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Neuropathology of Alzheimer’s Disease

Christian Schultz, Kelly Del Tredici, and Heiko Braak

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative and dementing disorder that can be
detected clinically only in its end phase. AD is the most widespread type of dementia and affects about
10% of individuals older than 65 years and about 40% of individuals older than 80 years of age (7,2).
The earliest sign of AD is a subtle decline in memory functions in a state of clear consciousness. Mental
capabilities gradually worsen and personality changes appear, followed by deterioration of language
functions, impairment of visuospatial tasks, and, in the disease’s final stages, dysfunction of the motor
system in the form of a hypokinetic-hypertonic syndrome.

A definitive diagnosis of AD based on clinical observations is impossible and requires confirma-
tion by postmortem examination. One of the neuropathological hallmarks of AD is comprised of extra-
cellular precipitations of the B-amyloid peptide (3,4), which is derived from the amyloid precursor
protein (APP) by proteolytic cleavage.

The second acknowledged neuropathological hallmark of AD is the presence of neurofibrillary
inclusions composed of an abnormally phosphorylated and aggregated microtubule-associated tau pro-
tein (5-7). The lesions develop in the form of neurofibrillary tangles (NFTs, first described and
depicted by Aloys Alzheimer) and neuropil threads (NTs). Such neurofibrillary pathology is not
unique to AD, but is also seen in other diseases that are collectively designated as “tauopathies.” These
other disorders that make up this group are distinct from AD in that different brain areas are affected
and abundant tau-positive inclusions in glial cells are present (8,9). A heterogeneous group of hered-
itary tauopathies, referred to as “frontotemporal dementia” and “parkinsonism linked to chromosome
17 (FTDP-17),” is caused by dominant mutations in the tau gene (/0). This genetic link underscores
the significance of tau dysfunction as a pathogenic factor that can cause neurodegeneration and
dementia in humans. AD-related neurofibrillary changes are closely associated with neuronal cell loss
and correlate well with the severity of clinical symptoms (//—13). The destructive process that under-
lies the neurofibrillary pathology in AD commences in a few susceptible types of nerve cells in pre-
disposed cortical induction sites and subsequently invades other portions of the cerebral cortex and
specific sets of subcortical nuclei. The pathological changes evolve according to a predictable topo-
graphic sequence with little variation among individuals (6,74-18).

ANATOMICAL CONSIDERATIONS

Understanding of the significance of Alzheimer-related lesions can be facilitated by using schematic
diagrams of the major cortical pathways that become involved (Fig. 1). The human cerebral cortex is
not a uniform entity; rather, it is composed of two divisions: an extensive neocortex and a small allo-
cortex. The allocortex includes limbic system centers, such as the hippocampal formation and the
entorhinal region, both of which are interconnected with the subcortical nuclear complex of the amyg-
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dala. The parietal, occipital, and temporal territories of the neocortex are each comprised of a primary
area, a belt of secondary fields, and related higher-order association areas (19,20). Visual, auditory,
and somatosensory information proceeds through the respective primary and secondary fields to a vari-
ety of related association areas and is then conveyed by long cortico-cortical pathways to the prefrontal
cortex (Fig. 1A,C). These data are then transferred through the premotor areas to the primary motor
field. The major pathways for this continual data flow are the striatal and the cerebellar loops, which
integrate the basal ganglia, many nuclei of the lower brainstem, and the cerebellum into the regula-
tion of cortical output. Some of the exteroceptive data that flow from the sensory association areas to
the prefrontal neocortex converge on the entorhinal region and amygdala by way of multiple cortical
relay stations. These connections comprise the afferent trunk of the limbic loop, thereby making the
neocortex the chief source of input to the human limbic system. The data are subsequently processed
by the entorhinal region, amygdala, and hippocampal formation, which represent the principal gov-
erning entities within the limbic system. Projections from all components of the limbic loop supply
the efferent trunk, which exerts important influence on the prefrontal cortex (Fig. 1B,D). The limbic
loop centers play significant roles in memory functions as well as in the maintenance of emotional
equilibrium. Notably, these centers are the sites that are most prone to develop Alzheimer-related
neurofibrillary lesions.

