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Figure 5. Overexpression of CHIP attenuates ischemic cardiac injury in vivo. A, Cardiac-specific expression of HA-tagged human CHIP
in CHIP-Tg mice. B and C, p53 accumulation (B) and apoptosis 1 day after Ml are reduced in CHIP-Tg mice. Apoptosis was assessed by

cleaved PARP expression (B) and TUNEL staining {C). Cleaved PARP level was assessed by densitometric analysis on band intensity of cleaved
PARP over uncleaved PARP. P<0.05 vs WT; n=3. WT indicates wild-type mice. D and E, Postinfarct cardiac remodeling is attenuated in CHIP-Tg

mice (n=15). HW/BW ratio (D, left), contractile function (D, right), and percentage fibrotic area (E). *P<0.01 vs WT (n=30).

and less ventricular remodeling (Figure 6C and 6D). Interest-
ingly, the effects of 17-AAG were greater than CHIP overex-
pression (compare Figures 5 and 6), suggesting that 17-AAG
possesses cardioprotective activities that do not involve CHIP-
mediated pS3 degradation. As protein stability of cardioprotec-
tive proteins such as Hsp70 and HSF-1 was increased in vitro
(Online Figure IV, B and C), we have examined the expression
of these proteins in 17-AAG-treated mice. As expected, expres-
sion of these two proteins were increased by 17-AAG treatment
(Online Figure IV, D), indicating that 17-AAG exerts its
antiapoptotic effects by at least two mechanisms, one by induc-
ing CHIP-mediated p53 degradation and the other by increasing
cardioprotective heat shock proteins.

Finally, we examined the contribution of CHIP-mediated p53
degradation on the cardioprotective effects of 17-AAG. For that
purpose we used CHIP heterozygous mice. There were no
differences in cleaved PARP level (Figure 7A; compare WT
Sham and Het Sham) or cardiac function between CHIP het-
erozygous mice and wild-type littermates at the basal level
(Table). Following coronary artery ligation, however, apoptotic

cell death was observed more prominently in CHIP heterozy-
gous mice as assessed by increased cleaved PARP level (Figure
7A; compare WT MI and Het MI) and increased TUNEL
positive cells (Figure 7B). The level of p53 accumulation was
comparable following myocardial infarction between wild-type
and CHIP heterozygous mice, suggesting the presence of p53
independent mechanisms for enhanced apoptosis caused by
CHIP haploinsufficiency. Chronically, CHIP heterozygous mice
showed worse cardiac function and worse ventricular remodel-
ing compared with wild-type mice (Figure 7C and 7D). 17-AAG
treatment was less effective to reduce p53 protein level, cleaved
PARP level (Figure 7A; compare Het MI and Het MI 17-AAG),
and TUNEL positive cardiomyocytes in CHIP heterozygous
mice, possibly as a result of CHIP haploinsufficiency. 17-AAG
treatment had minimal effects on improvements of cardiac
function and ventricular remodeling on CHIP heterozygous mice
also in the chronic phase (Figure 7C and 7D).

However, we must emphasize that the effects of 17-AAG
were not fully attributable to CHIP-mediated p53 degradation
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Figure 6. 17-AAG treatment attenuates ischemic cardiac injury in vivo. A, Accumulation of p53 and cleaved PARP in the heart after
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(D). *P<0.001; vs MI+DMSO (n=30).

because upregulation of heat shock proteins by 17-AAG was
also impaired in CHIP heterozygous mice (Figure 7A; compare
WT MI 17-AAG and Het MI 17-AAG). Therefore, it would be
fair to conclude that 17-AAG exerts multiple cardioprotective
effects after myocardial infarction and at least one of its effects
were mediated by promotion of CHIP-mediated p53
degradation.

Discussion
In the present study, we found that accumulation of p53 protein
after myocardial ischemia is initiated by HIF-1 dependent
downregulation of CHIP level. We have found that CHIP
overexpression decreased the amount of p53 and prevented
myocardial apoptosis and ameliorated ventricular remodeling

after myocardial infarction. We have also found that Hsp90
inhibitor, 17-AAG, exerted similar antiapoptotic and cardiopro-
tective effects after myocardial infarction and showed that these
effects of 17-AAG was at least in part mediated by promotion of
CHIP-mediated p53 degradation.

