PC. Amyloid precursor protein processing and Alzheimer's
disease. Annu Rev Neurosci. 2011;34:185-204.

Dickson DW. The pathogenesis of senile plaques. J Neuropathol Exp Neurol.
1997;56:321-39.

Davies CA, Mann DM. Is the "preamyloid" of diffuse plaques in Alzheimer's
disease really nonfibrillar? Am J Pathol. 1993;143:1594-605.

Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya Y. Diffuse type of
senile plaques in the brains of Alzheimer-type dementia. Acta Neuropathol.
1988;77:113-9.

Yasuhara O, Kawamata T, Aimi Y, McGeer EG, McGeer PL. Two types of
dystrophic neurites in senile plaques of Alzheimer disease and elderly non-
demented cases. Neurosci Lett. 1994;171:73-6.

Malek-Ahmadi M, Perez SE, Chen K, Mufson EJ. Neuritic and diffuse plaque
associations with memory in non-cognitively impaired elderly. J Alzheimers
Dis. 2016;53:1641-52.

Knowles RB, Wyart C, Buldyrev SV, Cruz L, Urbanc B, Hasselmo ME, Stanley
HE, Hyman BT. Plaque-induced neurite abnormalities: implications for
disruption of neural networks in Alzheimer's disease. Proc Natl Acad Sci U S
A. 1999,96:5274-9.

Dickson DW. Neuropathological diagnosis of Alzheimer's disease: a
perspective from longitudinal clinicopathological studies. Neurobiol Aging.
1997,18521-6.


http://www.alz.co.uk/research/WorldAlzheimerReport2016.pdf
http://www.alz.co.uk/research/WorldAlzheimerReport2016.pdf
http://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf
http://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf

DeTure and Dickson Molecular Neurodegeneration

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2019) 14:32

Dickson TC, Vickers JC. The morphological phenotype of beta-amyloid
plaques and associated neuritic changes in Alzheimer's disease.
Neuroscience. 2001;105:99-107.

Han S, Kollmer M, Markx D, Claus S, Walther P, Fandrich M. Amyloid plaque
structure and cell surface interactions of beta-amyloid fibrils revealed by
electron tomography. Sci Rep. 2017;7:43577.

Braak H, Braak E. Frequency of stages of Alzheimer-related lesions in
different age categories. Neurobiol Aging. 1997;18:351-7.

Thal DR, Rub U, Orantes M, Braak H. Phases of a beta-deposition in the
human brain and its relevance for the development of AD. Neurology. 2002;
58:1791-800.

Montine TJ, Monsell SE, Beach TG, Bigio EH, Bu Y, Cairns NJ, Frosch M,
Henriksen J, Kofler J, Kukull WA, et al. Multisite assessment of NIA-AA
guidelines for the neuropathologic evaluation of Alzheimer's disease.
Alzheimers Dement. 2016;12:164-9.

Alafuzoff I, Thal DR, Arzberger T, Bogdanovic N, Al-Sarraj S, Bodi |, Boluda S,
Bugiani O, Duyckaerts C, Gelpi E, et al. Assessment of beta-amyloid deposits
in human brain: a study of the BrainNet Europe consortium. Acta
Neuropathol. 2009;117:309-20.

Charidimou A, Boulouis G, Gurol ME, Ayata C, Bacskai BJ, Frosch MP,
Viswanathan A, Greenberg SM. Emerging concepts in sporadic cerebral
amyloid angiopathy. Brain. 2017;140:1829-50.

Thal DR, Ghebremedhin E, Rub U, Yamaguchi H, Del Tredici K, Braak H. Two
types of sporadic cerebral amyloid angiopathy. J Neuropathol Exp Neurol.
2002;61:282-93.

Attems J, Yamaguchi H, Saido TC, Thal DR. Capillary CAA and perivascular
Abeta-deposition: two distinct features of Alzheimer's disease pathology. J
Neurol Sci. 2010;299:155-62.