INTRANEURONAL AGGREGATION OF ABNORMALLY
PHOSPHORYLATED TAU PROTEIN

AD-related cytoskeletal alterations result from the formation of an abnormally phosphorylated and
aggregated tau protein within a few susceptible classes of neurons. In healthy nerve cells, the tau pro-
tein stabilizes microtubular components of the neuronal cytoskeleton that are involved in transporting
substances between cellular compartments. Destabilization of the microtubules and obstruction of
axonal transport owing to the formation of abnormal tau protein probably result in inappropriate pro-
tein metabolism, synaptic malfunction, and impaired signaling by retrograde neurotrophic factors.
Decline in these functions may contribute significantly to neuronal death (2/-23). The initial product
of the pathological phosphorylation is a soluble nonargyrophilic tau protein. In this state, the protein
is evenly distributed throughout the cytoplasm of the afflicted nerve cells (group 1 in Fig. 2), which do
not yet exhibit any obvious morphological alterations (24,25). Such neurons in the “pretangle” phase
appear initially in the transentorhinal region, the site of the earliest cortical AD-related lesions. The
later stages of tangle formation are characterized by an aggregation of the abnormal tau protein and
the appearance of insoluble argyrophilic precipitates (groups 2 and 3 in Fig. 2). The distal dendritic
segments of involved cells become abnormally curved, dilated, and probably detached from the prox-
imal stem. Gracile NTs appear within the twisted dendrites and NFT formation begins in the soma. The
argyrophilic fibrillary material accumulates gradually, fills large portions of the cytoplasm, and occa-
sionally extends into the proximal dendrites. After deterioration of the parent cell, the pathological mate-
rial remains visible in the tissue as an extraneuronal tangle (“ghost tangle”’; groups 4 and 5 in Fig. 2).

STAGES IN THE DEVELOPMENT OF NEUROFIBRILLARY TANGLES
AND NEUROPIL THREADS

Pathoarchitectonic analyses demonstrate that the destructive process begins in predisposed corti-
cal induction sites, then infiltrates other portions of the cerebral cortex and specific subcortical nuclei
in a consistent, predictable topographic sequence (6,15,26). Specific projection cells of the transen-
torhinal region are the first cortical neurons to become involved in the pathological process. The lesions
advance from the transentorhinal region and gradually appear in the entorhinal region proper, the hip-
pocampal formation, amygdala, in higher-order multimodal association areas of the neocortex, and
eventually in the primary motor area as well as primary sensory fields. This topographic sequence is
remarkably consistent across cases. Through postmortem examination of the distribution pattern and
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Fig. 2. Schematic drawing that summarizes AT8 immunostaining for abnormally phosphorylated tau protein
with the corresponding Gallyas silver staining. The progression of pathological alterations of the neuronal
cytoskeleton is shown from group 1 neuron to group 5 structure. Fine dots indicate granular AT8 immunostain-
ing, whereas large dots represent degenerating terminals attached to the disintegrated cell body. Ghost tangles
gradually lose anti-tau immunoreactivity (groups 4 and 5). Reprinted with permission from Heidelberg (25).
© Springer-Verlag GmbH & Co. KG.

severity of the cytoskeletal pathology, six stages in the evolution of the neurofibrillary changes have
been differentiated (6,27). Since 1997, these stages have been integrated into the consensus recom-
mendations for the postmortem diagnosis of AD by the National Institutes on Aging and by the
Reagan Institute Working Group (28,29). In a biochemical study, the predictable sequence of AD-
related neurofibrillary lesions was reproduced using Western blot detection of the abnormally phos-
phorylated and aggregated tau protein (30).

Transentorhinal Stages I and I1

The transentorhinal region, normally hidden in the depths of the rhinal sulcus, is the first cortical
region to exhibit neurofibrillary changes. This region represents the portal for neocortical informa-
tion that enters the limbic loop (20). In stage I, the lesions are confined to a few projection cells at
this site (Fig. 3A). Increased transentorhinal involvement, together with modest participation of the
entorhinal region proper and the first Ammon’s horn sector, are seen in stage I (Fig. 3B,C). This lim-
ited destruction does not yet manifest itself in the form of clinical symptoms. Accordingly, stages I
and II represent the silent, preclinical phase of the disease (31).

Limbic Stages III and IV

Severe affection of the transentorhinal and entorhinal regions is the central feature of stage III
(Fig. 3D). Moderate alterations occur in the hippocampal formation, in temporal and insular proneo-
cortical areas, and in a few subcortical nuclei. The mature neocortex remains virtually free of neu-
rofibrillary changes. In stage IV, the destructive process progresses from the entorhinal territory into
adjoining higher-order association areas of the neocortex (Fig. 3E,F). The lesions that typify both of
these stages are capable of producing the first clinically detectable functional deficits, because they
hamper the data exchange between the sensory association fields, the higher-order components of the
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limbic system, and the prefrontal cortex. Connections between components of the limbic loop are inter-
rupted at multiple sites, and the influence of the limbic system on the prefrontal cortex becomes
markedly reduced. Many patients with stage III or IV pathology exhibit mental deterioration and subtle
personality aberrations, whereas in others, the appearance of symptoms still may be obscured by indi-
vidual reserve capacities (13). Because of the common occurrence of initial clinical symptoms and
characteristic brain lesions, stage III or IV is regarded as representing the morphological counterpart
of incipient AD (11,32-35).

