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Abstract

In this review the authors discuss the possible neuropathological role of intracellular amyloid-f8
accumulation in Alzheimer’s disease (AD) pathology. There is abundant evidence that at early
stages of the disease, prior to AR amyloid plaque formation, Af peptides accumulate intraneu-
ronally in the cerebral cortex and the hippocampus. The experimental evidence would indicate
that intracellular amyloid-B could originate both by intracellular biosynthesis and also from the
uptake of amyloidogenic peptides from the extracellular milieu. Herein the aspects of the possible
impact of intracellular amyloid-f in human AD pathology are discussed, as well as recent obser-
vations from a rat transgenic model with a phenotype of intracellular accumulation of Af frag-
ments in neurons of the hippocampus and cortex, without plaque formation. In this model, the
intracellular amyloid-B phenotype is accompanied by increased MAPK/ERK activity and tau
hyperphosphorylation. Finally, the authors discuss the hypothesis that, prior to plaque formation,
intracellular AP accumulation induces biochemical and pathological changes in the brain at the
cellular level priming neurons to further cytotoxic attack of extracellular amyloidogenic peptides.

Index Entries: Alzheimer’s disease; tau; phosphorylation; AB; transgenic rats.

Introduction

Alzheimer’s disease (AD) is the most
prevalent form of late-life mental failure in
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humans. It is characterized by disordered
cognitive function, altered behavior, and pro-
gressive memory impairment. It strikes at
least 35% of those over 85 yr old, and major
risk factors include genetic components and
age (for review see refs. 1,2). The brains of AD
patients are characterized by the presence of
extracellular amyloid deposits called senile
plaques (SP), comprised mainly of fibrillar
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amyloid-B peptides (AB) and neurofibrillary
tangles (NTF). The core of the NTF is com-
posed of abnormally hyperphosphorylated
forms of the microtubule-associated protein
tau, referred to as paired helical filaments
(PHF) (for review see refs. 3, 4). The AP pep-
tides are products of the enzymatic cleavage
of the so-called amyloid precursor protein
(APP) (5,6); (for review see ref. 7). The enzymes
responsible for this APP cleavage are the [
and 7 secretases which act at the N- and C-
terminus of the AP fragment (for review see
ref. §). The y-secretase site is heterogeneous
and produces AP fragments which are 39 to
43 residues in length. The longer 4.5Kda AR
peptide, which spans residues 1-42 (AB1-42),
is the more amyloidogenic species (9). This
increase in AP production, resulting from
autosomal dominant mutations of the APP
gene in the neighborhood of the B or v sites, is
sufficient to unleash the AD neuropathology
(10-12). The disease has a complex etiology,
existing in early and late-onset familial forms
(familial Alzheimer’s disease or FAD). Three
genes have so far been clearly associated with
FAD: APP on chromosome 21 (13), presenilin
1 (PS1) on chromosome 14 (14), and presenilin
2 (PS2) on chromosome 1 (15,16). In addition
to these genetic causes, the €4 allele of the
apolipoprotein (APO) on chromosome 19 is
considered a strong risk factor for late onset
of AD (17-20); (for review see refs. 18,21).
Other polymorphisms in additional genes,
including the o 2 macroglobuline gene (22),
Interleukin 1 (23), Cathepsin D (24), LRP-1
(25), VLDL-R (26), Fe65 (27), bleomycin
hydrolase (28), and cystatin C (29) are sus-
pected of increasing AD incidence. AB pro-
duction is also influenced by other factors
such as hormones (30-34) as well as environ-
mental risk factors such as high calorie diets,
folic acid insufficiency, and low intellectual
activity (35); (for review see ref. 36).

