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Pathological Stages of Abnormally Processed
Tau Protein During Its Aggregation into
Fibrillary Structures in Alzheimer’s Disease

Francisco Garcia-Sierra! et al.”

IDepartment of Cell Biology, Center of Research and Advanced Studies of the National
Polytechnic Institute

IMéxico

1. Introduction

Abnormal aggregation of tau protein within the cytoplasm of susceptible neurons has been
considered one of the major hallmarks that define the neuropathology of Alzheimer’s disease
(AD) (Igbal et al., 2010; Pritchard et al., 2011). At early stages of neuronal degeneration tau
protein is accumulated in the form of early non-assembled aggregates that may alter the
normal functioning of affected neurons (Hoozemans et al., 2009; Luna-Munoz et al., 2007).
Nonfibrillar aggregation of tau protein as a pre-tangle state has been reported to occur early in
the disease but also observed in nondemented very old individuals (Garcia-Sierra et al., 2000).
Some studies have reported that oligomeric species of tau protein represent the toxic structures
rather than fibrillary structures (Berger et al., 2007, Maeda et al., 2006), however few studies
have analyzed and determined a positive correlation between the load of pre-tangle carrying
neurons and the clinical symptoms of AD. Further alterations in neurons may occur when the
soluble aggregates of tau become assembled into insoluble polymers referred to as paired
helical filaments (PHFs) that may also obstruct the transit and distribution of intracellular
components, modify the neuronal morphology and alter the cytoskeleton (Ballatore, Lee &
Trojanowski, 2007; Kidd, 2006). These filaments progressively coalesce into neurofibrillary
tangles (NFTs) which eventually lead to the neuronal death (Guo & Lee, 2011). It is generally
accepted that in AD cases, the density of NFTs is the best correlate with the dementia score
(Arriagada, Marzloff & Hyman, 1992; Gomez-Isla et al., 1997).
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The description about the progression of the neurofibrillary pathology in AD has been
proposed by Braak and Braak (Braak et al., 1993, 1996), which states that there is a
stereotype in the appearance and distribution of NFTs along entorhinal, limbic and
isocortical areas. It is well known that in AD, NFTs and dystrophic neurites (DNs) are
mostly composed of tau protein which has undergone several posttranslational
modifications such as abnormal phosphorylation, conformational changes and truncation
(Du et al., 2007; Novak et al., 1991; Wischik et al., 1988a). In this regard, we have previously
proposed that a continuous and specific pathway of conformational changes and truncation
of tau protein is occurring during the maturation of NFTs (Binder et al., 2005; Guillozet-
Bongaarts et al., 2005, Mondragon-Rodriguez et al., 2009).

The sum of our data support that not only the number of NFTs defines the progression of
AD, but also the state of proteolysis of the C-terminus which is associated with
conformational changes, i.e. structural modification along the tau molecule (Garcia-Sierra,
Mondragon-Rodriguez & Basurto-Islas, 2008). In distinct populations of NFTs, the
occurrence of mutually exclusive truncations at either acid aspartic-421 (Asp*?!) or glutamic
acid-391 (Glu3) correlated well with the evolution of the disease (Basurto-Islas et al., 2008).
This cascade of pathological molecular events may give a better correlation with the
neuropathological progression of the disease. In our model of pathologic processing of tau
we pointed out the existence of chimeric NFT's which are composed of diverse molecules of
tau characteristically in different stages of proteolysis.

2. The neurofibrillary pathology of AD

The observed neuropathological changes in patients with AD are at least partly the result of
the accumulation of NFTs (Fig. 1, arrows) and amyloid-f (Ap) deposits (Ap-plaques) (Fig. 1,
asterisk) around the hippocampal area (Braak & Braak, 1994; Tseng, Kitazawa & LaFerla,
2004). However, the numeric correlation between Ap-plaques and clinical symptoms in AD
barely represents what is happening in the neurodegenerative process. Also the simple Af-
accumulation per se is not the only etiological factor to trigger AD abnormalities (Lee et al.,
2005). Cited studies explain why many aged individuals, despite the presence of high
numbers of senile plaques, show little or no cognitive decline (Lee et al., 2004). With these
data in mind, the belief that the Af-accumulation is a consequence rather that a cause is
gaining more support. However, the pathology of the NFTs, mainly composed of tau
protein, remains as a relevant criterion for the diagnosis of AD after death, because of the
spatial correlation, albeit not perfect, between the number of NFTs and the clinical
symptoms of this disease (Braak & Braak, 1991; Murayama & Saito, 2004). The support for
this asseveration is mainly based on Braak’s study, in which the occurrence and progression
of NFTs along allocortical and isocortical areas was described (Braak & Braak, 1991).

This study evaluates the density and distribution of NFTs along the brain and classifies
them into I, II, entorhinal; III, IV, limbic; and V, VI, neocortical stages. These three groups of
stages correspond to normal cognition, cognitive impairment, and dementia (Braak & Braak,
1997). Note that this correlation is not sufficient to demonstrate a cause and effect
relationship between NFTs and cognitive deficits. In this regard, the obvious question raised
is why do brains of AD patients show the pathology of NFTs? Despite all the information
available the answer is not even close to being addressed. However, a huge number of
strategies focused on the mechanisms governing the aggregation of the tau protein into
PHFs and NFTs (Kosik, Joachim & Selkoe, 1986) have attempted to address this. Those
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efforts have been directed to unmask the mechanisms involved in tau dysregulation and its
abnormal processing during AD (Kidd, 2006).

Fig. 1. Neurofibrillary pathology in the brain of patients with Alzheimer’s disease. NFTs
(arrows) are triple labeled with antibodies to tau protein (blue and green channels) and
thiazin red (red channel). An amyloid-f3-core plaque is visualized in the red channel
(asterisk). Neuropil threads are mostly observed in the green channel. Images taken from
the hippocampus.

3. Abnormally processed tau protein is the major component of the
neurofibrillary pathology in AD

There is a considerable amount of data consistent with the hypothesis that the aggregated
state of tau could be functioning as a potential mediator to neurodegeneration, by either
creating novel toxic species (gain of function) or by interfering with the normal function of
the tau protein itself (loss of function) (Honson & Kuret, 2008). The aggregated state of tau
interferes with the axonal transport, a result that further supports the crucial role of
aggregated tau in the pathogenesis of AD (Stokin & Goldstein, 2006).

The growing facts showed that the aggregation certainly contributes to neurodegeneration,
however the data also showed that the final aggregated state (NFTs) during AD, by bringing
some compensatory properties, could exert a beneficial role (Congdon & Duff, 2008; Gotz et
al., 2008). Despite this controversial fact, the aggregation debate has pointed out three
posttranslational modifications as the key events; hyperphosphorylation, conformational
changes, and cleavage, all of them taking place in the tau molecule and that are believed to
promote the pathological and aggregated state of this protein (Chun & Johnson, 2007; Du et
al., 2007; Yin & Kuret, 2006).

Aberrant phosphorylation of some sites as Ser2¢2 has been proposed to play a crucial role in
reducing the binding properties of the tau protein to the microtubules, driving the tubulin-
unassociated tau protein to a soluble state that in turn could become an aggregated entity
(Biernat et al., 1993; Gustke et al., 1992). Some reports had set the path for aberrant
phosphorylation as a strong candidate promoting the formation of tau oligomers, and
sequentially to the assembly into PHFs. Thus phosphorylation at sites such as Ser3% 404 has
been proposed to cause PHF structures in a model in vitro (Schaffer et al., 2008). Following
the approaches in vitro, dysregulation of protein kinases and protein phosphatases that
control tau phosphorylation has been reported (Mandelkow et al., 1992; Schaffer et al., 2008).
However, some data came from the approach in vitro and do not necessarily reproduce the
cytoplasmic conditions seen for tau protein in the disease. Nevertheless, it has long been
reported that in the brains of AD patients the tau protein residing in the PHFs is abnormally
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phosphorylated at several residues, therefore, it has been concluded that this modification
plays an important role during the formation of NFTs (Igbal, del & Grundke-Igbal, 2008;
Wang, Grundke-Igbal & Igbal, 1996).

It has also been postulated that structural changes in the molecule of the tau protein can be
caused by phosphorylation of specific residues, which then cause local modifications, which
in turn transiently lead to extensive folding of the N-terminus (Luna-Munoz et al,
2005,2007). It was also suggested that phosphorylation at site Ser3¢ conditioned by the
fourth microtubule-binding domain may be responsible for conformational changes of tau
and self-aggregation (Du et al.,, 2007). Moreover, the conformational changes in this
molecule have been proposed to mediate dimerization of tau and the subsequent formation
of NFTs. The support for this hypothesis comes from the theory that the extreme ends of the
tau protein may reduce the aggregating properties of the protein if they had an unfolded
conformation (Gamblin, Berry & Binder, 2003a). Conformational changes in tau protein
leading to its abnormal aggregation in the AD brain has been monitored by using
conformational-dependent antibodies such as Alz-50, MC1, and Tau-66 (Carmel et al., 1996;
Ghoshal et al., 2001; Jicha et al., 1997a). These antibodies, with discontinuous epitopes along
the tau molecule, only recognize tau protein when these residues approach one another,
which only occurs through the folding of the N-terminus over the repeated domains. This
conformational alteration is mostly found when tau is abnormally aggregated into affected
neurons in the brain of AD patients (Garcia-Sierra et al., 2003).

The cleavage of the tau protein has also been implicated in the abnormal processing of tau
protein that contributes to its self-assembly into PHFs and increased toxicity (Gamblin et
al., 2003b; Wischik et al., 1988b). It has been proposed that tau protein is a substrate of
several intracellular proteases associated with the turnover of proteins such as cathepsins,
calpains, and caspases (Gamblin et al., 2003b; Rissman et al., 2004; Wang et al., 2009; Yang
& Ksiezak-Reding, 1995). Interestingly, cleavage of the tau protein is also related to
apoptosis, because this action is specifically caused by caspase-3 generating a large
truncated product preserving its N-terminus, but proteolytically truncated at the position
Asp#2l at the C-terminus (Fasulo et al., 2000; Gamblin et al., 2003b). This truncation was
also involved with both nucleation and extension of tau fibrilization in vitro (Gamblin et
al., 2003a; Rissman et al., 2004) and is closely related to toxicity in cell and animal models
(Garcia-Sierra et al., 2008). The relevance of truncation of tau protein has also been
demonstrated to have a positive correlation with the clinical symptoms of AD (Basurto-
Islas et al., 2008).

