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Review

The biochemical study on the etiology of Alzheimer’s disease

By Kazutomo IMAHORI�1,†

(Communicated by Kunihiko SUZUKI, M.J.A.)

Abstract: Alzheimer’s disease has been characterized by senile plaque and neuro�brillary

tangle in the brain. However, their relation to etiology of this disease has been left unclear. Re-

cently it has been clari�ed that neuro�brillay tangle consists of highly phosphorylated tau protein.
Then we have started to identify the enzyme(s) responsible for this phosphorylation and obtained

tau protein kinase I and II. Tau protein kinase I phosphorylated not only tau protein but also

pyruvate dehydrogenase, phosphorylation of which caused inactivation of this enzyme and �nally
led the cell to death. Then we have proved that TPKI is upregulated in AD brain but not in con-

trol brain. Upregulation of TPKI was induced by treating the neuronal cells with Ab protein.

Finally we have identi�ed oligomeric aggregation of Ab protein named Amylospheroid is highly
potent to degenerate neuronal cells both in vitro and in vivo systems.
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Introduction

Alzheimer’s disease can be characterized by two

kinds of pathological deposits in speci�c areas of the

brain, i.e. senile plaque and neuro�brillary tangles
which would be linked to the etiology of Alzheimer’s

disease (AD). However, no clear-cut explanation has
been given.

Thus the author has conducted experiments to

solve this question from biochemical point of view for
about twenty years. This review is his personal view

summarizing these works in a logical story. Accord-

ingly the author has no intention to claim that this is
the sole explanation for the etiology of Alzheimer’s

disease.

Senile plaques contain extracellular deposits of
b-amyloid protein (Ab) associated with degenerating

nerve process known as dystrophic neurites. Neuro-

�brillary tangles (NFTs) exist inside neuronal cells
and consist primarily of abnormal paired helical

�laments (PHFs). Since large numbers of senile pla-

ques are found in some cognitively normal individu-
als, it was suggested that neuronal death in AD brain

will be related to NFTs.1) Thus, our attention was
�rst directed to the study on the formation and accu-

mulation of PHF.

PHF consists of hyperphosphorylated tau (PHF-
tau),2) and contains a small amount of ubiquitin.3)

During the course of Alzheimer’s disease, tau becomes

hyperphosphorylated at multiple sites and integrated
into PHF resulting in loss of physiological functions.

No protein kinase phosphorylating tau in PHF-like

state was found at that time we started our works
from identi�cation of the candidate kinase.

Identi�cation and characterization

of Tau Protein Kinases

The characteristics of PHF-tau appeared in early

reports were (i) increase of apparent molecular weight

(Mr) on SDS-gel responsible for hyperphosphoryla-
tion, and (ii) the gain of immuno-reactivity against

anti-PHF polyclonal antibody.2) Thus, two criteria

were set up for identifying a candidate kinase as men-
tioned above. The protein kinase activity provided

with these criteria was found in the microtubule pro-
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tein fraction of rat or bovine brain extracts, and

partially puri�ed.4) This kinase was a serine/threo-
nine kinase. At that time, this enzyme was admitted

as a novel enzyme and designated as tau protein

kinase [EC 2.7.1.135] by Nomenclature Committee of
the International Union of Biochemistry.5) We have

used TPK as an abbreviated name.

Later, two kinds of activities with di�erent
mode of phosphorylation of tau were separated and

homogeneously puri�ed being designated as TPKI

and TPKII, respectively.6)

TPKI can phosphorylate native tau isolated

from normal brain which was already phosphorylated

to some extent, but not the completely dephosphory-
lated tau. In contrast, TPKII can phosphorylate both

taus. When dephosphorylated tau is prior-phosphory-
lated by TPKII, however, TPKI can phosphorylate

it as well as native tau to generate a PHF epitope, in-

dicating that prior phosphorylation of tau by TPKII
enhances phosphorylation by TPKI.7) Thus TPKII

may regulate the phosphorylation state of tau not

only in normal brain but also in Alzheimer’s disease
brain in concert with TPKI.

Later it was proved that TPKI is identical to

‘‘glycogen synthase kinase 3b (GSK3b)’’ by cDNA
analysis.