Although hypoxic stimuli have been reported to raise p53
protein levels in a variety of cell types, molecular mechanisms of
pS3 accumulation have been largely unknown. In the present
study, we unveiled that downregulation of CHIP protein is
critically involved in this process. We found that CHIP expres-
sion was downregulated after hypoxic stress through HIF-1-
mediated suppression of CHIP promoter (Figure 2). We also
found that overexpression of CHIP attenuated the p53 accumu-
lation after hypoxic stress (Figures 4A and 5B). These results
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Table. Basal Characterization of the Mice Used in this Study

Body Weight (g) LVEDD (mm) LVESD (mm) WS (mm) LVPW (mm) %FS
Wild type 26.3+1.2 3.12+0.12 1.04x0.02 0.72+0.02 0.74+0.02 66.7x1.3
CHIP hetero KO 25.6+0.8 3.10+0.08 1.05=0.03 0.74+0.03 0.78+0.02 66.1+0.8
CHIP Tg 26.9%1.5 3.14£0.16 1.0520.04 0.75x0.02 0.75£0.05 66.6+1.8
suggest that hypoxic stress downregulates CHIP, leading to Acknowledgments

decreased CHIP-mediated proteolysis of p53 protein and accu-
mulation of p53 protein. This mechanism seems to be a
‘fine-tuning” of HIF-1 activity because p53 protein has been
reported to bind to and inhibit HIF-1 activity.!s After hypoxia,
first HIF-1 accumulates and induces angiogenic genes, to pro-
mote angiogenesis. Thereafter, as a negative feedback loop,
HIF-1 induces downregulation of CHIP expression and p53
accumulates, then accumulated pS3 inhibits HIF-1 activity.®s In
general, this feedback system might have an antitumor effect,
because in many tumor cells HIF-1 induces feeding vessels in
hypoxic tumors and promotes tumor growth. HIF-1-induced,
CHIP-mediated p53 accumulation acts to suppress tamor growth
by (1) suppressing HIF-1 activity and blocking neovasculariza-
tion and (2) inducing pS3-mediated apoptosis of tumor cells.
However, in the heart, this negative feedback system worsens
hypoxic situation by blocking neovascularization's and by in-
ducing apoptosis (this study).

The important role of apoptosis in the progression of ventric-
ular remodeling and the possibility of antiapoptotic approach
against heart failure has already been elegantly shown by
Wencker et al.* Antiapoptotic approach after myocardial infarc-
tion has been reported to be cardioprotective not only in
ischemia-reperfusion model but also in permanent coronary
ligation model.2!-*¢-37 Therefore, inhibition of apoptotic death
does not only reduce initial infarct size but also prevents
ventricular remodeling through inhibiting apoptosis in the border
zone of the infarct.

Accumulation of p53 has been reported to initiate many
proapoptotic triggers.™ In the heart, pS3 accumulates (Figure
3C) and p53-dependent apoptosis occurs®® after permanent
coronary occlusion. We have also observed that p53 gene
deletion lead to less ventricular remodeling after myocardial
infarction.'® In the present study, we have shown that CHIP
overexpression or 17-AAG treatment could prevent cardiomyo-
cyte apoptosis and ameliorate ventricular remodeling after myo-
cardial infarction. We have also shown some evidences that
inhibition of p53 accumulation is at least one of the mechanisms
for the effect of CHIP overexpression and 17-AAG. However, it
should be noted that Hsp90 chaperones various proteins includ-
ing prosurvival factors such as Akt/protein kinase B4 in tumor
cells and that Hsp90 inhibitors induced degradation of aberrantly
overexpressed prosurvival factors in those tumor cells. Although
the nature of the effects of 17-AAG seems to induce degradation
of aberrantly expressed proteins, it is also possible and taken into
account that 17-AAG could also induce degradation of prosur-
vival factors and play detrimental effects in cardiomyocytes.

In conclusion, our observations indicate that investigation
of novel anti-p53 approach would open a way toward new
treatment of myocardial infarction.
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Novelty and Significance

What Is Known?

» Inhibition of myocardial apoptosis after myocardial infarction is
cardioprotective.

* p53 expression is increased after myocardial infarction and Induces
cardiomyocyte apoptosis.

What New Information Does This Article Contribute?

* We identified CHIP as the endogenous p53 antagonist expressed in
the heart.

* We found that CHIP downregulation is critically Involved in the molecular
mechanisms for p53 elevation after myocardial infarction.

® We showed several possibilities of the anti-p53 treatment after
myocardial infarction.