Furthermore, it has been shown that cleavage and phosphorylation together can alter the
tau microtubule interaction (Ding, Matthews & Johnson, 2006), however in a
nonpathological role it was recently shown that phosphorylation at site Ser4? prevents
cleavage of the tau protein at site Asp#2! (Guillozet-Bongaarts et al., 2006).

To date both conformational changes and cleavage have been involved in the
pathological processing of tau protein, which made them relevant candidates as potential
therapeutic targets. The current scenario that attempts to elucidate how these
posttranslational modifications interact with one another to drive the fibrillary
aggregation of tau and the timing of occurrence along the evolution of AD disease still
remains elusive. However, we believe that some answer could be gotten from the
chronological characterization at the molecular level of the major lesions, the NFTs that
correlate better with the cognitive impairment observed in AD patients. This approach
may turn the present scenario into a more promising pathway to the understanding of
the genesis and maturation of the NFTs.
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4. Abnormal hyperphosphorylation of tau protein and its relationship to the
pathology of the neurofibrillary tangle

In 1986, abnormally phosphorylated tau protein in the brains of AD patients was reported
(Grundke-Igbal et al., 1986b). Back then it was found that tau was a phosphodependent
protein regulated via coordinated actions of kinases and phosphatases, which mostly
preserve this protein in a low phosphorylated state in association with microtubules
(Liu, Liang & Gong, 2006, Mandelkow et al., 1995). In AD, either dysregulation of
phosphatases or upregulation of kinases such as calcium and calmodulin-dependent
kinase II (CaM Kinase II), protein phosphatase 2A (PP2A), mitogen-activated protein
kinase (ERK II), glycogen synthase Kinase-3p (GSK-38), protein phosphatase-1 and -2C,
p70 kinase, cyclic-AMP-dependent protein kinase, protein kinase C, and casein kinase II
may lead to the formation of hyperphosphorylated tau protein (Avila, 2008; Igbal &
Grundke-Igbal, 2008).

Moreover, in AD the tau protein is abnormally phosphorylated not only in those sites
traditionally controlling its microtubule binding properties but more unconventional
residues increase its phosphorylated state, such as Ser3% Ser214 and Ser262 (Biernat et al., 1993;
Bramblett et al., 1993; Schneider et al.,, 1999). Additionally, it has been proposed that
cytosolic-phosphorylated tau is able to recruit normal tau and MAP protein causing
microtubule disruption (Alonso et al., 1997, 2001; Igbal et al.,, 2008). Besides these
modifications that lead to the loss of function of tau, hyperphosphorylation also causes the
tau protein to self-aggregate into nonfibrillary or fibrillary aggregates that are not easily
eliminated from the cytoplasm of altered neurons in AD. An increased phosphorylation of
tyrosine residues was found to correlate to the formation of tau aggregates (Vega et al,,
2005). Concomitantly from experiments in wvitro, it is long been reported that
pseudophosphorylation of tau protein increases its ability to polymerize (Alonso et al.,
2001). When the process of tau aggregation was evaluated in vitro in the presence of
methylglyoxal and acrolein (drugs that cause lipid peroxidation) the fibrilization was
slightly enhanced in phosphorylated tau species (Kuhla et al., 2007).

Soluble aggregates composed of abnormally phosphorylated tau were isolated from the
brains of AD patients and were referred to as the A68 fraction, because of its electrophoretic
mobility compared to normal tau protein (Brion et al., 1991; Lee et al., 1991; Vincent &
Davies, 1990). In accordance with these data, it was shown that tau protein in the PHFs,
which are the main component of the NFTs, was abnormally hyperphosphorylated at
several residues (Grundke-Igbal et al., 1986b). At the neuropathological level, large amounts
of NFTs seem to progress according to the evolution of AD with early invasion into those
areas that start the neurofibrillary degeneration along the perforant pathway, correlating
with the cognitive decline of patients with dementia (Garcia-Sierra et al., 2000). In agreement
with these findings, CaM Kinase II that phosphorylates tau at site Ser4¢ was found to be
closely related to the accumulation of tau in the soma of affected neurons in the brain of AD
patients (Yamamoto et al., 2005). By using transgenic models, phosphorylation of tau was
found to represent an essential modification that causes self-aggregation and abnormalities
in the normal functioning of this protein (Delobel et al., 2008).

In contrast to pathological properties, some authors using polymerization models have
suggested that abnormal phosphorylation of tau protein enhances, but does not trigger,
fibrilization (Necula & Kuret, 2004). Other investigators have shown that abnormally
phosphorylated tau protein residing in the PHFs can be released and rescued from this
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inactive state to recover normal functions, such as microtubule binding after
dephosphorylation mainly caused by active phosphatases (Wang et al., 1998). Despite this
controversy and noting its pathological role as a major issue, the phosphorylated state of tau
protein has been associated with neurodegeneration in AD, likely by causing the
impairment of the axonal transport, as was demonstrated in both the aggregated and
nonaggregated state (Lapointe et al., 2008; Mandelkow et al., 2003). Accumulation of tau
aggregates inside neurons may represent either a physical impediment for the cytoskeletal
organization that affects the organelle transport or a recruiting structure that binds diverse
molecular components in a nonspecific fashion. Despite the controversy about the toxicity of
the nonaggregated state of the phosphorylated tau versus fibrillary structures as the major
pathological players, the well-described NFTs remain as the stronger candidate.

5. Abnormal phosphorylation and conformational changes of tau protein
during the formation and maturation of neurofibrillary tangles

In some neurodegenerative disorders it is well-known that the misfolding of linear proteins
causes them to adopt conformations that may affect their normal functioning and cause
them to self-aggregate. This is common for AD and prion diseases, in which proteins prone
to folding attain an altered conformational state with properties that inevitably lead to cell
death (Carrell & Gooptu, 1998; Soto, 1999). It is believed those conformational changes could
cause the proteins to adopt an amyloid-conformation and finally to disease, although the
mechanisms remain unknown (Kelly, 1996). It has been postulated that the conformational
changes in tau protein could actually be driving a nucleation phenomenon similar to that
occurring in the brain of AD patients (Fox, Harvey & Rossor, 1996).

The tau protein under physiological conditions has a random coil structure (Barghorn,
Davies & Mandelkow, 2004; Sadqi et al., 2002), but in AD tau develops conformational
changes that alter its normal function and increases its aggregation properties into a
pathological 3-sheet conformation. Large amounts of this conformationally altered protein
have been reported to aggregate during the progression of AD (Ghoshal et al., 2002). The
mechanisms driving conformational changes are still elusive, however data referring to local
alterations in the tau structure showed abnormal phosphorylation of specific residues as a
major factor (Jicha et al., 1997b; Luna-Munoz et al., 2007). The description of the first
conformational change discovered in the tau molecule was based on the characterization of
the Tau-2 monoclonal antibody, which was developed by immunizing mice with tau protein
purified from bovine brain (Papasozomenos & Binder, 1987) . When this antibody was
tested against tau residing in PHFs purified from the brains of AD patients,
immunoreactivity was stronger than that shown by human monomeric tau. From this result
it was concluded that Tau-2 recognized a conformational shift occurring in polymeric tau
that mimicked the original residue contained in bovine tau. The normal monomer of tau
contains a proline residue in the site of the recognition of Tau-2, however during tau
fibrilization this residue adopts a serine-like conformation that is now detected by this
antibody. Following the same trend, immunization of mice was also done with brain
extracts from AD patients, producing a new conformational antibody named Alz-50
(Wolozin et al., 1986). Inmunoreactivity of this antibody was based on the extensive folding
of the N-terminus of the tau molecule over the third microtubule-binding domain, which
was revealed when the epitope mapping of this antibody reported a discontinuous sequence
of recognition (residues 7-9 and 312-342) (Carmel et al., 1996). Thereafter the Alz-50
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conformational antibody was described as a reliable marker of tau neuropathology in AD
(Brady & Mufson, 1991; Hyman et al., 1988; Tourtellotte et al., 1990).

Since then, conformational changes have gained more attention from the AD-study
community, which has proposed this modification to be related to transcriptional
abnormalities during the genesis of tau protein in human brain neurons (Hyman,
Augustinack & Ingelsson, 2005). In contrast, a variable role has been attributed to the Alz-50
conformation of tau protein because the normal activity of neurons was reported to take
place in the presence of tau protein attaining the Alz-50 conformation (Salehi et al., 1995; van
de Nes et al., 1998). These data are intriguing and crucial because the Alz-50 conformational
change is present as an early event during the pathology of AD. Later there were claims that
the Tau-66 antibody could recognize a discontinuous sequence (residues 155-244 and 305-
314) in the tau molecule, which was developed by immunizing mice with three repeated
domains of tau polymers assembled in vitro (Ghoshal et al., 2001).

Supporting the conformational change as a pathological event, different structures, called
granulovacuolar, and fibrillar lesions that correlated with several determinations of episodic
memory, were detected (Ghoshal et al., 1999, 2002). The epitopes of both conformational
changes recognized by Alz-50 and Tau-66 partially overlap in a common region located at
the third repeated domain, suggesting this part of the molecule as a relevant site for the
protein folding. Local conformational changes in the repeat-domain region have also been
reported (Du et al., 2007). The local and structural conformational changes adopted by the
tau protein can be explained in part by phosphorylation of specific amino acids that change
the charge and thermodynamic stability of an unfolded conformation. It has also been
suggested that phosphorylation of the tau protein at site Thr2! precedes the Alz-50
conformational change (Luna-Munoz et al.,2005, 2007).