The concept of the primary role of AR in AD
neuropathology is reinforced by the well-
established AP accumulation in the brains of
AD sufferers with FAD mutations (37); (for
review see ref. 38) and also in individuals with
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Down’s syndrome, conditions which have an
increase in the production of soluble AB42 in
common (10, 39—41); (for review see ref. 42). It
is known that Down’s syndrome patients—
who have an extra copy of chromosome 21
encoding for APP—develop AD pathology in
their third to fourth decade (43-52). A number
of molecular changes at the cellular level have
also been attributed to extracellular AR,
including changes in protein kinases activity
(53-57), proteasome activity (58), the comple-
ment cascade (for review see refs. 59,60), the
redox status of the cell (for review see refs.
61-63), alterations in the neuronal endosomal-
lysosomal system (for review see ref. 64),
mitochondrial respiration (65-68), neuro-
transmitter modulation (69-71); (for review
see ref. 70), calcium homeostasis (72,73); (for
review see refs. 35,74,75), and gene expression
(76,77). These processes are triggered differ-
entially during the progress of the disease,
and most probably contribute to different
stages of the pathology. Indeed, synergistic
effects amongst them could ultimately pro-
voke structural-functional changes leading to
neuronal dysfunction and death.

Numerous studies have established that AD
is associated with selective lesions of neuronal
circuits in the neocortex, hippocampus, and
the basal forebrain cholinergic system. These
lesions diminish synaptic inputs in cortical
regions of the brain, leading to cognitive impair-
ments. There are also reports, both in the
human brain and in transgenic models, which
establish a good correlation between elevated
levels of AP in the brain and cognitive decline
(78-82). The application of exogenous B-amy-
loid in the central nervous system (CNS)
induces abnormal tau phosphorylation and
neuronal loss in the hippocampal layers (83),
provokes a deterioration of cholinergic neu-
rons (84-86), and causes a decline in the ability
to learn spatial memory tasks tested using the
Morris Water Maze (MWM) (84).

Furthermore, intracerebral B-amyloid (25-35)
or beta 1-40 induces tissue loss and neuro-
degeneration (87); (for review see ref. 69).
However, despite the relative contribution of
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soluble forms of AP, the relative role of fibril-
lar AB aggregated in plaques or in intracellu-
lar AP remains unclear. For example, whether
AP plaques are pathogenic or part of a benefi-
cial mechanism sequestering toxic AP frag-
ments has yet to be resolved. Evidence from a
transgenic mouse model which over-expresses
the B-APP 751 transgene shows an age-depen-
dent and plaque-independent deficit in the
MWM task (88). On the other hand, an effect
of plaque load on cognitive decline is sup-
ported by other studies (79,89,90) as well as
by evidence that the vaccine-induced reduc-
tion of amyloid in the brain alleviates behav-
ioral impairment in transgenic models of AD
pathology (91,92).

Amyloid AB Generation and Its
Significance in the Cellular
Pathology Observed in
Alzheimer’s Disease

The regulation of APP metabolism is con-
trolled by complex physiological and patho-
physiological mechanisms including NGF
(93); (for review see ref. 94), basic fibroblast
growth factor (95), activation of PKC (96-99),
and hormonal levels (33). The different sensi-
tivities to AP toxicity expressed by different
neuronal types could perhaps be explained
by the characteristics of AP production, and
by the degradation capacity in diverse brain
regions (100).

Several cell lines expressing wild-type APP
can produce and release AP after internaliza-
tion of APP from the cell surface. The main
pathway for AP production appears to
involve endocytic recycling of APP from the
cell surface (101-103). Strong activation of the
neuronal endocytic pathway and lysosomal
system is a prominent neuropathological
characteristic of AD. In fact, one of the earliest
pathological changes described includes a
population of neurons packed with swollen
lysosomes or granules (64,104), which also
stain with antibodies against AB (105,106).
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The generation of both AB40 and AP42 in
endosomes is also well-established (103). In
addition, the prevention of endocytosis appears
to decrease the ratio of secreted AB42/40
(101). Besides the endocytic pathway, it
appears that AB42 is also generated in other
cell compartments such as the endoplasmic
reticulum (ER) and intermediate compart-
ment (ER/IC), as well as in the Golgi com-
partment (32,101,107-111). Figure 1 summarizes
schematically the AB processing in the endo-
cytic pathway and Figure 2 illustrates its sub-
cellular compartimentalization in the rough
endoplasmic reticulum, Golgi apparatus, and
endosomal vesicles.