Accumulation of tumor suppressor protein p53 in the myocardium
causes the transition from adaptive cardiac hyperirophy to heart

failure. However, the mechanisms of p53 accumulation in the heart
and its therapeutic implications have been elusive. Here we show
that downregulation of the chaperone-associated E3 ubiquitin ligase
CHIP (carboxyl terminus of Hsp70-interacting protein} medlates
hypoxia-induced p53 accumulation in the heart and that promotion
of CHIP-induced p53 degradation protects the heart from ischemic
injury. Under physiological conditions, CHIP limited the p53 protein
amount at low fevels by inducing proteasomal degradation of p53.
Under hypoxic conditions, hypoxia inducible factor-1 (HIF-1) down-
regulated CHIP, resulting in the accumulation of p53. Overexpres-
slon of CHIP or administration of an Hsp90 inhibitor promoted
CHIP-mediated p53 degradation and attenuated ischemic cardiac
injury. These results indicate that CHIP is a crucial negative
regulator of p53 in the heart and suggest that promotion of
CHIP-mediated p53 degradation could be a novel therapeutic
strategy for heart diseases.




Detailed Methods

Expression Cloning.

Expression cloning was performed as described previously ' using PG13-Luc (A kind
gift from B. Vogelstein) as a reporter plasmid. Initially, cDNA expression library from
human heart (Invitrogen) was separated into small pools that contain ~100 clones each.
cDNA clones that downregulate PG13 activity were isolated by sib-selection.

Plasmids and Transfection assay.

Transfection into COS7 cells were performed using Fugene HD (Roche). HA-tag was
introduced to the N-terminus of human CHIP using PCR and subcloned into pCAGGS
vector 2. Flag-tagged p53 was from B. Gellersen . Adenoviral vector of HA-tagged CHIP
was created using AdEasy Vector System (Qbiogen) and infected as described
previously*. Human CHIP promator (-329 to +39 from TSS) was cloned into pGL4-basic
(Promega). Mutations of the HRE site (CACGTG to CTGGCG) were introduced using
the QuickChange Site-Directed Mutagenesis Kit (Stratagene). Stealth siRNA against rat
CHIP, MDM2, HIF-1a, and p53 were designed and purchased from Invitrogen.
Sequences for each siRNAs are; rat CHIP-1: ugguguaguacacugccacaagugg; rat
CHIP-2: cucaucauaacucuccaucucuagc; rat MDM2-1: agcuaaggaaauuucaggaucuccc;
rat MDM2-2: auagucgucacucuccugugacagg; rat HIF 1a: uagugcuuccaucagaaggacuugc;
rat Tp53: uuaagggugaaauauucuccaucga. Negative controls for siRNA was purchased
from Invitrogen (Medium GC). Transfection of siRNA was performed using
Lipofectamine RNAiMax (Invitrogen).

Cell culture.

COS7 and HEK293 cells are from ATCC and cultured in DMEM containing 10% FBS

(Invitrogen). Neonatal rat cardiomyocytes were isolated from 1-day old Wistar rats and
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cultured as described previously °. Cardiomyocytes were exposed to hypoxic stress by
culturing under CoCl, (250 uM) or by culturing in hypoxic chamber (<1% O,, PO,
18~20mmHg).

Evaluation of apoptosis

Caspase-3 activity was examined by using CaspACE™ Assay System, Colorimetric
(Promega). Annexin V staining was performed as previously described * using Annexin
V-Cy3 apoptosis detection kit {Bio Vision). TUNEL staining on fresh frozen section of the
heart was performed using In situ apoptosis detection kit (TaKaRa) and fluorescence
was enhanced using anti-fluorescein rabbit IgG Alexa488 conjugated (Molecular Probe).
The section was counterstained with a-sarcomeric actinin (SantaCruz) and DAPI. We
have performed TUNEL staining 24 hours after coronary artery ligation because
myocardial apoptosis was most prominent 24 hours after the operation (unpublished
observations).

Luciferase assays

The reporter plasmid, PG13-Luc, pGL4-CHIP, or pGL4-CHIP-mutHRE was transfected
into COS7 cells using Fugene HD (Roche) or to neonatal rat cardiomyocytes using
Lipofectamine 2000 (Invitrogen). pRL-tk encoding Renilla luciferase was co-transfected
as an internal control. Luciferase assay was carried out 24 hours after transfection of
the effector plasmids or addition of drugs using dual-luciferase assay system
(Promega).