TPKII is a complex composed of two subunits,

catalytic subunit of 30 kDa and regulatory subunit
of 23 kDa. Catalytic subunit of TPKII was proved

from sequence analysis of the cDNA to be identical

with a ‘‘cdc2-related kinase, PSSALRE/Cdk5’’,8)

which by itself, was inactive.8) Therefore, 23 kDa pro-

tein is regarded as a CDK5 activator in neuronal cell.

Phosphorylation sites of TPKI and TPKII

As the next step, phosphorylation sites in tau

protein by TPKI and TPKII were determined. Phos-

phorylation sites of tau by TPKII were Ser202,
Thr205, Ser235, and Ser404,9) while those by TPKI

were Ser199, Thr231, Ser396 and Ser413 (Numbering

of amino acids are done according to longest human
tau).10)

These 8 TPK sites are localized to the amino-

and carboxyl-terminal �anking regions of micro-
tubule-binding domain of tau. Microtubule-binding

domain consists of the tandem 31 or 32 amino acids-

repeated region which includes 4 repeats in adult tau
and 3 repeats in fetal tau.11) In particular, the pro-

line-rich region upstream of the repeats which is the
region with a cluster of a Ser/ThrPro phosphoryla-

tion sites, appears to be essential for tubulin binding

in vivo.12) Thus, phosphorylation by TPKI and TPKII

markedly reduces the tubulin-assembly promoting
activity.10)

However since the action of TPKI/TPKII cannot

explain all phosphorylation sites of PHF it is reason-
able to consider that several other kinases are also in-

volved in the hyperphosphorylation of tau to induce

PHF-tau.

Upregulation of TPKI in AD brain

As shown in Table 1, about 20 sites are involved
in PHF-tau13) and especially 10 major sites. Among

these sites Ser413 is quite unique because it could be

phosphorylated only by TPKI but not by other
kinases as could be seen in Table 1. In other words,

phosphorylation of Ser413 is the �ngerprint of TPKI.

Likewise Thr205 is the �ngerprint of cyclin dependent
kinase (CDK) and TPKII. In order to prove that

TPKs are operating in PHF formation, we have ex-

amined the staining of AD brain by using anti-PS413
and anti-PT205, which were raised against decapep-

tides spanning the sequence around phosphorylated

Ser-413 and Thr-205, called PS413 and PT205, re-
spectively. Twelve AD brains and nine control brains

with no evidence of Alzheimer-like changes were

examined by staining with anti-PS413 and anti-
PT205 in CA1 region. In serial vibrotome sections of

formalin �xed hippocampus, anti-PS413 and anti-

PT205 identi�ed three major regions associated with
neuro�brillary degeneration (i.e. NFT, NP and NT),

in all twelve AD cases.14) On the other hand the brains

of non-demented individuals were faintly stained and
number of the stained neurons were scarce. These re-

sults suggested strongly that both TPKs are operat-

ing in AD brain to raise each epitope.
The preferential appearance of epitopes of TPKI

and TPKII stained by anti-PS413 and anti-PT205

in AD brain suggested up regulation of these kinases
in AD brain. In order to prove this we tried to raise

antibody against TPKI/GSK3b. We have raised an-

tibodies against synthetic peptides representing car-
boxyl-termini of rat TPKI/GSK3b and its isoform

GSK3a, where the di�erence in homology between

these isoforms are most eminent. After brief micro-
wave heating intense staining of pyramidal neurons

of focal groups in AD brain, and their surrounding

neuropil made a vivid contrast against weaker, di�use
reaction of the neighboring cells (Fig. 1A). The same

region of the age-matched control brains was sub-
jected to anti-TPKI antibody. The staining was faint

and the number of stained cells was scarce (Fig. 1B).
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Similar strong staining was observed in the prefrontal

cortex, entorhinal cortex, and amygdala, but not in

the cerebellum, which lacks AD pathology. Preabsorp-
tion of the anti-serum with TPKI-peptide inhibited

immunostaining completely but preabsorption with
GSK3a-peptide had no e�ect.14)

As mentioned earlier TPKII consists of two sub-

units and the larger one is identical with CDK5. By
using commercially available anti-CDK5 antibody,

we have stained AD brain (data are not shown). The

results obtained were very similar to those of TPKI.
Especially double staining indicated clearly that tau-

1-positive NFT were also positive for CDK5. Neuro-

pil threads were negative for CDK5, in contrast with
the case of TPKI.15) Nevertheless our results sug-

gested that the level of TPKI or TPKII are elevated

in AD brain by some mechanism.