The main data about the relationship between phosphorylation and conformational changes
come from AD tissue, which somehow yielded the question about how phosphorylation
was able to generate those foldings in the proteins. By asking this question and by using two
test proteins, cystatin and NtrC, it was reported that phosphorylation is able to change the
free energy landscape, which in turn modifies the original structure by changing it into a
folded conformation (Latzer, Shen & Wolynes, 2008). More related to AD, phosphorylation
of Ser and Thr residues in the Pro-rich region of the tau protein causes this protein to have a
polyproline II helix conformation (Bielska & Zondlo, 2006). The ability of tau to aggregate in
vitro is increased once phosphorylation at the site Ser®%¢ occurs. Additionally this
phosphorylation favored a local conformation (Du et al, 2007). More recently,
pseudophosphorylation in vitro of proline residues along the epitopes of AT8 and PHF1,
two tau phosphodependent antibodies, caused the pathological conformation in the tau
molecule that is recognized by the MC1 antibody (Jeganathan et al., 2008). So far the data set
out clearly those phosphorylations are highly related to the conformational change seen
during AD, though the time-course of the appearance of both events is not clear.

By attempting to determine the time-course by which phosphorylation of the tau protein
and conformational changes are associated to one another in the authentic disease, we have
analyzed the profile of the immunoreactivity of NFTs to tau antibodies that map the entire
molecule and recognize both conformational changes and diverse phosphorylation residues
during the progression of AD. Our data have shown a strong relationship between the Alz-
50 conformational change and the phosphorylation of multiple residues in the tau molecule
such as Ser3% 404 (]abeled by the AD2 antibody) at the C-terminus. Both events may occur in
the same molecule of tau protein, which is shown by the close colocalization observed in a
large number of NFTs. Other phosphorylation sites such as Ser!% 202 Thr205, Ser262, and Ser422
were also linked to the Alz-50 conformation.
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These observations demonstrated a close relationship between conformational changes and
phosphorylation, with the latter as a possible cause of the folded state of the tau protein.
These NFTs are the common neuropathological features during early stages of AD, in which
most of these structures are composed of C-terminus intact tau protein (immunoreactive to
Tau-46.1 antibody) and also having the Alz-50 conformational change (arrows in Fig. 2). The
fibrillary state of these structures is clearly seen by the positive signal to TR, a fluorescent
marker for a B-pleated sheet conformation as shown by already assembled PHFs (Mena et
al., 1995). The light-blue to white pseudocolor of these structures observed in the merge
channel of Fig. 2, indicates the existence of C-terminus intact and conformationally altered
tau protein in an assembled state.

It can be also seen that some NFTs are only detected by TR (asterisks), which may imply that
these structures have been further processed and both the Alz-50 conformation and the C-
terminus of tau molecule are likely lost by proteolysis. Further, it can be seen that the
neuritic component along the neuropil is also composed of C-terminus intact and
conformationally altered tau protein, though the state of assembly does not yet show a
fibrillary aggregation (thiazin-red negative). This result indicates a more delayed
accumulation and processing of tau protein along this component. According to our data,
we have found that most of these abnormal phosphorylation and conformational changes in
the full-length tau protein occur in the early stages of AD.

Tau-46.1

Fig. 2. The Alz-50 conformation of tau in NFTs is associated with preservation of the C-
terminus. At early stages of AD, in most of the Alz-50 positive NFTs (green channel), tau
preserves its extreme C-terminus intact (Tau-46.1 labeling). Arrows indicate the double
labeling of these NFTs (note also the triple labeling with TR as a white pseudocolor in the
merge channel). In more advanced NFTs these epitopes are missed and they are labeled
only by TR (asterisk). Images taken from the hippocampus.

Maturation of NFTs has been associated with the transformation of morphology and
composition of these structures (Garcia-Sierra et al., 2001). After the maturation of the early
NFTs described above, we have observed that the tau protein in a fibrillary state is further
processed to yield a new conformation as observed by using the conformationally
dependent antibody Tau-66 (Garcia-Sierra et al., 2003; Ghoshal et al., 2001, 2002). At the
intermediate stages of AD, early NFTs now progress from entorhinal areas to the
hippocampal formation. The more advanced NFTs that follow the maturation process are
recognized by the Tau-66 antibody, that in this case the N-folding conformation adopted by
tau has also lost its extreme C-terminus. Although the adoption of the Tau-66
conformational change may imply the loss of some phosphorylated residues in the tau
protein, the AD2 epitope (pSer3% 404) is preserved at least in some NFTs.

Thus, it is clear that the Tau-66 conformational change is not associated with the full-length
tau protein. As initially reported (Garcia-Sierra et al., 2003), we also found that both
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conformations of tau in the NFTs, the Alz-50 and the Tau-66, were mutually exclusive,
because they were not synchronized along the time-course and area of distribution.
Moreover, Alz-50 and Tau-66 never were colocalized in the same NFT. These data also
support our proposal for the Alz-50 conformational changes as an early event, but more
importantly also show the nonsynchronic stage of the neuropil pathology compared to the
NFTs formation.

These particular changes in the tau molecule also occur in the temporal cortex. It has been
reported that NFTs in this area display a laminar distribution occurring mostly in cortical
layers ILIILV, and VI (Thangavel et al., 2008). These structures are also conformed of tau
protein phosphorylated at several domains (Thangavel et al., 2008; Guillozet-Bongaarts et
al., 2006) and some showing immunoreactivity to Alz-50 antibody (de la Monte et al., 1992).
Summarizing, during the progression of early and intermediate stages of AD, the
discriminatory presence of each conformational event sets the dynamic behavior of tau
during the maturation of NFTs, started by the N-terminus folding that is caused by the
phosphorylation of specific domains. These time-dependent conformational changes also
occur during the aggregation of the tau protein into the neuritic component, but not
synchronized in time with those changes shown in the NFTs.

6. Cleavage of tau protein and the maturation of the NFTs

The pathologic processing of the tau protein, in which several residues are lost, has been
attributed to intracellular proteolysis (Gamblin et al., 2003b; Novak, Kabat & Wischik, 1993;
Rissman et al., 2004). The early biochemical analysis of the insoluble fraction of
homogenates of the brain of AD patients revealed an enriched fraction of PHFs (Greenberg
& Davies, 1990; Grundke-Igbal et al., 1986a; Wischik et al., 1988b). When this fraction was
completely digested using pronase, a minimum PHF-core remained as an insoluble
protease-resistant fraction (Novak et al., 1993; Wischik et al., 1988b). The remaining PHF-
core comprised a 12 kDa portion of the tau protein beginning in the vicinity of histidine-268
and containing the tubulin-binding domains.

This fragment ended at the site glutamic acid-391 (Glu3%!) towards the extreme C-terminus
(Novak, 1993,1994). No morphological differences were found between native PHFs and the
remaining PHF-core when analyzed by electron microscopy, but the latter was antigenically
deprived of the N- and C-termini commonly found in the tau protein during its early
aggregation in AD (Wischik et al., 1995). Mice were immunized with this PHF-core fraction
to develop the monoclonal antibody MN423 that specifically labeled the Glu3!-truncated
residue in the tau protein (Novak et al., 1989, 1991, 1993). Validating the importance of the
truncated tau protein at site Glu3?!, correlation of this event with the NFT progression, and
the clinical symptoms were demonstrated (Garcia-Sierra et al., 2001). Despite the promising
alternative for the role of the Glu3%! cleavage of tau during the formation of NFTs in AD, a
limited relevance has been attributed to the cleavage because so far no intracellular
proteases have been described to be responsible for this event. Even though the polymeric
state of the Glu®!-cleaved tau inside the cytoplasm of affected neurons in AD has been
associated with toxicity in vulnerable areas of the brain, such as those corresponding to the
perforant pathway (Garcia-Sierra et al., 2001), it is well-documented that an abnormal
proteolytic processing of proteins occurs as part of the aging process and cell death in
several neurodegenerative diseases (Cotman et al., 2005; Newman et al., 2005; Rubinsztein,
2006). One of the most cited participants is a family of cysteine-aspartyl proteases, referred

www.intechopen.com



140 Alzheimer’s Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets

to as caspases, that are reported to be active during apoptosis and have an increased
expression in AD (Dickson, 2004; Rubinsztein, 2006).

Some other cleavage sites have been found in the tau protein, mainly occurring at the C-
terminus residue aspartic acid-421 (Asp#?!), for which caspase-3 was found mainly
responsible for this action (Gamblin et al., 2003b; Horowitz et al., 2004). From the previous
data we can see that the cleavage of the tau protein has been strongly related to the
apoptosis process, which is also thought to contribute to the neurodegeneration during AD.

Fig. 3. Apototic nuclei are disseminated in the hippocampus of AD cases. Arrows in A
indicate TUNEL-positive nuclei in cells lacking NFTs (neurofibrillary tangles). In panels B
and C, two NFTs composed of Asp#2l-truncated tau (positive to Tau-C3 antibody) are in
close association with TUNEL-positive nuclei (arrows). Images obtained by confocal
microscopy represent the merge channel of double labeling samples with TUNEL (green)
and Tau-C3 antibody (red).

In the brain of AD patients, increased amount of cell undergoing apoptosis was reported in
comparison to age-matched nondemented individuals (de la Monte, Sohn & Wands, 1997;
Lucassen et al., 1997; Nagy & Esiri, 1997). Because apoptosis is characterized by several
biochemical changes involving activation of proteolytic caspases, it was thought this
mechanism could generate Asp#2l-truncated tau in situ. By using the in situ cell death
detection kit TUNEL (deoxynucleotydyl transferase dUTP end labeling), which detects
apoptotic nuclei (Gold et al., 1994), we found mostly in the hippocampus of AD patients that
a large population of neurons contained apoptotic nuclei in the absence of intracellular
NFTs (arrows in panel A, Fig. 3). However in some specific populations of apoptotic
neurons, NFTs composed of Asp#!-truncated tau were detected in the cytoplasmic space
(Arrows in panels B and C, Fig.3).