RNA analysis

Total RNA extraction and DNase treatment was performed using SV total RNA isolation
Kit (Promega). RNA was DNase treated and reverse transcribed using QuantiTect

Reverse Transcription Kit (QIAGEN). Real time quantitative PCR was performed using



Universal Probe Library (UPL) (Roche) and Light Cycler TagMan Master kit (Roche).
Relative levels of gene expression were nomalized to the rat GAPDH (for rat
cardiomyocytes) or human B-actin (for HEK293 cells) expression using the comparative
Ct method according to the manufacturer’s instructions. Primer sequences and UPL
number were; rat GAPDH: Fwd aatgtatccgttgtggatetga, Rev gcttcaccaccticttgatgt and
UPL No. 80; Human beta actin: Fwd ggaaatcgtgcgtgacatta, Rev ccgtcaggcagetcgtag
and UPL No. 80; rat CHIP: Fwd ctcaaggagcagggaaacc, Rev aagtgggttccgggtgat and
UPL No. 70; human p21: Fwd cgaagtcagttccttgtggag, Rev catgggttctgacggacat and
UPL No. 82; human PUMA: Fwd gacctcaacgcacagtacga, Rev gagattgtacaggaccctcca
and UPL No. 68 human MDM2: Fwd f{ctgatagtatitccctitccttty, Rev
tgttcacttacaccagcatcaa and UPL No. 21.

Protein analysis.

Whole cell lysates (50-100 ng) were separated by SDS-PAGE. Proteins were
transferred to polyvinylidene difluoride membrane and incubated with primary
antibodies followed by incubation with a HRP-conjugated secondary antibody (Jackson).
Membrane was developed using ECL-Plus (Amersham). Densitometric analysis for the
band intensity was performed using ImageJ. Immunoprecipitation was performed using
specific antibodies and Protein A/G agarose (SantaCruz). Antibodies used were;
anti-CHIP (CHEMICON), anti-p53 (1C12) (Cell Signaling), anti-HA (Roche), anti-Flag
(M2) (Sigma), anti-MDM2 (R&D), anti-ubiquitin (CHEMICON), anti-HIF-1a (Novus),
anti-PARP (Cell signaling), and anti-actin (Sigma).

HIF-1a activity was determined using TransAM™ HIF-1 (ActiveMotif).

Animals

All protocols were approved by Chiba University review board. CHIP heterozygous mice



and cardiac-specific inducible HIF-1 knockout mice were described ®°. Unlike the
CHIP-deficient mice described by Dai et al. °, our CHIP heterozygous mice were
maintained on a pure C57BL/6 background. Very few homozygous knockout were
obtained (2.9% of the alive embryo) but all of them were small in size and died before 1
week after birth. The reason for perinatal lethality in our mouse strain remains to be
elucidated. Cardiac-specific CHIP transgenic mice were generated by pronuciear
injection of aMHC-HA-CHIP transgene construct. Two independent lines that express
HA-tagged CHIP to the same level were obtained and both lines showed similar results.
Cardiac specific expression of HA-tagged CHIP was confirmed by Western biotting. The
basal cardiac parameters of the mice used in this study (CHIP heterozygous knockout
mice and cardiac specific CHIP overexpressing transgenic mice) were shown in Table 1.
Permanent coronary artery ligation was performed on 10-week old male mice as
described previously *. We anesthetized mice by intraperitoneally injecting a mixture of
100 mg/kg ketamine and 5 mg/kg xylazine. 17-AAG (Alexis) was dissolved in DMSO
and injected intraperitoneally right after coronary artery ligation.

Physiological analysis and histological analysis.

Echocardiography was performed as described previously °. Paraffin-embedded heart
samples were sectioned and stained with Masson’s Trichrome staining as previously
described *.

Statistical analysis.

Data are expressed as mean+SE. The significance of differences among means was
evaluated using analysis of variance (ANOVA), followed by Fisher's PLSD test and

Dunnett’s test for multiple comparisons. Significant differences were defined as P<0.05.
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Figure Legends for Supplementary Figures

Online Figure I. (A) Tissue distribution of endogenous CHIP. (B) CHIP interacts with
p53 in COS7 cells transfected with HA-CHIP and Flag-p53 as revealed by
immunoprecipitation/western blot analysis. IP, immunoprecipitation. (C) Endogenous
CHIP interacts with endogenous p53 in neonatal rat cardiomyocytes. (D) CHIP induces
ubiquitination of p53 in cultured cardiomyocytes. Ubiquitinated p53 appears as a smear.
MG132 was used as a positive control because it inhibits proteasomal degradation,
leaving ubiquitinated protein undegraded. (E) MG132 prevents CHIP-induced p53
degradation in cultured cardiomyocytes. (F) Both CoCl, treatment and hypoxia induces
pS3 upregulation and CHIP downregulation in cardiomyocytes. Con, control; Co, CoCls.
(G) HIF-1a activity was determined to confirm that HIF-1o was actually active by CoCl,
treatment. Con, control; Co, CoCl..