The Neocortical Stages V and VI

At present, the initial diagnosis of AD by physicians is usually made when patients are in the final
phase of the illness, corresponding to stages V and VI (Fig. 3G-I). The hallmark of stage V is the wide-
spread devastation of the neocortex (Fig. 3G). From inferior temporal areas, the lesions spread super-
olaterally, and large numbers of NFTs/NTs gradually infest the extended multimodal association
areas of the neocortex. Only the acoustic system, the primary motor field, primary sensory areas, and
unimodal secondary fields remain uninvolved or sustain only mild damage. In stage VI, the patho-
logical process even penetrates into these fields. The end stages of AD are accompanied by a macro-
scopically detectable cortical atrophy, ventricular widening, and a notable loss in brain weight. With
the degeneration of the neocortex, patients become severely demented (/3), and major autonomic dys-
functions reflect the far-reaching devastation of the limbic loop centers.

PREVALENCE OF AD-RELATED NEUROFIBRILLARY CHANGES
IN NONSELECTED AUTOPSY BRAINS

Age continues to be acknowledged as the single most important risk factor for AD. The relation-
ship between age and AD-related neurofibrillary changes was studied in a large number of nonselected
brains at autopsy (n = 2661) (27). By extending this previously published sample, the diagram in
Fig. 4 summarizes the NFT stages of 5089 nonselected brains collected postmortally between 1986
and 2002. The columns show the percentage of cases in transentorhinal, limbic, or isocortical stages
for the respective age groups. The diagram illustrates a continuum of lesions, beginning with the first
NFT at stage I and going on to include the massive destruction seen in fully developed AD at stage
VI. The fact that NFTs/NTs occur in a very large proportion of the aging population does not detract
from their insidious nature, nor should it mislead us to view them as normal concomitants of aging
(10,28). There are considerable interindividual differences regarding the point at which the first “pre-
tangle”-phase neurons begin to develop. The preclinical stages occasionally can be detected at a sur-
prisingly young age. Approximately 23% of individuals in the age group from 30 to 39 years exhibit
abnormal changes corresponding to stage I or II. The earliest lesions occur in young, otherwise healthy
brains. Several decades elapse between the onset of histologically verifiable lesions and those phases
of the illness in which the damage is extensive enough for clinical symptoms to become apparent (36).

SELECTIVE VULNERABILITY IN ALZHEIMER’S DISEASE

The destructive process that underlies AD not only affects specific areas, layers, and subcortical
nuclei but also targets only a few of the many types of nerve cells in the human brain (26). It still is
not known why some kinds of neurons tend to develop NFTs/NTs, whereas others do not do so until
the last stages of the disease.

It has been postulated that neurofibrillary changes are a secondary phemomenon induced by the
toxic influence of extracellular B-amyloid deposits designated as “plaques” (review in ref. 4).
Nonetheless, this hypothesis is fraught with inconsistencies. The brain regions, for example, that are
most susceptible to the neurofibrillary changes are the ones that are relatively resistant to B-amyloid
deposition. For instance, as detailed above, the entorhinal cortex and hippocampal formation are
affected by neurofibrillary pathology in the early stages of AD. By contrast, these same regions
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develop amyloid plaques only in advanced stages of -amyloid deposition (37). In comparison to neu-
rofibrillary changes the initial B-amyloid deposits evolve in a rather widespread, unpredictable manner
and are capable of appearing in nearly any neocortial region (317,38).

During the search for other putative pathogenic factors in AD, it was observed that most of the neu-
ronal types with a propensity for succumbing to the neurofibrillary changes mature late during ontoge-
nesis of the human brain (39). In the cerebral cortex, all NFT-bearing nerve cells belong to the class of
pyramidal neurons, and those with long ipsilateral cortico-cortical connections are particularly prone to
become involved. In subcortical nuclei, most of the vulnerable cells are also characterized by a con-
spicuously lengthy axon (40). Late-myelinating cortical areas and layers develop NFTs and NTs earlier
and at higher densities than those that commence myelination early. As such, the pathological changes
in AD develop in the inverse sequence of cortical myelination during early development of the brain (39).

ANIMAL MODELS OF ALZHEIMER-RELATED NEUROPATHOLOGY

Because of the limitations imposed on experimental studies of the human brain, the question of
whether AD-related changes can be investigated in experimental animals is of considerable impor-
tance. Amyloid plaques can be induced in transgenic mice that express APP mutations causing auto-
somal dominant forms of AD in humans (review in ref. 47). These transgenic mice have provided
insights into the pathogenesis and possible treatment of f-amyloid deposition (417). Recent studies have
succeeded in generating authentic NFTs in transgenic mice that express human FTDP-17-associated
mutations (42). The severity of neurofibrillary changes in FTDP-17 mice is augmented by cortical
injections of fibrillar B-amyloid (43). Likewise, the density of NFTs is increased in mice which are
carriers of both FTDP-17 and AD-related APP mutations (44). These murine models serve as a means
for elucidating possible modulating effects of f-amyloid on the expression of NFTs.