Induction of TPKI by amyloid b protein

The experimental results above suggest us that

some factor(s) bringing induction of TPKs in neuro-
nal cells may appear in AD brain. Although such fac-

tor has not been identi�ed clearly, Ab will be a good

candidate since its appearance precedes that of NFT.
In order to test this hypothesis we have adopted in

vitro approach. Primary culture of embryonic rat

hippocampal cells was used for this purpose. This tis-
sue was treated with several concentration of Ab.

As shown in Fig. 2A (below) the activity of TPK1/

GSK3b increased remarkably by up to the concentra-

Table 1. Phosphorylation sites of tau-protein

The �rst line shows candidate sites for phosphorylation in tau protein, numbered according to the amino acid sequence

from N-terminus. The second line shows the sites phosphorylated in native tau protein. The third line and below show the

sites phosphorylated by the kinases indicated in the left column. d indicates the site phosphorylated by the kinase shown

in the left column. db indicates the site speci�cally phosphorylated by TPKI or TPKII.

Fig. 1. Immunocytochemistry of anti-TPKI in the human hippocampal CA1 sub�eld.15) (A) AD brain stained with anti-TPKI
antibody. (B) Control brain with slight AD-like changes stained with anti-TPKI antibody. In each pyramidal cell, cell body,
apical dendrite, basal neurite and proximal axon are stained.
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tion of 0.1 mM Ab, but leveled o� above this concen-

tration. As will be discussed later, above 0.1 mM the

surplus Ab molecules will aggregate into inactive
form.

In parallel to enzyme assay, we have examined

the survival of these cells. After 24 hours incubation,
the survival of the cells was reduced to less than

10% of the control culture (culture without Ab). In

order to clarify the relation between TPKI activation
and cell death, we have synthesized both sense and

antisense oligonucleotides of TPKI gene in accordance

with its cDNA sequence.16) Sense or antisense oligonu-
cleotide was added to the incubation mixture contain-

ing Ab. After three hour incubation with antisense

oligonucleotide, the synthetic activity of TPKI was
suppressed to the same level of the control. On the

other hand sense oligonucleotide was not e�ective to

rescue the cells from death.

TPKI/GSK3b Inactivates pyruvate

dehydrogenase and inhibits acetyl

choline syntesis

The above results suggest the existence of

another substrate of TPKI and its phosphorylation
might be crucial for the survival of the neuronal cells.

Thus we started to identify this substrate of

TPKI using yeast two-hybrid system and obtained
pyruvate dehydrogenase (PDH), as the candidate.

Then we examined if TPKI would phosphorylate

PDH.17) As expected, incubation of porcine heart
PDH complex with puri�ed TPKI resulted in ATP

dependent phosphorylation of PDH. It is quite strik-

ing that in parallel to this phosphorylation the ac-
tivity of PDH decreased. Other kinases including

TPKII failed to inactivate PDH.17)

Since these results were obtained in in vitro sys-
tem we examined to prove these in the in vivo system

using primary culture of rat hippocampal neurons.

Since PDH exists inside mitochondria we have con-
�rmed that TPKI is also located in mitochondria

both biochemically and morphologically.17)

As can be expected from in vitro experiment
TPKI activity increased remarkably by adding Ab

in the culture (Fig. 2A below). PDH was inactivated

in inverse proportion to the Ab-induced TPKI activ-
ity (Fig. 2A above). The remaining activity of PDH

was only 20 per cent of the control. Inactivation of

PDH naturally should result in the reduction of
acetyl-CoA level, which is the key substance for

ATP synthesis through TCA cycle and synthesis of

acetyl choline. The above results can explain follow-
ing phenomena observed for AD patients.