Online Figure Il. Densitometric analysis for the Western blot shown in Figure 2B. p53
protein level (A), and CHIP protein level (B).

Online Figure lll. (A) Knockdown of HIF-1a. by siRNA reverses the effect of CoCl, in
cardiomyocytes. (B) Overexpression of HIF-1 downregulates CHIP expression and
induces accumulation of p53 in cardiomyocytes. (C) Wild type and cardiac-specific
inducible HIF-10. knockout mice were subjected to coronary artery ligation. HIF-1
deletion attenuates downregulation of CHIP expression induced by myocardial
infarction. WT, wild type mice; CKO, cardiac-specific inducible HIF-1a knockout mice.
Online Figure IV. (A) 17-AAG treatment showed no effect on CHIP mRNA
transcription. (B) Representative blots for the expression level of CHIP, Hsp70 and
HSF-1 after treatment with cycloheximide 100 pg/mL, with or without 17-AAG. (C)

Kinetics of protein stability obtained from densitometric analysis. (D) 17-AAG treatment

up-regulates the protein level of Hsp70 and HSF-1 after myocardial infarction.
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TAU Aggregation is a Therapeutic Target for Alzheimer’s Disease

A. Takashima*

Laboratory for Alzheimer’s disease, Brain Science Institute, RIKEN; 2-1 Hirosawa, Wako-shi, Saitama 351-0198,

Japan

Abstract: Based on the amyloid hypothesis, studies for AD therapy have been mostly focused on removing B-amyloid.
Recent results of amyloid immunotherapy raised the question whether B-amyloid is sufficient target for AD therapy. Neu-
rofibrillary tangles (NFTs), which contain hyperphosphorylated tau, are another pathological hallmark of AD. NFTs are
observed in entorhinal cortex, limbic, and neocortex over the course of clinical progression. NFTs are associated with
synapse and neuron loss, suggesting that the process of NFT formation is involved in brain dysfimction. During NFT for-
mation, tau forms a variety of different aggregation species, including tau oligomers, granules, and fibrils. Analysis of dif-
ferent human tau-expressing mouse lines reveals that soluble hyperphosphorylated tau, which includes tau oligomer, is in-
volved in synapse loss, whereas granular tau formation is involved in neuronal loss. Therefore, inhibition of tau aggrega-
tion and tau phosphorylation is expected to prevent synapse loss and neuron loss, and may slow or halt the progressive

dementia in AD.

Keywords: Oligomer tau, granular tau, synapse loss, neuron loss.

B-AMYLOID HYPOTHESIS

The two major pathological features of AD are senile
plaques (SPs), which are B-amyloid deposits (AB) in the ex-
tracellular space, and neurofibrillary tangles (NFT), which
are intraneuronal inclusions of hyperphosphorylated tau. The
composition of SPs and NFTs suggested that AP and tau are
involved in development of AD. Mutations in amyloid pre-
cursor protein (APP) induce AD with 100% penetration, and
familial Alzheimer’s disease (FAD)-associated mutations of
APP lead to an increased level of AB generation or AP ag-
gregation; these findings support the B-amyloid hypothesis
[1-4]. Studies of other causative genes for FAD, presenilin 1
and 2, further support the B-amyloid hypothesis. The prese-
nilin 1 and 2 genes are located on chromosome 14 and 1, and
their gene products are membrane proteins with membrane-
spanning regions that localize to the nuclear membrane, en-
doplasmic membrane, and plasma_membrane in regions of
cell-cell adhesion [5-7]. PS1 mutations are associated with
an increased ratio of secreted AB42/AP40 [8]. PS1 is a com-
ponent of the y-secretase complex[9,10], and FAD-associat-
ed mutations in PS1 reduce y-secretase activity. This dys-
function of y-secretase has a greater effect on generation of
AP40 than AB42, leading to an increased AB42/AB40 ratio,
with an overall reduction in total AR generation. The in-
creased AP42/AB40 ratio results in more toxic AP aggrega-
tion, suggesting that the level of AP aggregate, rather than
the total AP level, is the important factor in development of
AD. Indeed, aggregated AP caused neurotoxicity in cultured
primary neurons, strongly supporting the B-amyloid hypothe-
sis. Primary neurons from tau deficient mouse did not exhibit
AB-induced neurotoxicity, indicating that AB-induced neuro-
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toxicity requires tau [11]. However, the APP-overexpressing
mouse .(APP-Tg) exhibits AR deposition and memory im-
pairment without NFTs and neuronal loss. This partially
supports the f-amyloid hypothesis.