However, some investigators have postulated that apoptosis during AD could also be a
consequence instead of being the causal event (Dickson, 2004). A simple nonmathematic
and chronological relationship between AD and apoptosis has been proposed suggesting
that this process does not change or affect the course of AD (Zhu et al., 2006). In sum, the
contradictory data about the apoptosis during AD and the discovery of proteolytic
cleavage of the tau protein by multiple caspases raised the question whether or not these
families of enzymes were also responsible for the truncation at Glu3%l. However, neither
caspases nor calpain (Newman et al., 2005) were directly associated with the formation of
this truncated epitope. Despite the controversy about the genesis of the truncated species
of tau protein, experiments in vitro corroborated that both truncated tau variants, the
Asp#2l and Glu®?, were able to polymerize at a faster rate than the normal C-terminus-
intact tau protein (Abraha et al., 2000; Rissman et al., 2004). This result corroborated the
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abnormal properties of the truncated tau protein compared to those of the wild-type
molecule. For the Asp#2! cleavage, it was found in the brain of AD patients by using a
monoclonal antibody called Tau-C3, which was developed by immunization of mice with
this truncated variant and proved to be specific for the Asp#?! ending residue. By using
this antibody further support for a relevant role of Asp#?-cleaved tau in AD was
corroborated by the positive correlation found between the density of NFTs recognized by
Tau-C3 and the neuropathological progression of the disease described by Braak and
Braak (1991), and to the clinical severity of dementia (Basurto-Islas et al., 2008).
Additionally, a close relationship to the presence of the Apolipoprotein-E (e4) allelic
variant was found in cases with an increased density of NFTs immunoreactive to the Tau-
C3 antibody (Basurto-Islas et al., 2008).

7. Unified model of tau processing during the evolution of AD

All the previous evidence highlighted the important role for the cleavage of tau protein as
a relevant mechanism leading to the well-described AD pathology. However, how these
truncations could interact with another to determine the formation of the fibrillary
pathology, and how they may affect conformational changes of the tau protein, are
important questions that require further investigation. Trying to address these questions
we turned back to the postmortem analysis of the brain of AD patients with varying
degrees of the clinical manifestation of dementia, in which the authentic disease can be
analyzed as a progressive process. We were able to describe that NFTs composed of either
Asp#2l or Glu3!-truncated tau were mutually exclusive in the brain of AD patients at any
stage of AD progression, and that the advanced Glu¥!-truncated variant of tau is a
common feature of AD but not for other tauopathies (Basurto-Islas et al., 2008;
Mondragon-Rodriguez et al.,, 2008). Interestingly we found that the initial Alz-50
conformational stage of tau protein residing in early NFTs is transiently transformed to
the Tau-66 conformation, possibly caused by subtle truncation of the extreme C- terminus
at the position Asp#?! (Fig. 4 and Fig. 5). It is clearly seen that Alz-50 colocalizes with Tau-
C3 in some of these structures (arrows in Fig. 4), but in others the Alz-50 conformation is
lost coincidentally with the presence of truncation at the Asp#2! residue (arrowheads in
Fig. 4).

This result is intriguing because the major contributor for the Alz-50 folding is the N-
terminus, completely opposite to the truncation site at the C-terminus. From these data, we
have only inferred that the loss of these 20 amino acids may cause a rearrangement in the N-
folding of the tau protein because it coincides with the increase of NFTs developing a new
conformation now detected by the Tau-66 antibody (arrows in Fig. 5).

In relating cleavage and phosphorylation, abnormal phosphorylated sites in the tau
protein, such as Ser19% 202 Thr205, Ser3%, 404, and Ser262, were found coexisting in the Tau-C3
structures. Moreover and supporting those previous findings that come from AD brain
tissue, chimeric NFTs composed of full-length tau and C-terminal-truncated tau at Asp#2
were also found in this study (Guillozet-Bongaarts et al., 2005). Abnormal
phosphorylation of tau protein has also been found in other tauopathies, such as Pick
disease in which Asp#2! cleavage of tau was colocalized into the characteristic Pick bodies
(Mondragon-Rodriguez et al., 2008). These data suggest a close relationship of
phosphorylation and cleavage for the tau processing (Guillozet-Bongaarts et al., 2007;
Mondragon-Rodriguez et al., 2008).
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Fig. 4. Subtle truncation of the extreme C-terminus is occurring in tau protein adopting the
Alz-50 conformation. In some intermediate-stage NFTs (arrows), the tau molecule adopting
the Alz-50 conformation is subjected to proteolysis that cleaves the extreme C-terminus at
the position Asp#2! (Tau-C3 immunolabeling). In contrast, other NFTs have either the Alz-50
conformation (asterisk) or the truncation at the Asp#?! (arrowhead). Images taken from the
hippocampus.

Fig. 5. Asp#2l-truncation links a new conformation of tau protein in NFTs. From
intermediate to advanced stages in AD, some NFTs are carrying tau molecules that have a
new conformation recognized by the Tau-66 antibody and are also undergoing truncation at
position Asp#2! (arrows). In contrast other NFTs have either the Tau-66 conformation
(asterisk) or the truncation at the Asp#?! (arrowhead). Images taken from the hippocampus.

In contrast, phosphorylation of tau is able to prevent apoptosis in growing cells (Li et al.,
2007) and the cleavage at the Asp#! residue is reduced in wvitro by the
pseudophosphorylation of the site Ser42? (Guillozet-Bongaarts et al., 2006). Similarly,
dephosphorylation of the molecule is crucial for tau protein to undergo cleavage (Rametti et
al., 2004). However, other experiments in vitro recapture the pathologic relationship between
phosphorylation and the cleavage of tau protein. Alterations in the microtubule-binding
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properties were found in tau protein when the molecule was phosphorylated at specific
sites, such as Ser3% 404, and cleaved at the site Asp#?! (Ding et al., 2006). It was also found
that the combination of phosphorylated and truncated tau contributes to tau
oligomerization (Cho & Johnson, 2004). Supporting the phosphorylation as a pathological
event, upregulation of c-jun N-terminal kinase leading sequentially to tau phosphorylation
and cleavage has also been reported (Sahara et al., 2008). Overall, and affirming the initial
idea, it is clear that phosphorylation is highly related to the cleavage during tau processing,
although the precise role still remains to be clarified.

As our data have shown, it is clear that a tau molecule truncated at Asp#2! also attains a
conformation recognized by Tau-66 (merged white tangle in Fig. 5), an event that can be the
link between the Alz-50 and Tau-66 conformational stages. Different NFTs are not
synchronized along the time-course of maturation and have either the truncation at the
Asp#2l of tau protein (arrowhead) (and probably are Alz-50 positive) but are negative to
Tau-66 or have attained the Tau-66 conformation and are truncated at the C-terminus
(asterisk in Fig. 5) (negative to Tau-C3). Putting these data together, we have concluded that
the switching of conformations in the tau molecule in a polymeric state is a transient process
occurring during the maturation of NFTs from early to intermediate stages of the disease.
During this maturation, early NFTs will colonize new areas that follow the important
perforant pathway of communication from the entorhinal cortex to the hippocampus, and
later from this area to the isocortex via the subiculum and entorhinal cortex layer IV (Braak
& Braak, 1991; Garcia-Sierra et al., 2001; Van Hoesen, Hyman & Damasio, 1991). The most
mature structures and consequently the more proteolytically processed remain at the earlier
invaded areas. From intermediate to advanced stages of AD, the Tau-66 conformation
attained by tau protein after Asp#! truncation is altered by further truncation of the
remaining C-terminus. This means the conformational folding and partial truncation of tau
protein by caspases may cause rearrangements in the polymeric state of tau protein to
expose occluded epitopes that in turn may be the target for other intracellular proteases,
such as cathepsins, calpains, or more nonspecific carboxy-peptidases. Whatever the
responsible enzyme is, the result is that tau protein is later truncated at the Glu3%! site, which
is still observed in NFTs carrying tau molecules having the Tau-66 conformation (arrows in
Fig. 6). Frequently from the intermediate to the late stages of AD, Tau-66 and MN423 are
observed to colocalize in both intracellular and extracellular NFTs, the latter commonly
recognized by MN423 and having less intensity for TR staining (arrows in Fig. 6).

The Tau-66 conformation, even when present at late stages of AD, is finally lost when the
NFTs are severely proteolyzed, leaving only a remainder PHF-core that is mostly composed
of truncated tau at the Glu3"! site (Mena et al., 1996; Novak et al., 1993). In the hippocampus
of AD patients the maturation of NFTs is reported to be unsynchronized, therefore these
structures have different stages of tau processing (Basurto-Islas et al., 2008). We found
different populations of NFTs in the same hippocampal area that were mutually exclusive
when they were composed of either Glu3%!-truncation or Alz-50 conformation, but not
colocalized at any single point during the maturation of the NFTs (Fig. 7).

Although phosphorylation of tau residues is believed to be reduced during the progression
of the disease, NFTs recognized by the conformation-dependent antibody Tau-66 and tau
truncated at Glu3! still preserve the phosphorylated residues pSer!®: 202 and pSer3%, 404
(arrows in Fig. 8), which is explained by the existence of chimeric NFTs composed of
independent molecules of tau having different degrees of truncation. A clear example of
how tau pathology is not synchronized in the hippocampal area is shown in Fig. 8, where
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somatic aggregation of advanced truncation of the tau protein (Glu3%!) is observed in one
NFT (asterisks), which is innervated by dystrophic neurites composed of phosphorylated
tau (pSerd% 404) (green channel), with the conformationally altered tau protein distributed
only in the apical neurite (arrowheads in the blue channel).
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Fig. 6. Tau-66 conformation is strongly associated with truncation of tau protein at Glu3%1. At
intermediate and advanced stages of AD, significant numbers of NFTs acquire the
conformational change detected by the Tau-66 antibody (channel green). In this
conformation the tau molecule has lost both the N- and C- termini, and truncation of tau
protein in some of these NFTs has reached the Glu3%! position recognized by the MN423
antibody (arrows). In other NFTs, conformationally altered tau protein is expressed, but the
Glu3"! truncation is not yet reached (asterisks). Images taken from the hippocampus.
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Fig. 7. Alz-50 conformation is not associated with truncation of tau at Glu?!. As truncation
of tau at Glu3%! was progressively occurring during the maturation of the NFTs, the
conformational change recognized by Alz-50 was becoming lost. NFTs recognized by
MN423 (to Glu¥®!-truncated tau) (blue channel) were never detected with the Alz-50
antibody (green channel), which mostly detected dystrophic neurites. The picture
corresponds to NFTs (asterisks) and neuritic components surrounding a -amyloid plaque
(see the red core of the $-amyloid in the merge channel) taken from the hippocampus.
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Fig. 8. Chimeric NFTs are composed of truncated and phosphorylated tau molecules. Some
NFTs at advanced stages of AD show a chimeric profile (arrows) composed of truncated tau
protein at Glu®%! and more intact molecules phosphorylated at Ser3%:404, In another example,
a well-defined extracellular NFT is composed of Glu3%! truncated (asterisk) that is
innervated by dystrophic neurites conformed by phosphorylated tau (Ser3%404) (green
channel) and the apical neurite filled with tau molecules displaying the Tau-66
conformational change (arrowhead in merge channel). Images taken from the hippocampus.