All of the transgenic models are inherently limited by the large phylogenetic gap that exists between
the murine brain and that of humans. Nonhuman primate models could help to narrow this gap. In this
context, it is of interest to note that a conspicuous pattern of tau pathology was recently revealed in
baboons (45-47). The tau pathology in these nonhuman primates preferentially affects neurons and
glial cells in the medial temporal lobe. In some of the older animals, a specific pattern of tau pathol-
ogy was noted in the entorhinal cortex, resembling an early stage of AD-related pathology (Fig.
5A-C). Filamentous tau-positive inclusions accumulated in the dentate granule cells of a 30-year-old
animal (Fig. 5D-G).

The aged baboon thus provides a potentially valuable nonhuman primate model for studies of the
pathogenesis of selective neuronal tau pathology as it is characteristic of all human tauopathies,
including AD. Experiments on both transgenic mice and nonhuman primates may complement one
another, thereby helping to pinpoint pathogenic factors that underlie the neurofibrillary pathology in
the aging human brain.

SUMMARY

The neuropathological hallmarks of AD are comprised of extracellular and intracellular precipita-
tions of insoluble protein aggregates. Extracellular aggregates consist of the B-amyloid peptide, which
is derived from amyloid precursor protein. Intracellular neurofibrillary inclusions are composed of
abnormally phosphorylated and aggregated microtubule-associated tau protein. The intracellular
lesions develop in the form of neurofibrillary tangles and neuropil threads. The overall amount of these

Fig. 3. (see opposite page) Distribution pattern of neurofibrillary changes in the course of AD. On the left and
in the middle, typical lesions observed in cross sections of the hippocampus, entorhinal region, and temporal neo-
cortex are shown schematically as they appear in appropriately stained sections for each of the six stages in the
development of neurofibrillary tangles and neuropil threads. Arrows designate key features discussed in the text.
On the right, locations and density of lesions are indicated by shading on medial views of a right hemisphere.
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Fig. 4. Procentual frequency of the six stages in the development of AD-related neurofibrillary changes in
5089 nonselected autopsy cases (shown by 10-year age groups). Frequency and severity of the lesions increase
with age. The early transentorhinal stages I/II are very common, whereas the symptomatic end stages V and VI
are confined largely to elderly age groups. NFT, neurofibrillary tangles.

neurofibrillary changes correlates well with the severity of neuronal cell loss and clinical symptoms.
Specific neuronal subsets of the limbic system are most prone to neurofibrillary changes. The lesions
advance in a predictable manner from the transentorhinal region and gradually appear in the entorhi-
nal region proper, the hippocampal formation, amygdala, and finally in higher-order association areas
of the neocortex. Through postmortem examination, six stages in the evolution of neurofibrillary
changes can be differentiated. Several decades elapse between the onset of histologically verifiable
lesions and those stages of the illness in which the damage is extensive enough for clinical symptoms
to become apparent. The causes underlying the selective vulnerability in AD are still undetermined.
The recent identification of authentic tau pathology in transgenic mice and nonhuman primates may
lead to experimental studies increasing our knowledge of these enigmatic changes.
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Fig. 5. (see facing page) Tau pathology in baboons as detected by AT8-immunostaining (A-D) and by Gallyas
silver staining (E-G) (100-um-thick sections). (A—C) Tau pathology in a 25-year-old baboon. (A) Low-power
view demonstrating AT8-ir changes in the basal medial temporal lobe (framed box). (B) The changes preferen-
tially affect the fascia dentata (FD) and the projections neurons in the lamina II of the entorhinal cortex (EC).
The subiculum (S) remains virtually untouched; mild involvement is seen in the first Ammon’s horn sector (CA1).
(C) Multipolar projection neurons of entorhinal layer II (Pre-ot) with aberrant somatodendritic localization of
abnormal tau protein. (D-G) Neurofibrillary changes in a 30-year-old male baboon. (D) A dense accumulation
of AT8-positive cytoskeletal changes is noted in the hippocampal formation (framed). (E) Layer-specific accu-
mulation of Gallyas-positive neurofibrillary tangles in the granule cell layer (traced out by arrowheads). (F) Typical
crescent-shaped NFT located in the granule cell layer. (G) Large NFT in the hilus (arrow). Scale bar in (A) also
applies for (D). (A-C reproduced with permission from [46] with permission from Elsevier Science, © 2000;
D-G reproduced with permission from the Journal of Neuropathology and Experimental Neurology [45].)
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