In AP immunotherapy, immunizing a mouse against
AP42 prevents AP deposition and memory impairment [12-
17], suggesting that A immunotherapy can remove AB oli-
gomers, believed to be a cause of memory deficits. Clinical
trials of the immunization in AD patients, however, did not
show the same results as in the mouse model. While immu-
notherapy resulted in the removal of AP plaques in AD
brains, the removal of plaques failed to halt progressive neu-
rodegeneration [18]. There are several reasons why AP im-
munotherapy might have been ineffective in treating AD
patients. However, just because AB immunotherapy was in-
effective in treating AD patients, we cannot conclude that
AP does not play a role in AD. Indeed, all of the causative
genes for FAD affect AP generation, and AP oligomers in-
duce synaptic dysfunction the in brain, strongly suggesting
that AR does indeed play some role in AD neuropathology.
APP-overexpressing mice do exhibit memory impairment
without tau pathology or neuronal loss, whereas reduction of
tau levels in APP-overexpressing mice prevent Ap-induced
memory deficits [19]; therefore, some changes in tau prior to
NFT formation may be involved in memory impairment.
However, these changes in tau may be insufficient to cause
NFT formation and neuronal loss. Therefore, pathological
changes in tau, which lead to NFT formation and neuronal
loss, may be key to understanding why AP removal fails to
halt the clinical course of AD in humans.

RELATIONSHIP BETWEEN PATHOLOGICAL CHA-
NGES AND CLINICAL DEVELOPMENT OF AD

The progression of AD symptoms varies in each individ-
ual. However, in early stages, symptoms are usually similar.

© 2010 Bentham Science Publishers Ltd.
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According to the Global Deterioration Scale (GDS)[20], in
the case of no cognitive decline (Stage 1), individuals have
no problems in daily living. In very mild cognitive decline
(Stage 2), individuals forget names and locations of objects,
and may have trouble finding words. These behaviors are
dependent on functions of the entorhinal cortex/ hippocam-
pus, and parts of the prefrontal cortex. In mild cognitive de-
cline (Stage 3), individuals face difficulty in traveling to new
locations and handling problems at work, neural functions
that also depend on entorhinal cortex/hippocampus, and parts
of the prefrontal cortex. In moderate cognitive decline (Stage
4), individuals have difficulty with complex tasks, a function
that depends on the prefrontal cortex. From moderately se-
vere cognitive decline to very severe cognitive decline (Stag-
es 5 to 7), in addition to dysfunctions associated with en-
torhinal cortex/hippocampus and prefrontal cortex, individu-
als require help with daily living; these functions are associ-
ated with basal ganglia, amygdala, and association cortexes.
Thus, abilities of memory formation and recall, which relate
to functions of entorhinal cortex/hippocampus, and prefron-
tal cortex, are first impaired in the early cognitive decline
stage; subsequently, the impairment spreads to other areas of
the brain, leading to dementia.

In Braak stage I, NFTs are formed in transentorhinal cor-
tex and the CAl region of the hippocampus. The number of
NFTs increases in Braak stage II; Braak stages I and II to-
gether are called the transentorhinal stage. Braak stages I and
IT are classified as normal aging. In Braak stages III and IV,
called the limbic stage, many ghost tangles appear in the
entorhinal cortex, and NFTs are found throughout the entire
limbic system, in hippocampal regions CAl1-4 and
amygdala. In the limbic stage, patients show various AD-
specific symptoms, such as memory impairment, reduced
spatial cognition, and reduced desire, as a result of neural
dysfunction in the limbic system. In Braak stages V and VI,
called the isocortical stage, NFTs are present, and neural
function in the cerebral cortex is impaired, causing dementia.
This increasing extent of NFTs correlates with increasing
impairment of brain function. The number of NFTs in CAl,
subiculum, and CA4 of the hippocampal formation correlates
with the degree of dementia, and synapse loss in dentate
gyrus, CA2/3, and CA4 strongly correlates with the degree
of dementia [21]. Therefore, the distribution of NFTs corre-
lates with disease progression in Alzheimer’s disease (AD),
and synapse loss may be key to understanding dementia in
AD.