When we look at the entorhinal cortex at advanced stages of AD, the common scenario is the
presence of extracellular NFTs formed inside multipolar neurons that are morphologically
distinct from NFTs appearing in pyramidal neurons of the hippocampus. NFTs in the
entorhinal cortex preserve the characteristic columnar arrangements shown by the islands of
multipolar cells (Fig. 9). It is clearly seen how these NFTs strongly colocalize with TR, which
indicates a well-synchronized processing mostly containing Glu3!-truncated tau (Fig. 9d-f).

Interestingly, those NFTs mainly composed of Glu®!-truncated tau showed a distinct
pattern around the hippocampal area (Fig. 9a-c), in which part of the whole population had
only the Glu3%! truncation of tau and the other is only recognized by TR, which suggests the
presence of more intact tau protein in these structures. These data clearly show the
unsynchronized, by time, processing of NFTs in the hippocampus and the late time
processing of NFTs in the ERC-II area, emphasizing that this is the more vulnerable area for
the onset of the AD neurofibrillary pathology. Regarding isocortical areas, which are the
later affected regions in AD progression, most of the changes in tau protein that are seen in
the NFTs, mostly correspond to increased phosphorylation (Thangavel et al., 2008).
However along the progression of the disease, truncation of tau protein at Asp#2! also has
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been described in some of NFTs proliferating in the temporal isocortex (Guillozet-Bongaarts
et al., 2006). Moreover, at very advanced stages of the disease, some of these NFTs in the
temporal isocortex also display tau molecules truncated at the Glu3! (Garcia-Sierra et al.,
2001).

Fig. 9. Columnar arrangements of NFTs along the entorhinal cortex of AD patients. In the
hippocampus of AD patients the neurofibrillary pathology is unsynchronized and selected
populations of NFTs (a-c) have advanced truncation of tau protein at Glu3*! (yellow NFTs in
the merge channel). In contrast, in the layer II of the entorhinal cortex NFTs distributed
along the columnar arrangements of neurons (d-f) are synchronically proteolyzed and have
a uniform labeling with the MN423 antibody (note that most of the NFTs have a yellow
pseudocolor in the merge channel).

8. Conclusion

We summarize that the chronological formation and maturation of NFTs in AD is made by a
sequence of well-ordered events involving conformational changes in the tau molecule that
may be driven by specific phosphorylations and sequential truncation of its C-terminus (Fig.
10). Early truncation at Asp#?! is a pivotal modification that may produce more alterations
on the tau structure, facilitating the exposure of different domains that can be lately
proteolyzed by other non-apoptotic enzymes. In situ, we demonstrated a close association
between Asp#2l-truncated tau and several apoptotic markers. For diagnostic purposes, NFTs
now can be classified according to their chimeric character that better predict the
neuropathological evolution of AD. We currently are trying to reproduce this scenario by
analyzing the polymerization properties of chimeric tau filaments assembled in wvitro.
Moreover we aim to evaluate the toxic effects of double expressed truncated and
nontruncated tau variants in cultured neurons to validate the pathologic interaction of these
proteins observed in situ.
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Fig. 10. Chronological formation and maturation of NFTs in AD. Formation and maturation
of NFTs is based on conformational changes of tau protein (Alz-50) developed early by
phosphorylation (p-p) of specific domains (A-C). These changes are modified at
intermediate stages of the disease by early cleavage of tau protein at the Asp#?! residue (D),
leading to a new conformation (Tau-66) that is associated with further truncation of the
molecule at the Glu3%! (E-F). Advanced stages are characterized by the presence of the
minimum PHF-core composed only of Glu?!-truncated tau protein (F). Tau protein in
neuropil threads also undergoes a similar processing, however it is delayed in time and only
reaches early conformational changes (Alz-50) and truncation at the Asp*2! (A-D).

9. Acknowledgment

The authors thank Dr. Virginia Lee for the use of Tau-46.1 and PHF1 antibodies, Dr. Peter
Davis for the use of Alz-50 and PHF1 antibodies, Michael Novak for the use of MN423
antibody. We also want to thank to Dr. Ellis Glazier who edited this English-language text.
Financial support by CONACyT- México to FG-S grants 59651, 113772. RM was supported
by CONACyT-México, grant 102278. Support from the Ministry of Health of the Czech
Republic was for ZK and DR, project MZ0PCP2005.

HCC was supported by ICyT-México

10. References

Abraha, A., Ghoshal, N., Gamblin, T. C., Cryns, V., Berry, R. W., Kuret, ]J. & Binder, L. L
(2000). C-terminal inhibition of tau assembly in vitro and in Alzheimer's disease. |
Cell Sci 113 Pt 21, 3737-45.

Alonso, A., Zaidi, T., Novak, M. Grundke-Igbal, I. & Igbal, K. (2001a).
Hyperphosphorylation induces self-assembly of tau into tangles of paired helical
filaments/straight filaments. Proc Natl Acad Sci U S A 98(12), 6923-8.

www.intechopen.com



Pathological Stages of Abnormally Processed Tau
Protein During Its Aggregation into Fibrillary Structures in Alzheimer’s Disease 149

Alonso, A. D., Grundke-Igbal, I., Barra, H. S. & Igbal, K. (1997). Abnormal phosphorylation
of tau and the mechanism of Alzheimer neurofibrillary degeneration: sequestration
of microtubule-associated proteins 1 and 2 and the disassembly of microtubules by
the abnormal tau. Proc Natl Acad Sci U S A 94(1), 298-303.

Arriagada, P. V., Marzloff, K. & Hyman, B. T. (1992). Distribution of Alzheimer-type
pathologic changes in nondemented elderly individuals matches the pattern in
Alzheimer's disease. Neurology 42(9), 1681-8.

Avila, J. (2008). Tau kinases and phosphatases. Journal of cellular and molecular medicine 12(1),
258-9.

Ballatore, C., Lee, V. M. & Trojanowski, J. Q. (2007). Tau-mediated neurodegeneration in
Alzheimer's disease and related disorders. Nature reviews 8(9), 663-72.

Barghorn, S., Davies, P. & Mandelkow, E. (2004). Tau paired helical filaments from
Alzheimer's disease brain and assembled in vitro are based on beta-structure in the
core domain. Biochemistry 43(6), 1694-703.

Basurto-Islas, G., Luna-Munoz, J., Guillozet-Bongaarts, A. L., Binder, L. I, Mena, R. &
Garcia-Sierra, F. (2008). Accumulation of aspartic acid421- and glutamic acid391-
cleaved tau in neurofibrillary tangles correlates with progression in Alzheimer
disease. | Neuropathol Exp Neurol 67(5), 470-83.

Berger, Z., Roder, H., Hanna, A., Carlson, A., Rangachari, V., Yue, M., Wszolek, Z., Ashe, K.,
Knight, J., Dickson, D., Andorfer, C., Rosenberry, T. L., Lewis, J., Hutton, M. &
Janus, C. (2007). Accumulation of pathological tau species and memory loss in a
conditional model of tauopathy. | Neurosci 27(14), 3650-62.

Bielska, A. A. & Zondlo, N. ]J. (2006). Hyperphosphorylation of tau induces local polyproline
IT helix. Biochemistry 45(17), 5527-37.

Biernat, J., Gustke, N., Drewes, G., Mandelkow, E. M. & Mandelkow, E. (1993).
Phosphorylation of Ser262 strongly reduces binding of tau to microtubules:
distinction between PHF-like immunoreactivity and microtubule binding. Neuron
11(1), 153-63.

Binder, L. I, Guillozet-Bongaarts, A. L., Garcia-Sierra, F. & Berry, R. W. (2005). Tau, tangles,
and Alzheimer's disease. Biochimica et biophysica acta 1739(2-3), 216-23.

Braak, H. & Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol (Berl) 82(4), 239-59.

Braak, H. & Braak, E. (1994). Morphological criteria for the recognition of Alzheimer's
disease and the distribution pattern of cortical changes related to this disorder.
Neurobiol Aging 15(3), 355-6; discussion 79-80.

Braak, H. & Braak, E. (1996). Evolution of the neuropathology of Alzheimer's disease. Acta
neurologica Scandinavica 165, 3-12.

Braak, H. & Braak, E. (1997). Frequency of stages of Alzheimer-related lesions in different
age categories. Neurobiology of aging 18(4), 351-7.

Braak, H., Braak, E. & Bohl, J. (1993). Staging of Alzheimer-related cortical destruction.
European neurology 33(6), 403-8.

Brady, D. R. & Mufson, E. J. (1991). Alz-50 immunoreactive neuropil differentiates
hippocampal complex subfields in Alzheimer's disease. ] Comp Neurol 305(3), 489-
507.

Bramblett, G. T., Goedert, M., Jakes, R., Merrick, S. E., Trojanowski, J. Q. & Lee, V. M. (1993).
Abnormal tau phosphorylation at Ser396 in Alzheimer's disease recapitulates
development and contributes to reduced microtubule binding. Neuron 10(6), 1089-
99.

www.intechopen.com



150 Alzheimer’s Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets

Brion, J. P.,, Hanger, D. P., Couck, A. M. & Anderton, B. H. (1991). A68 proteins in
Alzheimer's disease are composed of several tau isoforms in a phosphorylated state
which affects their electrophoretic mobilities. Biochem | 279 ( Pt 3), 831-6.

Carmel, G., Mager, E. M., Binder, L. I. & Kuret, ]J. (1996). The structural basis of monoclonal
antibody Alz50's selectivity for Alzheimer's disease pathology. | Biol Chem 271(51),
32789-95.

Carrell, R. W. & Gooptu, B. (1998). Conformational changes and disease--serpins, prions and
Alzheimer's. Curr Opin Struct Biol 8(6), 799-8009.

Congdon, E. E. & Duff, K. E. (2008). Is tau aggregation toxic or protective? | Alzheimers Dis
14(4), 453-7.