Presently, there is a current of opinion that
the AP40 peptide is generated exclusively
within the transgolgi network (TGN), while
AP42 is generated in the ER (112) and TGN
(32,108,113). Apparently, the AB42 produced
within the ER is not packaged into ER-
derived vesicles and remains as a detergent
insoluble fraction that is not a source of
secreted AB. The TGN is a major reservoir of
peptides from which the secreted AP is pack-
aged into secretory vesicles (32,111,114). APP
harboring the Swedish mutation is processed
to AP at an early step in the secretory path-
way, giving rise to a stable intracellular pool
of AP (102). There is evidence that secreted AP
is produced in a postGolgi compartment dif-
ferent from the Golgi generation site of intra-
cellular AP (114-118).

Until recently, extracellular Af was consid-
ered to be the only toxic form of this peptide
(119,120); (for review see ref. 121). It is only in
the last few years that attention has been
focused on the intracellular accumulation of the
amyloid AP peptide, and its effects in brains
with early AD pathology (110,114,122-124); (for
review see refs. 42,109).

As the origin of AP deposited in brain tis-
sues remains uncertain, all sources need to be
investigated further. Thus, intracellular or
extracellular AP monomer, dimers, and
oligomers (125) can easily diffuse from and to
intracellular and extracellular compartments
to induce toxic effects. Our knowledge of the
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Fig. 1. Schematic representation of AP synthesis, intracellular trafficking, and uptake from the extracellular

milieu. APP, Amyloid Precursor Protein; AB, amyloid-p peptide; SP, senile plaques;

N, nucleus; AD, Alzheimer’s

disease; ER, endoplasmic reticulum; EE, early endosomes; LE, late endosomes.

neurotoxicity of extracellular AB has been
obtained by the application of synthetic A
peptide extracellularly in vitro to a variety of
cells systems (126,127); (for review see ref.
128), and also in vivo in animal models
(83,85,129-131); (for review see ref. 69). On
the other hand, LeBlanc and collaborators
have recently reported toxic effects from very
low concentrations of AP peptides when
injected intracellularly into cultured primary
human neurons; this process involves p53
and Bax apoptotic proteins (33). Grant et al.
(66) have also shown that cells bearing intra-
cellular AB display mitochondrial structural
abnormalities and reduced membrane poten-
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tial. It has also been demonstrated that the
AB produced intracellularly is secreted,
while significant levels remain inside the
cell and exogenous AR 1-42 is internalized
(113,122,132). Furthermore, in NT2N neu-
ronal and other cells systems, the AB42 pro-
duced in the ER/IC accumulates into
insoluble amyloid AP protein fractions in a
time-dependent manner (122) (for a diagram-
matic view of AP peptide cellular biology see
Figure 1). The intracellular accumulation of
AR peptides is similarly observed in trans-
genic mice expressing FAD mutations
(133-135). It has been suggested that Af
accumulates intracellularly in the brain in an
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Fig. 2. Electron micrographs illustrating immunogold AP immunoreactive sites in subcellular compart-
ments of neurally differentiated P19 cells, stably transfected to express the wild human APP 751 isoform. AB
immunoreactivity was revealed applying McSAT, a highly specific monoclonal antibody to the human form
of the AB fragment (708). The amyloidogenic AP peptides were observed in several intracellular compart-
ments. Here their localization is illustrated in Golgi cisterns and in the transGolgi network (A and B); inside
of dilated cisterns of the rough endoplasmic reticulum (C and D); within endosomes (E-G); as well as vesic-
ular elements in contact or near the plasma membrane (H and ). Scale bars = 2 um. Reprinted with permis-
sion from ref. (108).
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aggregated detergent-insoluble pool (123).
More significantly, this is also observed in
AD pathology. Intraneuronal accumulation of
AB is evident in AD-vulnerable regions such
as the hippocampus/enthorrinal cortex, and
it is speculated that it might precede plaque
and NFT formation (105). Similarly, AP42
immunoreactivity in the cytoplasm and the
cell processes of cortical neurons has been
found by Mochizuki (124). Recently, the pres-
ence of intra-neuronal AP immunostaining in
the hippocampus and cerebral cortex of very
young Down syndrome patients (preceding
the extracellular deposition of AB) has also
been reported (136).