NFT FORMATION AND NEURONAL DYSFUNCTION

Tauopathies are a class of neurodegenerative diseases
stemming from the pathological aggregation of tau protein,
which is called neurofibrillary tangle (NFT) in the human
brain. NFT is observed in a wide range of age-related neu-
rodegenerative diseases, such as Alzheimer’s disease, Pick
disease (PiD), Progressive supranuclear palsy (PSP), and
corticobasal degeneration. Because all NFT-related diseases
are accompanied by neurological disorders due to neuronal
dysfunction, NFT is considered to be a common pathological
marker for neurological disorders. The rate of neuronal loss
is much higher than that of NFTs, suggesting that there may
be a common mechanism between NFT formation and neu-
ron death [22, 23]. This hypothesis is strongly supported by

the discovery of a tau gene mutation in frontotemporal de-
mentia with parkinsonism linked to chromosome 17 (FTDP-
17) [24-26], a dementing disease associated with NFT for-
mation and neuronal loss. The elucidation of mutated tau in
FTDP-17 conclusively demonstrated that tau dysfunction or
abnormality alone can induce neurodegeneration character-
ized by NFTs and neuronal death and leading to clinical de-
mentia.

An FTDP-17 mouse model that displays age-related
NFTs, neuronal death, and behavioral deficits may shed light
on the issue of how tau induces neuronal dysfunction. These
mice overexpress P301L mutant tau under the regulation of a
tetracycline-inducible promoter. Although inhibiting mutant
tau overexpression in these mice blocks neuronal death and
improves memory, NFTs continue to form [27], indicating
that NFTs may not be responsible for neuronal death. Recent
observations that NFT-bearing neurons contained activated
caspase but did not undergo acute apoptosis [28] suggest that
NFTs are not themselves toxic, but that instead the mecha-
nism of NFT formation is shared by the processes underlying
neuronal death and neuronal dysfunction. The relationship
between neuronal loss and memory dysfunction in the P301L
mutant tau mouse model remains unclear. However, an ex-
amination of NFT formation may reveal the key to under-
standing tau-induced neuronal dysfunction.

PROCESS OF NFT FORMATION FROM MONOME-
RIC TAU

NFTs consist of two aggregated tau species, PHFs
(Paired helical filaments) and SFs (Su'alght filaments). The
mechanism of tau fibril formation is not fully understood,
due to technical difficulties involved in electron microscopic
observations of these fibers. However, tau fibril formation
has been studied extensively in vitro. Anionic surfactants
accelerate fibril formation of tau protein in vitro [29], and
fibril formation can then be monitored by thioflavin (ThT)
fluorescence, which recognizes protein aggregations with a
B-sheet conformation. To track structural changes in tau in
solution, and to understand the relationship between different
tau aggregates, we investigated how tau assembly in vitro
changes over time, by measuring ThT fluorescence and using
atomic force microscopy (AFM) [30].

Before ThT fluorescence can be detected, tau forms oli-
gomers (dimers to octamers) as incubation time increases
[31]. Although these tau oligomers could not be observed
under AFM, they were detected by SDS-PAGE performed
under non-reducing conditions. Under reducing conditions,
however, tau oligomers consisting of three or more tau
molecules were no longer detected, suggesting that tan oli-
gomers form through disulfide bonds and other SDS-resis-
tant tau-tau associations. As ThT fluorescence increases, two
forms of tau aggregates can be observed with AFM: a granu-
lar tau aggregate and a fibrillar tau aggregate. Laser light
scattering analysis of sucrose-gradient purified granular tau
aggregates indicated that a single granular tau aggregate con-
sists of about 40 tau molecules. Since an increased concen-
tration of granular tau aggregate induces the formation of tau
fibrils, granular tau has been proposed to be an intermediate
form of tau fibrils [30]. As shown in Fig. (1) monomeric tau
first binds together through disulfide bonds and SDS-
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resistant interactions to form tau oligomers, which are not
visible under AFM. Forty tau molecules bind together form-
ing a [-sheet structure. These 40-tau aggregates appear
granular in shape under AFM. Accumulations of granular tau
stick together to form tau fibrils. Therefore, before tau fibrils
are formed, tau forms two different types of aggregates: tau
oligomers, which are not detectable by ThT staining or by
AFM, and granular tau oligomers.

ROLE OF TAU AGGREGATIONS IN SYNAPSE LOSS
AND NEURON LOSS SEEN IN AD

To understand tau-induced brain dysfunction in neurode-
generative disease and aging, we generated a transgenic
mouse line expressing wild-type human tau. These mice ex-
hibit impaired place learning and memory, but neither NFT
formation nor neuronal loss at old age. To determine which
brain region’s activity is linked to impairment of place learn-
ing in this mouse model, we analyzed the relationship be-
tween age-dependent tau-induced changes in behavior and
the corresponding activity in all brain regions, using Mn-
enhanced MRI (MEM) methods. MEM showed that activity
in the parahippocampal area strongly correlates with a de-
cline in memory, as assessed by the Morris water maze. In
these mice, hyperphosphorylated tan and synapse loss were

found in the same brains regions that also show hyperphos-
phorylated tau and synapse loss with normal aging. Taken
together, the accumulation of hyperphosphorylated tau in
aged mice, leading to inhibition of neural activity due to syn-
apse loss in parahippocampal areas including the entorhinal
cortex, may underlie place learning impairment. Thus, the
accumulation of hyperphosphorylated tau that occurs before
NFT formation in entorhinal cortex may contribute to the
memory problems seen in AD.