Cotman, C. W., Poon, W. W, Rissman, R. A. & Blurton-Jones, M. (2005). The role of caspase
cleavage of tau in Alzheimer disease neuropathology. | Neuropathol Exp Neurol
64(2), 104-12.

Cho, J. H. & Johnson, G. V. (2004). Glycogen synthase kinase 3 beta induces caspase-cleaved
tau aggregation in situ. | Biol Chem 279(52), 54716-23.

Chun, W. & Johnson, G. V. (2007). The role of tau phosphorylation and cleavage in neuronal
cell death. Front Biosci 12, 733-56.

de la Monte, S. M., Spratt, R. A, Chong, J., Ghanbari H. A, Wands ]. R. (1992).
Immunohistochemical and histopathologic correlates of Alzheimer’s disease-
associated Alz-50 immunoreactivity quantified in homogenates of cerebral tissue.
American Journal of Pathology 141(6), 1459-69.

de la Monte, S. M., Sohn, Y. K. & Wands, J. R. (1997). Correlates of p53- and Fas (CD95)-
mediated apoptosis in Alzheimer's disease. Journal of the neurological sciences 152(1),
73-83.

Delobel, P., Lavenir, 1., Fraser, G., Ingram, E., Holzer, M., Ghetti, B., Spillantini, M. G.,
Crowther, R. A. & Goedert, M. (2008). Analysis of tau phosphorylation and
truncation in a mouse model of human tauopathy. Am | Pathol 172(1), 123-31.

Dickson, D. W. (2004). Apoptotic mechanisms in Alzheimer neurofibrillary degeneration:
cause or effect? | Clin Invest 114(1), 23-7.

Ding, H., Matthews, T. A. & Johnson, G. V. (2006). Site-specific phosphorylation and caspase
cleavage differentially impact tau-microtubule interactions and tau aggregation. |
Biol Chem 281(28), 19107-14.

Du, J. T.,, Yu, C. H, Zhou, L. X.,, Wu, W. H,, Lei, P, Li, Y., Zhao, Y. F., Nakanishi, H. & Li, Y.
M. (2007). Phosphorylation modulates the local conformation and self-aggregation
ability of a peptide from the fourth tau microtubule-binding repeat. Febs | 274(19),
5012-20.

Fasulo, L., Ugolini, G., Visintin, M., Bradbury, A., Brancolini, C., Verzillo, V., Novak, M. &
Cattaneo, A. (2000). The neuronal microtubule-associated protein tau is a substrate
for caspase-3 and an effector of apoptosis. Journal of neurochemistry 75(2), 624-33.

Fox, N., Harvey, R. J. & Rossor, M. N. (1996). Protein folding, nucleation phenomena and
delayed neurodegeneration in Alzheimer's disease. Rev Neurosci 7(1), 21-8.

Gamblin, T. C., Berry, R. W. & Binder, L. I. (2003a). Tau polymerization: role of the amino
terminus. Biochemistry 42(7), 2252-7.

Gamblin, T. C.,, Chen, F., Zambrano, A., Abraha, A., Lagalwar, S., Guillozet, A. L., Lu, M.,
Fu, Y., Garcia-Sierra, F., LaPointe, N., Miller, R., Berry, R. W., Binder, L. I. & Cryns,
V. L. (2003b). Caspase cleavage of tau: linking amyloid and neurofibrillary tangles
in Alzheimer's disease. Proc Natl Acad Sci U S A 100(17), 10032-7.

www.intechopen.com



Pathological Stages of Abnormally Processed Tau
Protein During lts Aggregation into Fibrillary Structures in Alzheimer’s Disease 151

Garcia-Sierra, F., Ghoshal, N., Quinn, B., Berry, R. W. & Binder, L. I. (2003). Conformational
changes and truncation of tau protein during tangle evolution in Alzheimer's
disease. J. Alzheimers Dis. 5(2), 65-77.

Garcia-Sierra, F., Hauw, J. J., Duyckaerts, C., Wischik, C. M., Luna-Munoz, J. & Mena, R.
(2000). The extent of neurofibrillary pathology in perforant pathway neurons is the
key determinant of dementia in the very old. Acta Neuropathol (Berl) 100(1), 29-35.

Garcia-Sierra, F., Mondragon-Rodriguez, S. & Basurto-Islas, G. (2008). Truncation of tau
protein and its pathological significance in Alzheimer's disease. | Alzheimers Dis
14(4), 401-9.

Garcia-Sierra, F., Wischik, C. M., Harrington, C. R., Luna-Munoz, J. & Mena, R. (2001).
Accumulation of C-terminally truncated tau protein associated with vulnerability
of the perforant pathway in early stages of neurofibrillary pathology in Alzheimer's
disease. | Chem Neuroanat 22(1-2), 65-77.

Ghoshal, N., Garcia-Sierra, F., Fu, Y., Beckett, L. A., Mufson, E. ]., Kuret, ]J., Berry, R. W. &
Binder, L. I. (2001). Tau-66: evidence for a novel tau conformation in Alzheimer's
disease. | Neurochem 77(5), 1372-85.

Ghoshal, N., Garcia-Sierra, F., Wuu, J., Leurgans, S., Bennett, D. A., Berry, R. W. & Binder, L.
I. (2002). Tau conformational changes correspond to impairments of episodic
memory in mild cognitive impairment and Alzheimer's disease. Exp Neurol 177(2),
475-93.

Ghoshal, N., Smiley, J. F., DeMaggio, A. J., Hoekstra, M. F., Cochran, E. J., Binder, L. I. &
Kuret, J. (1999). A new molecular link between the fibrillar and granulovacuolar
lesions of Alzheimer's disease. Am | Pathol 155(4), 1163-72.

Gold, R., Schmied, M., Giegerich, G., Breitschopf, H., Hartung, H. P., Toyka, K. V. &
Lassmann, H. (1994). Differentiation between cellular apoptosis and necrosis by the
combined use of in situ tailing and nick translation techniques. Laboratory
investigation; a journal of technical methods and pathology 71(2), 219-25.

Gomez-Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C., Parisi, J. E. &
Hyman, B. T. (1997). Neuronal loss correlates with but exceeds neurofibrillary
tangles in Alzheimer's disease. Annals of neurology 41(1), 17-24.

Gotz, J., Ittner, L. M., Fandrich, M. & Schonrock, N. (2008). Is tau aggregation toxic or
protective: a sensible question in the absence of sensitive methods? | Alzheimers Dis
14(4), 423-9.

Greenberg, S. G. & Davies, P. (1990). A preparation of Alzheimer paired helical filaments
that displays distinct tau proteins by polyacrylamide gel electrophoresis. Proc Natl
Acad Sci U S A 87(15), 5827-31.

Grundke-Igbal, I, Igbal, K., Quinlan, M., Tung, Y. C., Zaidi, M. S. & Wisniewski, H. M.
(1986a). Microtubule-associated protein tau. A component of Alzheimer paired
helical filaments. | Biol Chem 261(13), 6084-9.

Grundke-Igbal, I., Igbal, K., Tung, Y. C., Quinlan, M., Wisniewski, H. M. & Binder, L. L.
(1986b). Abnormal phosphorylation of the microtubule-associated protein tau (tau)
in Alzheimer cytoskeletal pathology. Proc Natl Acad Sci U S A 83(13), 4913-7.

Guillozet-Bongaarts, A. L., Cahill, M. E., Cryns, V. L., Reynolds, M. R., Berry, R. W. &
Binder, L. I. (2006). Pseudophosphorylation of tau at serine 422 inhibits caspase
cleavage: in vitro evidence and implications for tangle formation in vivo. |
Neurochem 97(4), 1005-14.

Guillozet-Bongaarts, A. L., Garcia-Sierra, F., Reynolds, M. R., Horowitz, P. M., Fu, Y., Wang,
T., Cahill, M. E., Bigio, E. H., Berry, R. W. & Binder, L. I. (2005). Tau truncation

www.intechopen.com



152 Alzheimer’s Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets

during neurofibrillary tangle evolution in Alzheimer's disease. Neurobiology of aging
26(7), 1015-22.

Guillozet-Bongaarts, A. L., Glajch, K. E., Libson, E. G., Cahill, M. E,, Bigio, E., Berry, R. W. &
Binder, L. I. (2007). Phosphorylation and cleavage of tau in non-AD tauopathies.
Acta Neuropathol (Berl) 113(5), 513-20.

Guo, J. L. & Lee, V. M. (2011). Seeding of normal tau by pathological tau conformers drives
pathogenesis of Alzheimer-like tangles. The Journal of biological chemistry.

Gustke, N., Steiner, B.,, Mandelkow, E. M., Biernat, J., Meyer, H. E., Goedert, M. &
Mandelkow, E. (1992). The Alzheimer-like phosphorylation of tau protein reduces
microtubule binding and involves Ser-Pro and Thr-Pro motifs. FEBS Lett 307(2),
199-205.

Honson, N. S. & Kuret, J. (2008). Tau aggregation and toxicity in tauopathic
neurodegenerative diseases. | Alzheimers Dis 14(4), 417-22.

Hoozemans, J. J., van Haastert, E. S., Nijholt, D. A., Rozemuller, A. ]J., Eikelenboom, P. &
Scheper, W. (2009). The unfolded protein response is activated in pretangle neurons
in Alzheimer's disease hippocampus. Am | Pathol 174(4), 1241-51.

Horowitz, P. M., Patterson, K. R., Guillozet-Bongaarts, A. L., Reynolds, M. R, Carroll, C. A.,
Weintraub, S. T., Bennett, D. A., Cryns, V. L., Berry, R. W. & Binder, L. I. (2004).
Early N-terminal changes and caspase-6 cleavage of tau in Alzheimer's disease. |
Neurosci 24(36), 7895-902.

Hyman, B. T., Augustinack, J. C. & Ingelsson, M. (2005). Transcriptional and conformational
changes of the tau molecule in Alzheimer's disease. Biochim Biophys Acta 1739(2-3),
150-7.

Hyman, B. T., Van Hoesen, G. W., Wolozin, B. L., Davies, P., Kromer, L. J. & Damasio, A. R.
(1988). Alz-50 antibody recognizes Alzheimer-related neuronal changes. Ann Neurol
23(4), 371-9.