These findings beg the question as to whether
the intracellular accumulation of AB plays an
important pathological role in AD. AB amy-
loidogenesis could be initiated within living
neurons rather than in the extracellular space.
Because intraneuronal AB 42 accumulation
occurs in early stages of AD pathology, Gouras
and collaborators (105) have speculated that
extracellular AP plaques develop from an ini-
tial intraneuronal pool of AP 1-42.

Intracellularly-accumulated AP peptides
may originate within the cell or may in fact
be material taken up from the extracellular
milieu. In vitro evidence has shown that the
amyloidogenic AP peptide can be taken up
from the extracellular milieu. AB42 added to
culture medium has been shown to be taken
up by cells, and the amount of AB42 internal-
ized is approx 5-fold higher than the amount
of AP40, and shows a longer half-life
(132,137,138). The AB42 contains non-enzy-
matic glycation modifications (139), racemic
D-amino acids, and isopeptide bonds (140),
usually present in long-lived polypeptides. It
has also been reported that amyloid AP is
also selectively internalized by hippocampal
CA1 regions (141). Interestingly, the uptake
of APB peptides, far from preventing amyloid
deposition, relays AP peptides to lysosomes
and endosomes where a low pH environment
probably increases their rate of aggregation
(142). AB42 accumulates as an insoluble residue
in lysosomes where they might alter the nor-
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mal catabolism of APP causing the accumula-
tion of insoluble, amyloidogenic fragments
(143). According to this hypothesis, intracel-
lular AB accumulation induces cell lysis, and
thus represents a mechanism for the genesis
of amyloid deposits in AD (for review see
refs. 42,106). This possibility is supported
by the fact that extracellular SPs are labeled
with antibodies against representative lysoso-
mal hydrolases (144,145). Inmunohistochemical
studies of the enthorhinal cortex and hippocam-
pus of AD brains have revealed an inverse
relationship between plaque size, pyramidal
cell density, and intracellular AR accumula-
tion—suggesting that plaques emerge as Ap-
loaded neurons (105). The mechanism for
AB accumulation appears to be a self-propa-
gating process where the addition of amy-
loidogenic fragments of APP in a nucleus of
aggregated AP42 fragments generates the
amyloid-protein aggregates (42).

There are an increasing number of reports
from transgenic mice emphasizing the presence
of AB plaque-independent cognitive decline.
Thus, the loss of synaptophysin-immunoreac-
tive (SYN-IR) presynaptic terminals in the
frontal cortex has been shown to correlate
with cognitive decline in AD (146,147). In this
regard, it has been reported that a transgenic
mouse over-expressing the human APP751
isoform, resulting in high CNS levels of solu-
ble AP, develops severe age-dependent, spa-
tial-learning deficits (88). Although a variety
of behavioral changes occur in plaque-form-
ing transgenic mice, severe to middle impair-
ment results in this transgenic model long
before plaque formation appears (148). In a
different transgenic mouse model (one express-
ing PS1 mutations), AB42 accumulates within
neurons, apparently inducing neurodegenera-
tion without SP formation (134,149). In this
model, neurodegeneration was accelerated in
aged mice with increasing number of neurons
containing intracellular AB42. Other cell abnor-
malities observed were: pyknosis of the nuclei,
somatic cell shrinkage, and morphological
irregularities of dendritic segments. In human
AD brains, La Ferla and collaborators (150)
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reported numerous Tunel-positive cells which
coincided with intracellular Af immunoreac-
tivity. In another study, it was shown that neu-
rons simultaneously positive for intracellular
AB42 and the Tunel assay, were significantly
more abundant in AD brains than in controls
(134). In yet another study, reports of deficits
in synaptic transmission preceding amyloid
deposition in transgenic mouse lines express-
ing the APP ‘Indiana’ and ‘Swedish” FAD
mutations were made (151). These studies col-
lectively suggest that pathological changes
begin before the onset of the classic amyloid
plaque formation. Thus, the prevention of
intracellular AB42 aggregation could be con-
sidered an interesting and, as yet uninvesti-
gated, therapeutic target.