Vidoni ED, Yeh HW, Morris JK, Newell KL, Algahtani A, Burns NC, Burns JM,
Billinger SA. Cerebral beta-amyloid Angiopathy is associated with earlier
dementia onset in Alzheimer's disease. Neurodegener Dis. 2016;16:218-24.
Smith EE. Cerebral amyloid angiopathy as a cause of neurodegeneration. J
Neurochem. 2017.

Boche D, Denham N, Holmes C, Nicoll JA. Neuropathology after active
Abeta42 immunotherapy: implications for Alzheimer's disease pathogenesis.
Acta Neuropathol. 2010;120:369-84.

Bales KR, O'Neill SM, Pozdnyakov N, Pan F, Caouette D, Pi Y, Wood KM,
Volfson D, Cirrito JR, Han BH, et al. Passive immunotherapy targeting
amyloid-beta reduces cerebral amyloid angiopathy and improves vascular
reactivity. Brain. 2016;139:563-77.

Calhoun ME, Burgermeister P, Phinney AL, Stalder M, Tolnay M, Wiederhold KH,
Abramowski D, Sturchler-Pierrat C, Sommer B, Staufenbiel M, Jucker M. Neuronal
overexpression of mutant amyloid precursor protein results in prominent
deposition of cerebrovascular amyloid. Proc Natl Acad Sci U S A. 1999,96:14088-93.
Oshima K, Uchikado H, Dickson DW. Perivascular neuritic dystrophy
associated with cerebral amyloid angiopathy in Alzheimer's disease. Int J
Clin Exp Pathol. 2008;1:403-8.

Dickson DW, Crystal HA, Mattiace LA, Masur DM, Blau AD, Davies P, Yen SH,
Aronson MK Identification of normal and pathological aging in prospectively
studied nondemented elderly humans. Neurobiol Aging. 1992;13:179-89.
Kidd M. Paired helical filaments in electron microscopy of Alzheimer's
disease. Nature. 1963;197:192-3.

Fitzpatrick AWP, Falcon B, He S, Murzin AG, Murshudov G, Garringer HJ,
Crowther RA, Ghetti B, Goedert M, Scheres SHW. Cryo-EM structures of tau
filaments from Alzheimer's disease. Nature. 2017;547:185-90.

Crowther RA. Straight and paired helical filaments in Alzheimer disease
have a common structural unit. Proc Natl Acad Sci U S A. 1991;88:2288-92.
Wischik CM, Novak M, Thogersen HC, Edwards PC, Runswick MJ, Jakes R,
Walker JE, Milstein C, Roth M, Klug A. Isolation of a fragment of tau derived
from the core of the paired helical filament of Alzheimer disease. Proc Natl
Acad Sci U S A. 1988;85:4506-10.

Alonso AC, Zaidi T, Grundke-Igbal |, Igbal K. Role of abnormally
phosphorylated tau in the breakdown of microtubules in Alzheimer disease.
Proc Natl Acad Sci U S A. 1994,91:5562-6.

Alonso AC, Grundke-Igbal I, Igbal K. Alzheimer's disease
hyperphosphorylated tau sequesters normal tau into tangles of filaments
and disassembles microtubules. Nat Med. 1996,2:783-7.

Braak H, Braak E, Grundke-Igbal |, Igbal K. Occurrence of neuropil threads in
the senile human brain and in Alzheimer's disease: a third location of paired
helical filaments outside of neurofibrillary tangles and neuritic plaques.
Neurosci Lett. 1986;65:351-5.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

Page 16 of 18

Perry G, Kawai M, Tabaton M, Onorato M, Mulvihill P, Richey P, Morandi A,
Connolly JA, Gambetti P. Neuropil threads of Alzheimer's disease show a
marked alteration of the normal cytoskeleton. J Neurosci. 1991;11:1748-55.
Mitchell TW, Nissanov J, Han LY, Mufson EJ, Schneider JA, Cochran EJ,
Bennett DA, Lee VM, Trojanowski JQ, Arnold SE. Novel method to quantify
neuropil threads in brains from elders with or without cognitive
impairment. J Histochem Cytochem. 2000;48:1627-38.

Bierer LM, Hof PR, Purohit DP, Carlin L, Schmeidler J, Davis KL, Perl DP.
Neocortical neurofibrillary tangles correlate with dementia severity in
Alzheimer's disease. Arch Neurol. 1995;52:81-8.

Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary
tangles but not senile plaques parallel duration and severity of Alzheimer's
disease. Neurology. 1992;42:631-9.

Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, Pickering-
Brown S, Chakraverty S, Isaacs A, Grover A, et al. Association of missense
and 5"splice-site mutations in tau with the inherited dementia FTDP-17.
Nature. 1998;393:702-5.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. 1991;82:239-59.

Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, Dickson
DW, Duyckaerts C, Frosch MP, Masliah E, et al. National Institute on Aging-
Alzheimer's Association guidelines for the neuropathologic assessment of
Alzheimer's disease. Alzheimers Dement. 2012;8:1-13.

Alafuzoff |, Arzberger T, Al-Sarraj S, Bodi |, Bogdanovic N, Braak H, Bugiani O,
Del-Tredici K, Ferrer |, Gelpi E, et al. Staging of neurofibrillary pathology in
Alzheimer's disease: a study of the BrainNet Europe consortium. Brain
Pathol. 2008;18:484-96.

Braak H, Braak E. On areas of transition between entorhinal allocortex and
temporal isocortex in the human brain. Normal morphology and lamina-
specific pathology in Alzheimer's disease. Acta Neuropathol. 1985,68:325-32.
Braak H, Del Tredici K. The pathological process underlying Alzheimer's
disease in individuals under thirty. Acta Neuropathol. 2011;121:171-81.

Ball MJ, Lo P. Granulovacuolar degeneration in the ageing brain and in
dementia. J Neuropathol Exp Neurol. 1977,36:474-87.

Kohler C. Granulovacuolar degeneration: a neurodegenerative change that
accompanies tau pathology. Acta Neuropathol. 2016;132:339-59.

Woodard JS. Clinicopathologic significance of granulovacuolar degeneration
in Alzheimer's disease. J Neuropathol Exp Neurol. 1962;21:85-91.

Hirano A, Dembitzer HM, Kurland LT, Zimmerman HM. The fine structure of
some intraganglionic alterations. Neurofibrillary tangles, granulovacuolar
bodies and "rod-like" structures as seen in Guam amyotrophic lateral
sclerosis and parkinsonism-dementia complex. J Neuropathol Exp Neurol.
1968;27:167-82.

Funk KE, Mrak RE, Kuret J. Granulovacuolar degeneration (GVD) bodies of
Alzheimer's disease (AD) resemble late-stage autophagic organelles.
Neuropathol Appl Neurobiol. 2011;37:295-306.

Dickson DW, Ksiezak-Reding H, Davies P, Yen SH. A monoclonal antibody
that recognizes a phosphorylated epitope in Alzheimer neurofibrillary
tangles, neurofilaments and tau proteins immunostains granulovacuolar
degeneration. Acta Neuropathol. 1987,73:254-8.

Thal DR, Del Tredici K, Ludolph AC, Hoozemans JJ, Rozemuller AJ, Braak H,
Knippschild U. Stages of granulovacuolar degeneration: their relation to
Alzheimer's disease and chronic stress response. Acta Neuropathol. 2011;
122:577-89.

Hou X, Fiesel FC, Truban D, Castanedes Casey M, Lin WL, Soto Al, Tacik P,
Rousseau LG, Diehl NN, Heckman MG, et al. Age- and disease-dependent
increase of the mitophagy marker phospho-ubiquitin in normal aging and
Lewy body disease. Autophagy. 2018;14:1404-18.

Hirano A. Hirano bodies and related neuronal inclusions. Neuropathol Appl
Neurobiol. 1994:20:3-11.

Gibson PH, Tomlinson BE. Numbers of Hirano bodies in the hippocampus
of normal and demented people with Alzheimer's disease. J Neurol Sci.
1977;33:199-206.

Furgerson M, Clark JK, Crystal JD, Wagner JJ, Fechheimer M, Furukawa R.
Hirano body expression impairs spatial working memory in a novel mouse
model. Acta Neuropathol Commun. 2014;2:131.

Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL,
Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM, et al. Neuroinflammation
in Alzheimer's disease. Lancet Neurol. 2015;14:388-405.

Da Mesquita S, Ferreira AC, Sousa JC, Correia-Neves M, Sousa N, Marques F.
Insights on the pathophysiology of Alzheimer's disease: the crosstalk



DeTure and Dickson Molecular Neurodegeneration

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

(2019) 14:32

between amyloid pathology, neuroinflammation and the peripheral
immune system. Neurosci Biobehav Rev. 2016,68:547-62.

Serrano-Pozo A, Mielke ML, Gomez-Isla T, Betensky RA, Growdon JH, Frosch
MP, Hyman BT. Reactive glia not only associates with plaques but also
parallels tangles in Alzheimer's disease. Am J Pathol. 2011;179:1373-84.
Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J. Resting microglia
directly monitor the functional state of synapses in vivo and determine the
fate of ischemic terminals. J Neurosci. 2009;29:3974-80.

Steele ML, Robinson SR. Reactive astrocytes give neurons less support:
implications for Alzheimer's disease. Neurobiol Aging. 2012,33:423 e421-13.
Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
Bennett ML, Munch AE, Chung WS, Peterson TC, et al. Neurotoxic reactive
astrocytes are induced by activated microglia. Nature. 2017;541:481-7.
Vehmas AK, Kawas CH, Stewart WF, Troncoso JC. Immune reactive cells in
senile plaques and cognitive decline in Alzheimer's disease. Neurobiol
Aging. 2003,24:321-31.

Gomez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC, Parisi JE,
Hyman BT. Neuronal loss correlates with but exceeds neurofibrillary tangles
in Alzheimer's disease. Ann Neurol. 1997,41:17-24.

Overk CR, Masliah E. Pathogenesis of synaptic degeneration in Alzheimer's
disease and Lewy body disease. Biochem Pharmacol. 2014;88:508-16.
Forner S, Baglietto-Vargas D, Martini AC, Truijillo-Estrada L, LaFerla FM.
Synaptic impairment in Alzheimer's disease: a dysregulated symphony.
Trends Neurosci. 2017;40:347-57.

Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, Hansen LA,
Katzman R. Physical basis of cognitive alterations in Alzheimer's disease:
synapse loss is the major correlate of cognitive impairment. Ann Neurol.
1991;30:572-80.

Scheff SW, Price DA, Schmitt FA, Mufson EJ. Hippocampal synaptic loss in
early Alzheimer's disease and mild cognitive impairment. Neurobiol Aging.
2006;27:1372-84.

Masliah E, Hansen L, Albright T, Mallory M, Terry RD. Immunoelectron
microscopic study of synaptic pathology in Alzheimer's disease. Acta
Neuropathol. 1991;81:428-33.

Scheff SW, Price DA, Schmitt FA, Scheff MA, Mufson EJ. Synaptic loss in the
inferior temporal gyrus in mild cognitive impairment and Alzheimer's
disease. J Alzheimers Dis. 2011;24:547-57.

Hoover BR, Reed MN, Su J, Penrod RD, Kotilinek LA, Grant MK, Pitstick R,
Carlson GA, Lanier LM, Yuan LL, et al. Tau mislocalization to dendritic spines
mediates synaptic dysfunction independently of neurodegeneration.
Neuron. 2010;68:1067-81.

McDonald C. Clinical heterogeneity in senile dementia. Br J Psychiatry.
1969;115:267-71.

Ritchie K, Touchon J. Heterogeneity in senile dementia of the Alzheimer
type: individual differences, progressive deterioration or clinical sub-types? J
Clin Epidemiol. 1992;45:1391-8.

Weintraub S, Wicklund AH, Salmon DP. The neuropsychological profile of
Alzheimer disease. Cold Spring Harb Perspect Med. 2012;2:a006171.
Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF,
Ogar JM, Rohrer JD, Black S, Boeve BF, et al. Classification of primary
progressive aphasia and its variants. Neurology. 2011;76:1006-14.

Crutch SJ, Lehmann M, Schott JM, Rabinovici GD, Rossor MN, Fox NC.
Posterior cortical atrophy. Lancet Neurol. 2012;11:170-8.