Igbal, K., del, C. A. A. & Grundke-Igbal, I. (2008). Cytosolic abnormally
hyperphosphorylated tau but not paired helical filaments sequester normal MAPs
and inhibit microtubule assembly. | Alzheimers Dis 14(4), 365-70.

Igbal, K. & Grundke-Igbal, I. (2008). Alzheimer neurofibrillary degeneration: significance,
etiopathogenesis, therapeutics and prevention. Journal of cellular and molecular
medicine 12(1), 38-55.

Igbal, K., Wang, X., Blanchard, ]., Liu, F., Gong, C. X. & Grundke-Igbal, I. (2010). Alzheimer's
disease neurofibrillary degeneration: pivotal and multifactorial. Biochemical Society
transactions 38(4), 962-6.

Jeganathan, S., Hascher, A., Chinnathambi, S., Biernat, J., Mandelkow, E. M. & Mandelkow,
E. (2008). Proline-directed pseudo-phosphorylation at AT8 and PHF1 epitopes
induces a compaction of the paperclip folding of Tau and generates a pathological
(MC-1) conformation. | Biol Chem 283(46), 32066-76.

Jicha, G. A., Bowser, R, Kazam, I. G. & Davies, P. (1997a). Alz-50 and MC-1, a new
monoclonal antibody raised to paired helical filaments, recognize conformational
epitopes on recombinant tau. Journal of neuroscience research 48(2), 128-32.

Jicha, G. A, Lane, E., Vincent, I., Otvos, L., Jr., Hoffmann, R. & Davies, P. (1997b). A
conformation- and phosphorylation-dependent antibody recognizing the paired
helical filaments of Alzheimer's disease. | Neurochem 69(5), 2087-95.

Kelly, J. W. (1996). Alternative conformations of amyloidogenic proteins govern their
behavior. Curr Opin Struct Biol 6(1), 11-7.

Kidd, M. (2006). The history of the paired helical filaments. ] Alzheimers Dis 9(3 Suppl), 71-5.

www.intechopen.com



Pathological Stages of Abnormally Processed Tau
Protein During lts Aggregation into Fibrillary Structures in Alzheimer’s Disease 153

Kosik, K. S., Joachim, C. L. & Selkoe, D. J. (1986). Microtubule-associated protein tau (tau) is
a major antigenic component of paired helical filaments in Alzheimer disease. Proc
Natl Acad Sci U S A 83(11), 4044-8.

Kuhla, B., Haase, C., Flach, K., Luth, H. J., Arendt, T. & Munch, G. (2007). Effect of
pseudophosphorylation and cross-linking by lipid peroxidation and advanced
glycation end product precursors on tau aggregation and filament formation. | Biol
Chem 282(10), 6984-91.

Lapointe, N. E., Morfini, G., Pigino, G., Gaisina, I. N., Kozikowski, A. P., Binder, L. I. &
Brady, S. T. (2008). The amino terminus of tau inhibits kinesin-dependent axonal
transport: Implications for filament toxicity. | Neurosci Res.

Latzer, J., Shen, T. & Wolynes, P. G. (2008). Conformational switching upon
phosphorylation: a predictive framework based on energy landscape principles.
Biochemistry 47(7), 2110-22.

Lee, H. G., Casadesus, G., Zhu, X., Takeda, A., Perry, G. & Smith, M. A. (2004). Challenging
the amyloid cascade hypothesis: senile plaques and amyloid-beta as protective
adaptations to Alzheimer disease. Ann N Y Acad Sci 1019, 1-4.

Lee, H. G., Castellani, R. J., Zhu, X,, Perry, G. & Smith, M. A. (2005). Amyloid-beta in
Alzheimer's disease: the horse or the cart? Pathogenic or protective? Int | Exp Pathol
86(3), 133-8.

Lee, V. M., Balin, B. J., Otvos, L., Jr. & Trojanowski, J. Q. (1991). A68: a major subunit of
paired helical filaments and derivatized forms of normal Tau. Science 251(4994),
675-8.

Li, H. L., Wang, H. H,, Liu, S.J., Deng, Y. Q., Zhang, Y. J., Tian, Q., Wang, X. C., Chen, X. Q.,
Yang, Y., Zhang, ]J. Y., Wang, Q., Xu, H., Liao, F. F. & Wang, J. Z. (2007).
Phosphorylation of tau antagonizes apoptosis by stabilizing beta-catenin, a
mechanism involved in Alzheimer's neurodegeneration. Proc Natl Acad Sci U S A
104(9), 3591-6.

Liu, F., Liang, Z. & Gong, C. X. (2006). Hyperphosphorylation of tau and protein
phosphatases in Alzheimer disease. Panminerva medica 48(2), 97-108.

Lucassen, P. J.,, Chung, W. C.,, Kamphorst, W. & Swaab, D. F. (1997). DNA damage
distribution in the human brain as shown by in situ end labeling; area-specific
differences in aging and Alzheimer disease in the absence of apoptotic
morphology. Journal of neuropathology and experimental neurology 56(8), 887-900.

Luna-Munoz, J., Chavez-Macias, L., Garcia-Sierra, F. & Mena, R. (2007). Earliest Stages of
Tau Conformational Changes are Related to the Appearance of a Sequence of
Specific Phospho-Dependent Tau Epitopes in Alzheimer's Disease. | Alzheimers Dis
12(4), 365-75.

Luna-Munoz, ]., Garcia-Sierra, F., Falcon, V., Menendez, 1., Chavez-Macias, L. & Mena, R.
(2005). Regional conformational change involving phosphorylation of tau protein at
the Thr231, precedes the structural change detected by Alz-50 antibody in
Alzheimer's disease. | Alzheimers Dis 8(1), 29-41.

Maeda, S., Sahara, N., Saito, Y., Murayama, S., Ikai, A. & Takashima, A. (2006). Increased
levels of granular tau oligomers: an early sign of brain aging and Alzheimer's
disease. Neuroscience research 54(3), 197-201.

Mandelkow, E. M., Biernat, J., Drewes, G., Gustke, N., Trinczek, B. & Mandelkow, E. (1995).
Tau domains, phosphorylation, and interactions with microtubules. Neurobiology of
aging 16(3), 355-62; discussion 62-3.

www.intechopen.com



154 Alzheimer’s Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets

Mandelkow, E. M., Drewes, G., Biernat, J., Gustke, N., Van Lint, J., Vandenheede, J. R. &
Mandelkow, E. (1992). Glycogen synthase kinase-3 and the Alzheimer-like state of
microtubule-associated protein tau. FEBS Lett 314(3), 315-21.

Mandelkow, E. M., Stamer, K., Vogel, R., Thies, E. & Mandelkow, E. (2003). Clogging of
axons by tau, inhibition of axonal traffic and starvation of synapses. Neurobiol Aging
24(8), 1079-85.

Mena, R., Edwards, P., Perez-Olvera, O. & Wischik, C. M. (1995). Monitoring pathological
assembly of tau and beta-amyloid proteins in Alzheimer's disease. Acta Neuropathol
(Berl) 89(1), 50-6.

Mena, R., Edwards, P. C., Harrington, C. R., Mukaetova-Ladinska, E. B. & Wischik, C. M.
(1996). Staging the pathological assembly of truncated tau protein into paired
helical filaments in Alzheimer's disease. Acta Neuropathol (Berl) 91(6), 633-41.

Mondragon-Rodriguez, S., Basurto-Islas, G., Binder, LI, & Garcia-Sierra, F. (2009).
Conformational changes and cleavage; are these responsible for the tau aggregation
in Alzheimer's diasease?. Future neurol 4(1), 39-53.

Mondragon-Rodriguez, S., Mena, R., Binder, L. I., Smith, M. A., Perry, G. & Garcia-Sierra, F.
(2008). Conformational changes and cleavage of tau in Pick bodies parallel the early
processing of tau found in Alzheimer pathology. Neuropathol Appl Neurobiol 34(1),
62-75.

Murayama, S. & Saito, Y. (2004). Neuropathological diagnostic criteria for Alzheimer's
disease. Neuropathology 24(3), 254-60.

Nagy, Z. S. & Esiri, M. M. (1997). Apoptosis-related protein expression in the hippocampus
in Alzheimer's disease. Neurobiology of aging 18(6), 565-71.

Necula, M. & Kuret, J. (2004). Pseudophosphorylation and glycation of tau protein enhance
but do not trigger fibrillization in vitro. | Biol Chem 279(48), 49694-703.

Newman, J., Rissman, R. A., Sarsoza, F., Kim, R. C., Dick, M., Bennett, D. A., Cotman, C. W.,
Rohn, T. T. & Head, E. (2005). Caspase-cleaved tau accumulation in
neurodegenerative diseases associated with tau and alpha-synuclein pathology.
Acta Neuropathol 110(2), 135-44.

Novak, M. (1994). Truncated tau protein as a new marker for Alzheimer's disease. Acta Virol
38(3), 173-89.

Novak, M., Jakes, R., Edwards, P. C., Milstein, C. & Wischik, C. M. (1991). Difference
between the tau protein of Alzheimer paired helical filament core and normal tau
revealed by epitope analysis of monoclonal antibodies 423 and 7.51. Proceedings of
the National Academy of Sciences of the United States of America 88(13), 5837-41.

Novak, M., Kabat, J. & Wischik, C. M. (1993). Molecular characterization of the minimal
protease resistant tau unit of the Alzheimer's disease paired helical filament. Embo |
12(1), 365-70.

Novak, M., Wischik, C. M., Edwards, P., Pannell, R. & Milstein, C. (1989). Characterisation
of the first monoclonal antibody against the pronase resistant core of the Alzheimer
PHE. Prog Clin Biol Res 317, 755-61.

Papasozomenos, S. C. & Binder, L. I. (1987). Phosphorylation determines two distinct species
of Tau in the central nervous system. Cell Motil Cytoskeleton 8(3), 210-26.

Pritchard, S. M., Dolan, P. J., Vitkus, A. & Johnson, G. V. (2011). The Toxicity of Tau in
Alzheimer Disease: Turnover, Targets and Potential Therapeutics. Journal of cellular
and molecular medicine.

www.intechopen.com



Pathological Stages of Abnormally Processed Tau
Protein During lts Aggregation into Fibrillary Structures in Alzheimer’s Disease 155

Rametti, A., Esclaire, F., Yardin, C. & Terro, F. (2004). Linking alterations in tau
phosphorylation and cleavage during neuronal apoptosis. | Biol Chem 279(52),
54518-28.