1) In AD brain 44% reduction in cerebral meta-

bolic rate of glucose and four fold increase of
lactate production were observed, whereas cere-

bral blood �ow and cerebral metabolic rate of
oxygen were found unaltered.18)

Fig. 2. Activation of TPKI/GSK3b, inactivation of PDH and
inhibition Ach synthesis in rat septum cells cultured with
amyloid b.16) (A) Dependency of TPKI activation and PDH
inactivation on the concentration of Ab1{42. The activity
was measured after 12 hours incubation with various con-
centration of Ab1{42 shown in the abscissa. (B) E�ect of
Ab1{42 and Ab1{40 on the suppression of Ach synthesis. In-
tracellular level of Ach was determined by HPLC-electro-
chemical detector system after 12 hours culture with Ab.
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2) In postmortem studies PDH activity was de-

creased especially in AD brain.19)

Since acetyl-CoA is the important source of ace-

tyl choline (Ach) production in cholinergic neurons,

the inactivation of PDH will cause the reduction of
Ach synthesis.

We examined the relation between PDH inacti-

vation and Ach synthesis, using the primary culture
of the cholinergic neurons. As expected Ach level in

the cultured cells was reduced to 30 per cent relative

to the control after Ab treatment (Fig. 2B). Under
this condition Ab did not a�ect choline acetyl trans-

ferase or choline esterase activity, indicating that the

decreased level of acetyl-CoA via inactivation of PDH
caused the reduction of Ach synthesis.

In this system aggregation of Ab in �brillary
state was not necessary and 10 nM concentration

was enough to cause signi�cant increase in TPKI

activity and reduction in the intracellular Ach level,
so long as Ab1{42 was used. On the other hand Ab1{40

or 25{35 was completely ine�ective in this concentra-

tion (Fig. 2B).20)

In summary, Ab may a�ect various metabolic

pathway. In the �rst case, Ab interacts with neurons

and activates TPKI, which will lead to extensive
phosphorylation of tau and destabilizing micro-

tubules, resulting in impaired axonal transport and

neuronal death. On the other hand the activated
TPKI in mitochondria will phosphorylate and inacti-

vate PDH, resulting in dysfunction of glucose meta-

bolism and also reduction of acetyl-choline produc-
tion, which also contribute to neuronal death through

the failure of the energy production and signal trans-

mission between neuronal cells.

Identi�cation of toxic form of Ab

aggregate in AD brain

Since the previous results indicate that some ag-
gregate of Ab is not toxic we next tried to clarify the

nature of toxic form. We incubated 50 mM chemically

synthesized Ab solution by rotating for 14 hrs. The
solution was fractionated by glycerol-gradient centri-

fugation. The most toxic fraction thus obtained con-

tained spherical aggregates with 10{15 nm in diameter.
On the other hand highly aggregated form showed no

toxic activity as above-mentioned.

This toxic aggregate was named Amylospheroid

(ASPD).21) Then we have raised anti-body against

ASPD in mice system. The obtained antibody, which
we will call mASD3 hereafter, was quite speci�c to

ASPD and showed no cross-reactivity with Ab mon-

omer, or Ab �brils. This mASD3 antibody was quite
potent to neutralize apoptosis activity of ASPD.

Then, to elucidate whether ASPD-like aggregates

are present in vivo brain, sections of patients with
clinico-pathologically con�rmed AD and those of

non-cognitively impaired (NCI) people.22) The bind-

ing of the mASD3 antibody in AD brain was associ-
ated with regions where prominent neurodegenera-

tion had occurred, whereas the binding of mASD3

was negligible in NCI brains. This clearly suggested
ASPD-like aggregates exist speci�cally in AD brain

and we named this aggregate native ASPD.22)

Isolation and characterization of native

ASPD from AD brain22)

We prepared soluble fraction of AD brains under
non-denaturing condition, using solutions of physio-

logical ionic strength and pH without detergent. Then

we passed the fraction through 0.22-mm �lter and the
�ltrate was applied to 100-kDa molecular weight cut

o� (MWCO) �lters to avoid smaller Ab aggregates

and to concentrate native ASPD. We then puri�ed
native ASPD using mASD3 antibody. Native ASPD

thus derived was analyzed by mass spectroscopy,

which showed single charged ions of Ab.
We next examined if this native ASPD will in-

duce neuronal death. As shown in Fig. 3 native ASPD

showed strong neurotoxicity as compared with syn-
thetic ASPD, which is strongly suppressed by the ad-

dition of anti-ASPD antibody (mASD3). However it

is worthy to note that toxicity of native ASPD is
much stronger than synthetic ASPD. As can be seen

in Fig. 3, 0.2 mM of native ASPD showed the same

toxicity as 8.3 mM of synthetic ASPD. Eluates from
NCI brain or mASD3 had no neurotoxicity (Fig. 3).