Lam B, Masellis M, Freedman M, Stuss DT, Black SE. Clinical, imaging, and
pathological heterogeneity of the Alzheimer's disease syndrome. Alzheimers
Res Ther. 2013;5:1.

Thal DR, Papassotiropoulos A, Saido TC, Griffin WS, Mrak RE, Kolsch H, Del
Tredici K, Attems J, Ghebremedhin E. Capillary cerebral amyloid angiopathy
identifies a distinct APOE epsilon4-associated subtype of sporadic
Alzheimer's disease. Acta Neuropathol. 2010;120:169-83.

Mann DMA, Davidson YS, Robinson AC, Allen N, Hashimoto T, Richardson A,
Jones M, Snowden JS, Pendleton N, Potier MC, et al. Patterns and severity of
vascular amyloid in Alzheimer's disease associated with duplications and
missense mutations in APP gene, Down syndrome and sporadic Alzheimer's
disease. Acta Neuropathol. 2018;136:569-87.

Camsari GB, Murray ME, Graff-Radford NR. Case studies illustrating focal
Alzheimer's, fluent aphasia, late-onset memory loss, and rapid dementia.
Neurol Clin. 2016;34:699-716.

Khachaturian ZS. Diagnosis of Alzheimer's disease. Arch Neurol. 1985:42:1097-105.
Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brownlee LM, Vogel FS,
Hughes JP, van Belle G, Berg L. The consortium to establish a registry for

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

127.

129.

Page 17 of 18

Alzheimer's disease (CERAD). Part Il. Standardization of the neuropathologic
assessment of Alzheimer's disease. Neurology. 1991;41:479-86.

Ball M, Braak H, Coleman P, Dickson D, Duyckaerts C, Gambetti P,
Hansen L, Hyman B, Jellinger K, Khachaturian Z, et al. Consensus
recommendations for the postmortem diagnosis of Alzheimer's disease.
The National Institute on Aging, and Reagan institute working group
on diagnostic criteria for the neuropathological assessment of
Alzheimer's disease. Neurobiol Aging. 1997;18:51-2.

. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH,

Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R, et al. The diagnosis of
dementia due to Alzheimer's disease: recommendations from the National
Institute on Aging-Alzheimer's Association workgroups on diagnostic
guidelines for Alzheimer's disease. Alzheimers Dement. 2011;7:263-9.

Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB,
Holtzman DM, Jagust W, Jessen F, Karlawish J, et al. NIA-AA research
framework: toward a biological definition of Alzheimer's disease. Alzheimers
Dement. 2018;14:535-62.

Kalaria RN. Neuropathological diagnosis of vascular cognitive impairment
and vascular dementia with implications for Alzheimer's disease. Acta
Neuropathol. 2016;131:659-85.

Rodriguez Garcia PL, Rodriguez Garcia D. Diagnosis of vascular cognitive
impairment and its main categories. Neurologia. 2015;30:223-39.

Thal DR, Grinberg LT, Attems J. Vascular dementia: different forms of vessel
disorders contribute to the development of dementia in the elderly brain.
Exp Gerontol. 2012;47:816-24.

Grinberg LT, Thal DR. Vascular pathology in the aged human brain. Acta
Neuropathol. 2010;119:277-90.

Hecht M, Kramer LM, von Arnim CAF, Otto M, Thal DR. Capillary cerebral
amyloid angiopathy in Alzheimer's disease: association with allocortical/
hippocampal microinfarcts and cognitive decline. Acta Neuropathol. 2018;
135:681-94.

Gold G, Giannakopoulos P, Herrmann FR, Bouras C, Kovari E. Identification of
Alzheimer and vascular lesion thresholds for mixed dementia. Brain. 2007;
130:2830-6.

Corriveau RA, Koroshetz WJ, Gladman JT, Jeon S, Babcock D, Bennett DA,
Carmichael ST, Dickinson SL, Dickson DW, Emr M, et al. Alzheimer's Disease-
Related Dementias Summit 2016, National research priorities. Neurology.
2017,(89):2381-91.