Expression of FTDP-17 mutant tau in mouse brain in-
duces neuronal loss and NFT formation. Biochemical analy-
sis indicated that mice expressing FTDP-17 mutant tau form
a sarcosyl-insoluble tau aggregation concomitant with neu-
ronal loss and NFT formation. Because insoluble tau in-
cludes fibrillar and granular tau aggregations, and NFTs
themselves are not the toxic tau species, we speculate that
the granular tan oligomer may be involved in neuronal loss.
The report that the inhibiting mutant tau overexpression in
mice overexpressing P301L mutant tau under the regulation
of a tetracycline-inducible promoter [27] blocked neuronal
loss, but remained NFT formation could be explained by
following, if granular tau oligomer is a toxic tau aggregation,
and fibril does not have toxicity. The inhibition of tau ex-
pression reduces new formation of granular tau oligomer,

Brain aging

Aging factor

Tau oligomer

Dementia

Tau fibril

Granular tau oligomer

NFT in limbic and neocortex

Phosphorylated tau
— Synapse loss

e
+

— Neuron loss

Bk > NFT formation

Fig. (1). An aging-related factor activates GSK-3b. Activation of GSK-3b induces hyperphosphorylated tau, leading to formation of NFTs in
entorhinal cortex. During NFT formation, neuron loss and synapse loss occur in entorhinal cortex, resulting in memory loss. In AD, AP ac-
celerates, spreading NFTs from entorhinal cortex to limbic and neocortex by activation of GSK-3f. During NFT formation, neuron loss and
synapse loss occur in limbic cortex and neocortex, leading to dementia. Hyperphosphorylated tau is dislodged from microtubules because it
has a greater affinity for tau-tau interaction. Hyperphosphorylated tau binds together and forms oligomeric tau, which is still detergent-
soluble and cannot be detected under AFM. Both hyperphosphorylated tau by itself and oligomeric tau are involved in synaptic loss, as ob-
served in the wild human tau Tg mouse. When oligomeric tau consists of ~40 molecules, possesses a [B-sheet structure, and forms a granular
shape under AFM, it becomes a detergent-insoluble aggregate. This granular tau oligomer may be involved in neuronal loss.
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leading to a blockade of the neuronal death cascade. The pre-
existing granular tau oligomers stick together and form tau
fibrils, which may be non-toxic, resulting in a blockade of
neuron loss by reducing the concentration of granular tau
oligomer.

As shown in Fig. (1) hyperphosphorylated tau is dis-
lodged from microtubules because it has a greater affinity for
tau-tau interaction. Hyperphosphorylated tau molecules bind
together, and form oligomeric tau, which is still soluble in
detergent, and cannot be detected under AFM. Both hyper-
phosphorylated tau and oligomeric tau are involved in synap-
tic loss, as observed in the wild human tau Tg mouse. When
oligomeric tau consists of ~40 molecules, possesses a [B-
sheet structure, and forms a granular shape under AFM, it
becomes a detergent-insoluble aggregate. This granular tau
oligomer may be involved in neuronal loss. The granular tau
oligomer fuses together, and forms tau fibrils, resulting in
NFT formation. Thus, in tauopathies, different forms of tau
aggregation are involved in different pathological changes.
The underlying each mechanism may be in common with the
other neurodegenerative disease accompanying with intracel-
lular protein inclusion. Therefore, in cases of tauopathy in-
cluding AD, tau changes are the cause of neural dysfunction
due to synapse loss and neuronal loss.

CONCLUSION

Based on the study of Braak stages, NFTs are observed in
entorhinal cortex before AP deposition, and then spread into
limbic cortex and neocortex after AR deposition. An aging-
related factor and AP may be the cause of NFT formation in
entorhinal cortex, limbic cortex, and neocortex. In either
case, during NFT formation, synapse loss and neuron loss
occur, and brain function is consequently impaired in the
region where NFTs are formed. Therefore, inhibition of tau
aggregation and tau phosphorylation is expected to prevent
synapse loss and neuron loss in AD.
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