Rissman, R. A., Poon, W. W., Blurton-Jones, M., Oddo, S., Torp, R., Vitek, M. P., LaFerla, F.
M., Rohn, T. T. & Cotman, C. W. (2004). Caspase-cleavage of tau is an early event in
Alzheimer disease tangle pathology. | Clin Invest 114(1), 121-30.

Rubinsztein, D. C. (2006). The roles of intracellular protein-degradation pathways in
neurodegeneration. Nature 443(7113), 780-6.

Sadqi, M., Hernandez, F., Pan, U., Perez, M., Schaeberle, M. D., Avila, ]J. & Munoz, V. (2002).
Alpha-helix structure in Alzheimer's disease aggregates of tau-protein. Biochemistry
41(22), 7150-5.

Sahara, N., Murayama, M., Lee, B., Park, J. M., Lagalwar, S., Binder, L. I. & Takashima, A.
(2008). Active c-jun N-terminal kinase induces caspase cleavage of tau and
additional phosphorylation by GSK-3beta is required for tau aggregation. Eur |
Neurosci 27(11), 2897-906.

Salehi, A., Van de Nes, J. A, Hofman, M. A., Gonatas, N. K. & Swaab, D. F. (1995). Early
cytoskeletal changes as shown by Alz-50 are not accompanied by decreased
neuronal activity. Brain Res 678(1-2), 28-39.

Schaffer, B. A., Bertram, L., Miller, B. L., Mullin, K., Weintraub, S., Johnson, N., Bigio, E. H.,
Mesulam, M., Wiedau-Pazos, M., Jackson, G. R., Cummings, J. L., Cantor, R. M.,
Levey, A. I, Tanzi, R. E. & Geschwind, D. H. (2008). Association of GSK3B with
Alzheimer disease and frontotemporal dementia. Arch Neurol 65(10), 1368-74.

Schneider, A., Biernat, J., von Bergen, M., Mandelkow, E. & Mandelkow, E. M. (1999).
Phosphorylation that detaches tau protein from microtubules (Ser262, Ser214) also
protects it against aggregation into Alzheimer paired helical filaments. Biochemistry
38(12), 3549-58.

Soto, C. (1999). Alzheimer's and prion disease as disorders of protein conformation:
implications for the design of novel therapeutic approaches. ] Mol Med 77(5), 412-8.

Stokin, G. B. & Goldstein, L. S. (2006). Axonal transport and Alzheimer's disease. Annu Rev
Biochem 75, 607-27.

Thangavel, R., Sahu S. K., Van Hoesen, G. W., Zaheer, A. (2008). Modular and laminar
pathology of Brosmann’s area 37 in Alzheimer’s disease. Neuroscience 152, 50-55.

Tourtellotte, W. G., Van Hoesen, G. W., Hyman, B. T., Tikoo, R. K. & Damasio, A. R. (1990).
Alz-50 immunoreactivity in the thalamic reticular nucleus in Alzheimer's disease.
Brain Res 515(1-2), 227-34.

Tseng, B. P., Kitazawa, M. & LaFerla, F. M. (2004). Amyloid beta-peptide: the inside story.
Curr Alzheimer Res 1(4), 231-9.

van de Nes, J. A., Kamphorst, W., Ravid, R. & Swaab, D. F. (1998). Comparison of beta-
protein/ A4 deposits and Alz-50-stained cytoskeletal changes in the hypothalamus
and adjoining areas of Alzheimer's disease patients: amorphic plaques and
cytoskeletal changes occur independently. Acta Neuropathol (Berl) 96(2), 129-38.

Van Hoesen, G. W., Hyman, B. T. & Damasio, A. R. (1991). Entorhinal cortex pathology in
Alzheimer's disease. Hippocampus 1(1), 1-8.

Vega, L. E., Cui, L., Propst, J. A., Hutton, M. L., Lee, G. & Yen, S. H. (2005). Increase in tau
tyrosine phosphorylation correlates with the formation of tau aggregates. Brain Res
Mol Brain Res 138(2), 135-44.

Vincent, I. J. & Davies, P. (1990). Phosphorylation characteristics of the A68 protein in
Alzheimer's disease. Brain Res 531(1-2), 127-35.

www.intechopen.com



156 Alzheimer’s Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets

Wang, J. Z., Grundke-Igbal, I. & Igbal, K. (1996). Restoration of biological activity of
Alzheimer abnormally phosphorylated tau by dephosphorylation with protein
phosphatase-2A, -2B and -1. Brain Res Mol Brain Res 38(2), 200-8.

Wang, J. Z., Wu, Q., Smith, A., Grundke-Igbal, I. & Igbal, K. (1998). Tau is phosphorylated
by GSK-3 at several sites found in Alzheimer disease and its biological activity
markedly inhibited only after it is prephosphorylated by A-kinase. FEBS Lett
436(1), 28-34.

Wang, Y., Martinez-Vicente, M., Kruger, U., Kaushik, S., Wong, E., Mandelkow, E. M.,
Cuervo, A. M. & Mandelkow, E. (2009). Tau fragmentation, aggregation and
clearance: the dual role of lysosomal processing. Human molecular genetics 18(21),
4153-70.

Wischik, C. M., Edwards, P. C,, Lai, R. Y., Gertz, H. N., Xuereb, J. H., Paykel, E. S., Brayne,
C., Huppert, F. A, Mukaetova-Ladinska, E. B, Mena, R. & et al. (1995).
Quantitative analysis of tau protein in paired helical filament preparations:
implications for the role of tau protein phosphorylation in PHF assembly in
Alzheimer's disease. Neurobiol Aging 16(3), 409-17; discussion 18-31.

Wischik, C. M., Novak, M., Edwards, P. C,, Klug, A., Tichelaar, W. & Crowther, R. A.
(1988a). Structural characterization of the core of the paired helical filament of
Alzheimer disease. Proceedings of the National Academy of Sciences of the United States
of America 85(13), 4884-8.

Wischik, C. M., Novak, M., Thogersen, H. C., Edwards, P. C., Runswick, M. J., Jakes, R.,
Walker, J. E., Milstein, C., Roth, M. & Klug, A. (1988b). Isolation of a fragment of
tau derived from the core of the paired helical filament of Alzheimer disease.
Proceedings of the National Academy of Sciences of the United States of America 85(12),
4506-10.

Wolozin, B. L., Pruchnicki, A., Dickson, D. W. & Davies, P. (1986). A neuronal antigen in the
brains of Alzheimer patients. Science 232(4750), 648-50.

Yamamoto, H., Hiragami, Y., Murayama, M., Ishizuka, K., Kawahara, M. & Takashima, A.
(2005). Phosphorylation of tau at serine 416 by Ca2+/calmodulin-dependent
protein kinase II in neuronal soma in brain. | Neurochem 94(5), 1438-47.

Yang, L. S. & Ksiezak-Reding, H. (1995). Calpain-induced proteolysis of normal human tau
and tau associated with paired helical filaments. European journal of biochemistry /
FEBS 233(1), 9-17.

Yin, H. & Kuret, J. (2006). C-terminal truncation modulates both nucleation and extension
phases of tau fibrillization. FEBS Lett 580(1), 211-5.

Zhu, X,, Raina, A. K., Perry, G. & Smith, M. A. (2006). Apoptosis in Alzheimer disease: a
mathematical improbability. Curr Alzheimer Res 3(4), 393-6.

www.intechopen.com



R Alzheimer's Disease Pathogenesis-Core Concepts, Shifting
ALZIHEIMER'S DISEASE

by bty Paradigms and Therapeutic Targets

CORE CONCEPTS, SHIFTING PARADIGMS

AND THERAPEUTIC TARGETS _ Edited by Dr. Suzanne De La Monte

Ehied by Suranne M, de la Monbs

ISBN 978-953-307-690-4

Hard cover, 686 pages

Publisher InTech

Published online 12, September, 2011
Published in print edition September, 2011

Alzheimer's Disease Pathogenesis: Core Concepts, Shifting Paradigms, and Therapeutic Targets, delivers the
concepts embodied within its title. This exciting book presents the full array of theories about the causes of
Alzheimer's, including fresh concepts that have gained ground among both professionals and the lay public.
Acknowledged experts provide highly informative yet critical reviews of the factors that most likely contribute to
Alzheimer's, including genetics, metabolic deficiencies, oxidative stress, and possibly environmental
exposures. Evidence that Alzheimer's resembles a brain form of diabetes is discussed from different
perspectives, ranging from disease mechanisms to therapeutics. This book is further energized by discussions
of how neurotransmitter deficits, neuro-inflammation, and oxidative stress impair neuronal plasticity and
contribute to Alzheimer's neurodegeneration. The diversity of topics presented in just the right depth will
interest clinicians and researchers alike. This book inspires confidence that effective treatments could be
developed based upon the expanding list of potential therapeutic targets.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Francisco Garcia-Sierra, Gustavo Basurto-Islas, Jaime Jarero-Basulto, Hugo C. Monroy-Ramirez, Francisco
M. Torres Cruz, Hernan Cortés Callejas, Héctor M. Camarillo Rojas, Zdena Kristofikova, Daniela Ripova, José
Luna-Munoz, Raul Mena, Lester I. Binder and Siddhartha Mondragdn-Rodriguez (2011). Pathological Stages
of Abnormally Processed Tau Protein During lts Aggregation into Fibrillary Structures in Alzheimer’s Disease,
Alzheimer's Disease Pathogenesis-Core Concepts, Shifting Paradigms and Therapeutic Targets, Dr. Suzanne
De La Monte (Ed.), ISBN: 978-953-307-690-4, InTech, Available from:
http://www.intechopen.com/books/alzheimer-s-disease-pathogenesis-core-concepts-shifting-paradigms-and-
therapeutic-targets/pathological-stages-of-abnormally-processed-tau-protein-during-its-aggregation-into-
fibrillary-struc

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS EEPrRE ARG DA 4058 7T
Phone: +385 (51) 770 447 Phone: +86-21-62489820

www.intechopen.com



Fax: +385 (51) 686 166 Fax: +86-21-62489821
www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