Boller F, Mizutani T, Roessmann U, Gambetti P. Parkinson disease, dementia, and
Alzheimer disease: clinicopathological correlations. Ann Neurol. 1980;7:329-35.

. Duyckaerts C, Delatour B, Potier MC. Classification and basic pathology of

Alzheimer disease. Acta Neuropathol. 2009;118:5-36.

. Chui HC, Ramirez-Gomez L. Clinical and imaging features of mixed

Alzheimer and vascular pathologies. Alzheimers Res Ther. 2015;7:21.

. Hansen L, Salmon D, Galasko D, Masliah E, Katzman R, DeTeresa R, Thal L,

Pay MM, Hofstetter R, Klauber M, et al. The Lewy body variant of Alzheimer's
disease: a clinical and pathologic entity. Neurology. 1990;40:1-8.

. Mandal PK, Pettegrew JW, Masliah E, Hamilton RL, Mandal R. Interaction

between Abeta peptide and alpha synuclein: molecular mechanisms in
overlapping pathology of Alzheimer's and Parkinson's in dementia with
Lewy body disease. Neurochem Res. 2006;31:1153-62.

. Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, Kotzbauer PT,

Trojanowski JQ, Lee VM. Initiation and synergistic fibrillization of tau and
alpha-synuclein. Science. 2003;300:636-40.

. Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, Riddle DM, Kwong

LK, Xu Y, Trojanowski JQ, Lee VM. Distinct alpha-synuclein strains
differentially promote tau inclusions in neurons. Cell. 2013;154:103-17.
Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche DH, Weintraub D,
Ballard C. Cognitive decline in Parkinson disease. Nat Rev Neurol. 2017;13:
217-31.

. Amador-Ortiz C, Lin WL, Ahmed Z, Personett D, Davies P, Duara R,

Graff-Radford NR, Hutton ML, Dickson DW. TDP-43 immunoreactivity in
hippocampal sclerosis and Alzheimer's disease. Ann Neurol. 2007;61:
435-45.

Uryu K, Nakashima-Yasuda H, Forman MS, Kwong LK, Clark CM, Grossman
M, Miller BL, Kretzschmar HA, Lee VM, Trojanowski JQ, Neumann M.
Concomitant TAR-DNA-binding protein 43 pathology is present in
Alzheimer disease and corticobasal degeneration but not in other
tauopathies. J Neuropathol Exp Neurol. 2008,67:555-64.

. Nelson PT, Trojanowski JQ, Abner EL, Al-Janabi OM, Jicha GA, Schmitt

FA, Smith CD, Fardo DW, Wang WX, Kryscio RJ, et al. "new old



DeTure and Dickson Molecular Neurodegeneration

131.

132.

136.

137.

138.

139.

140.

142.

143.

144.

145.

146.

(2019) 14:32

pathologies": AD, PART, and cerebral age-related TDP-43 with sclerosis
(CARTS). J Neuropathol Exp Neurol. 2016,75:482-98.

Cykowski MD, Powell SZ, Schulz PE, Takei H, Rivera AL, Jackson RE,
Roman G, Jicha GA, Nelson PT. Hippocampal sclerosis in older patients:
practical examples and guidance with a focus on cerebral age-related
TDP-43 with sclerosis. Arch Pathol Lab Med. 2017;141:1113-26.

Josephs KA, Murray ME, Whitwell JL, Parisi JE, Petrucelli L, Jack CR, Petersen
RC, Dickson DW. Staging TDP-43 pathology in Alzheimer's disease. Acta
Neuropathol. 2014;127:441-50.

. Josephs KA, Whitwell JL, Weigand SD, Murray ME, Tosakulwong N, Liesinger

AM, Petrucelli L, Senjem ML, Knopman DS, Boeve BF, et al. TDP-43 is a key
player in the clinical features associated with Alzheimer's disease. Acta
Neuropathol. 2014;127:811-24.

. Josephs KA, Whitwell JL, Tosakulwong N, Weigand SD, Murray ME, Liesinger

AM, Petrucelli L, Senjem ML, Ivnik RJ, Parisi JE, et al. TAR DNA-binding
protein 43 and pathological subtype of Alzheimer's disease impact clinical
features. Ann Neurol. 2015,78:697-709.