Amyloid A Peptide Induces Tau
Phosphorylation by Activating
Tau Kinases

Abnormal tau phosphorylation makes an
important contribution to AD pathology. Tau
proteins belong to the microtubule-associated
proteins (MAP) family. In the brain, they con-
stitute a family of six proteins derived by alter-
native splicing from 352 to 441 amino acids
(152,153). Tau is highly phosphorylated in
fetus, but minimally phosphorylated in the
normal adult brain (153-155); (for review see
ref. 4). Tau is abnormally phosphorylated in
AD and is the main component of PHF and
NFT (156-158); (for review see refs. 159,160). In
neurons displaying NFTs, the cytoskeleton is
progressively replaced by bundles of PHFs
(161,162). A correlation between the number of
NFTs in the cortex and the degree and duration
of dementia in AD has been found by several
investigators (163-165). One of the most
intriguing aspects of AD is the relationship
between A, and the abnormal hyperphospho-
rylation of tau and NFT formation. Numerous
studies suggest that the extracellular AP aggre-
gation precedes NFT formation. However
NFTs in the absence of SP have also been
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reported (80,166,167). That AB accumulation
occurs before NFT formation is supported by
the fact that the progression in Down’s syn-
drome progresses from intracellular accumula-
tion of AB in neurons and astrocytes, to the
development of neuritic plaques and neurofib-
rillary tangles with activation of microglial
cells (136). Recently, it was reported that injec-
tion of exogenous AP into the CNS of a trans-
genic mice with a P301L tau mutation has led
to the formation of NFT-like material in neu-
rons of the amygdala projecting to the site of
injection (168). Similar NFT-like formations
were observed in neurons resulting from the
crossing of APP tg line with a mice transgenic
line bearing the P301L tau mutation (169).
However, no NFT material has yet been
obtained experimentally from animals express-
ing normal tau proteins.

The molecular pathway connecting an Af
increase (intra or extracellular) to NFT forma-
tion is not yet known. At least 30 phosphory-
lation sites have been described for this
protein (for review see ref. 4). Hyperphospho-
rylation tends to weaken the tau-microtubule
interaction. Most of these phosphorylation
sites are on Ser-Pro and Thr-Pro motifs on the
longest brain tau isoform (for review see ref.
170), and the majority of the kinases involved
in tau phosphorylation are part of the pro-
line-directed protein kinases (PDPK). These
include glycogen synthase kinase 3 (GSK3p)
(171,172), tau-tubuline kinase (173), mitogen-
activated protein kinase (MAPK) (172,174),
and cyclin-dependent kinases including cdc2
and cdkb (172,175). Non Ser/Thr-Pro sites
can be phosphorylated by many other pro-
tein kinases, such as MARK (176), calcium/
calmoduline-dependent protein kinase II
(CaMPKI) (177), PKA (178), and casein kinase
II (179). Stress activated protein kinases (SAP
kinases) have also been proposed as tau
phosphorylases (180,181). Several of these
tau kinases have been described as phospho-
rylating tau in vitro; however it is less clear
which enzymes abnormally phosphorylate
tau in vivo rendering the AD pattern (for
reviews see refs. 4,182). Tau phosphorylation
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in specific sites correlates with the severity of
the neuropathology seen in AD cases and, as
a result, the formation of NFTs has been pro-
posed to occur in several steps:

1) Pretangle phospho-tau aggregates, which dif-
fuse phospho-tau positive staining within the
cytoplasm, with cell morphology normal;

2) Intraneuronal NFTs containing aggregated fila-
mentous structures within the cytoplasm posi-
tive for phospho-tau, with phospho-tau present
in proximal dendrites and axon hillocks; and

3) Extracellular NFTs, a densely immunoreactive
extracellular NFT (163,182).

According to some reports, the more probable
tau kinases in vivo in AD are: MAPK (ERK),
CDKS5 p38, INK, and GSK3 (77). It is possible
that the diverse tau kinases phosphorylate tau
in a step-wise, time-dependent manner (182).

The authors have recently reported a rat
transgenic model expressing mutated forms of
APP 751 and PS1 displaying a phenotype of
intracellular accumulation of AP peptides in
neurons of the cerebral cortex and hippocam-
pus, in the absence of extracellular amyloid
plaques (Echeverria et al., submitted) (see
Fig. 3). In these rats, starting from 6 mo old, the
authors found ERK2 activation in the hip-
pocampus concomitantly with an increase in
tau phosphorylation, and in the absence of
GSK3B or CDK5 activation (Echeverria et al.,
submitted). Previous studies have shown strong
MAPK/ERK-P immunoreactivity in neurons
containing tau deposits in AD (184-186). A sim-
ilar activation of MAPK/ERK2 was observed
in vitro after extracellular exposure to AP pep-
tides (187) and after the intracellular increase
of APP/A content in stably wild, human-
APP transfected cells (188). Interestingly, in
post mortem brains with tauopathies, includ-
ing AD, it has been shown that neurons and
glial cells with early tau deposition display
phospho-ERK immunoreactivity (186). This
would suggest that MAPK/ERK participates
in the early stages of tau phosphorylation in
AD and other tauopathies. In line with this
concept, our rat model found that intracellular
AR accumulation activates protein kinases
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restricted to ERK2 at the initial phases of intra-
cellular AP loading well before plaque forma-
tion (Echeverria et al., submitted), and prior to
CDK5 or GSK3B activation. Therefore, it is
plausible that tau phosphorylation is induced
initially by kinases activated by intracellular
AB accumulation, thus priming further, step-
wise, phosphorylation by other kinases.

Concluding Remarks

In summary, besides the abundant evi-
dence for toxic effects induced by the extra-
cellular aggregates of AP amyloidgenic
fragments, a case for a potential neurotoxic
role for the excessive intracellular accumula-
tion of AP fragments should be considered.
The accumulation of intraneuronal AP frag-
ments appears to be an early phase of the AD
neuropathology. The excessive load of the
amyloidgenic peptide appears to effect sub-
cellular organelles and the level and quality
of tau phosphorylation, apparently via the
up-regulation of phospho-ERK2. The early
intracellular accumulation of AP fragments
might provoke cellular stress, thus making
cortical and hippocampal regions vulnerable
to further toxic attacks by extracellular amy-
loidgenic peptides. If these assumptions
prove to be correct, the process of intracellu-
lar aggregation of amyloidgenic AB peptides
could constitute a valuable target for early
therapeutic intervention.
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Fig. 3. AP immunoreactivity in the hippocampus of a rat transgenic model over expressing human amyloid-
genic AB-peptide intraneuronarly. The AB immunoreactivity was detected with the McSAT monoclonal anti-
body (108). (Upper panel) Low magnification micrograph of the rat hippocampus. Note intracellular
accumulation of AB in neurons of the CA2, CA3, and hylus (H) regions. DG, dentate gyrus; rbc, denotes
endogenous peroxide activity in red blood cells. Scale bar = 200 um. (Lower panel) High magnification micro-
graph from boxed inset in upper panel showing the granular appearance of the intraneuronal aggregates

immunoreactive material. Scale bar = 50 um.
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