. McAleese KE, Walker L, Erskine D, Thomas AJ, McKeith |G, Attems J. TDP-43

pathology in Alzheimer's disease, dementia with Lewy bodies and ageing.
Brain Pathol. 2017;27:472-9.

Togo T, Sahara N, Yen SH, Cookson N, Ishizawa T, Hutton M, de Silva R, Lees
A, Dickson DW. Argyrophilic grain disease is a sporadic 4-repeat tauopathy.
J Neuropathol Exp Neurol. 2002,61:547-56.

Tolnay M, Sergeant N, Ghestem A, Chalbot S, De Vos RA, Jansen Steur EN,
Probst A, Delacourte A. Argyrophilic grain disease and Alzheimer's disease
are distinguished by their different distribution of tau protein isoforms. Acta
Neuropathol. 2002;104:425-34.

Braak H, Braak E. Argyrophilic grains: characteristic pathology of cerebral
cortex in cases of adult onset dementia without Alzheimer changes.
Neurosci Lett. 1987;76:124-7.

Togo T, Cookson N, Dickson DW. Argyrophilic grain disease:
neuropathology, frequency in a dementia brain bank and lack of
relationship with apolipoprotein E. Brain Pathol. 2002;12:45-52.

Thal DR, Schultz C, Botez G, Del Tredici K, Mrak RE, Griffin WS, Wiestler OD,
Braak H, Ghebremedhin E. The impact of argyrophilic grain disease on the
development of dementia and its relationship to concurrent Alzheimer's
disease-related pathology. Neuropathol Appl Neurobiol. 2005;31:270-9.

. Kovacs GG, Ferrer |, Grinberg LT, Alafuzoff |, Attems J, Budka H, Cairns NJ, Crary

JF, Duyckaerts C, Ghetti B, et al. Aging-related tau astrogliopathy (ARTAG):
harmonized evaluation strategy. Acta Neuropathol. 2016;131:87-102.

Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner EL, Alafuzoff |,
Arnold SE, Attems J, Beach TG, Bigio EH, et al. Primary age-related
tauopathy (PART): a common pathology associated with human aging. Acta
Neuropathol. 2014;128:755-66.

Dickson DW. The value of cross sectional neuroanatomical studies as a
conceptual framework for prospective clinicopathological studies. Neurobiol
Aging. 1997;18:382-6 discussion 389-392.

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, Iwatsubo
T, Jack CR Jr, Kaye J, Montine TJ, et al. Toward defining the preclinical
stages of Alzheimer's disease: recommendations from the National Institute
on Aging-Alzheimer's Association workgroups on diagnostic guidelines for
Alzheimer's disease. Alzheimers Dement. 2011;7:280-92.

Jicha GA, Parisi JE, Dickson DW, Johnson K, Cha R, Ivnik RJ, Tangalos EG,
Boeve BF, Knopman DS, Braak H, Petersen RC. Neuropathologic outcome of
mild cognitive impairment following progression to clinical dementia. Arch
Neurol. 2006,63:674-81.

Schneider JA, Arvanitakis Z, Leurgans SE, Bennett DA. The
neuropathology of probable Alzheimer disease and mild cognitive
impairment. Ann Neurol. 2009;66:200-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Historical information
	Epidemiology
	Etiology
	Pathology of Alzheimer’s disease
	Macroscopic features
	Microscopic features

	Amyloid plaques
	Neuritic plaques
	Distribution of amyloid plaques
	Cerebral amyloid Angiopathy
	Neurofibrillary tangles and neuropil threads
	Distribution of neurofibrillary tangles
	Granulovacuolar degeneration
	Hirano bodies
	Inflammatory response
	Synaptic loss
	Alzheimer’s diagnoses
	Subtypes of AD
	Neuropathologic criteria

	Comorbidities in Alzheimer’s disease
	Cerebrovascular pathologies

	Lewy related pathology
	TDP-43 pathology
	Argyrophilic grain pathology
	Age related tau pathologies
	Preclinical Alzheimer’s disease

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