Both synthetic and native ASPDs showed acti-

vation of TPKI, inactivation of PDH and inhibition
of Ach synthesis in similar ways to those shown in

Fig. 2.

As can be expected from the above results, the
concentration of native ASPD was highest in the

brain extract of severe AD patients lower in moderate

AD patient and none in NCI patient (Fig. 4). These
results suggest strongly that native ASPD plays im-

portant role in neuronal degeneration of AD patient.

Discussion

Alzheimer’s disease has been characterized by

two intra-cellular and extra-cellular deposits, neuro-
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�brillary tangle and senile plaque. However relation

between these deposits has not been clari�ed. In ad-
dition, it has not been completely explained how

these deposits might be related to neuronal cell death

in AD patients. It is well known that senile plaque,
which is highly aggregated Ab protein, appears in

normal (non-demented) brain. Even in the case of

AD patients appearance of senile plaque precedes
the onset of dementia. On the other hand, appear-

ance of neuro�birillar tangle proceeds almost in paral-

lel with the progress of dementia. Since it was dem-
onstrated by Ihara that paired helical �laments,

which are the main component of neuro�brillary tan-

gle, consist of hyper-phophorylated tau protein2) we
have assumed that the phosphorylation of tau may

be the key to solve the etiology of this disease.

Thus we have puri�ed TPKI and TPKII as the
candidate enzymes of this phosphorylation. These

enzymes phosphorylated 8 sites of PHF but not all

of them. We then examined either enzyme may have
another substrate, phosphorylation of which will be

crucial for the cell death. We have found that pyru-

vate dehydrogenase (PDH) can be phosphorylated by
TPKI resulting disappearance of its activity. The in-

activation of PDH will result in the shortage of ATP

and acetyl choline, which are crucial for the survival
of neuronal cells. Then the problem is how TPKI will

be up-regulated in AD brain.

Although another candidate for the key of the
etiology of AD may exist, it is known that deposition

of senile plaque occurs even in normal (non-demented)

individuals. So we assumed that soluble form of Ab

but not highly aggregated Ab proteins may play the

key role. Truly as shown in Fig. 2, solution of Ab has

potent ability to activate TPKI, inactivate of PDH,
resulting in the shortage of acetyl choline. However,

since this solution was somewhat turbid, toxic moiety

is thought to be oligomeric aggregation of Ab. Final
problem for us was to characterize this aggregate.

So we have fractionated the components in the solu-

tion by assaying the strength of cell toxicity, and iso-
lated spherical aggregate of Ab with a diameter of

10{15 nm, which we called Amylospheroid (ASPD).
In order to examine if this ASPD may exist in the

brain of AD patients we raised the antibody which

is strictly speci�c to ASPD. As expectedly this anti-
body stained strongly the brain of AD patients but

not those of normal adult or even of NCI patients.

Finally we have tried to separate ASPD in the
brain of AD patients, by immunoprecipitation, using

Fig. 3. Characterization of native and synthetic ASPD-in-
duced toxicity.22) Human neuronal cells were treated for 2
days with the eluates of NCI-brain, AD-brain and synthetic
ASPD, with or without 2-hrs mASD3 pretreatment. Non-
damaged cells after treatment to control cells were counted
after tyrosine hydrogenase and Hoechst3328 staining. The
ratio of damaged cells to neuronal cells treated with bu�er
alone is shown.

Fig. 4. The contents of native ASPD in NCI, moderate AD
and severe AD brain.22) The contents of ASPD in the brain
extracts of NCI brains and AD brains of di�erent stages
were determined. Each extract was treated with mASD3
and the precipitate was assayed by dot blotting.
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the speci�c antibody mentioned above. The obtained

ASPD, native ASPD was mostly identical with the
synthetic ASPD, except that native ASPD was much

higher in the neurotoxicity than the synthetic one.

Although several works are proceeding,23),24) re-
porting other kinds of Ab aggregates showing neuro-

toxicity, present report will give self-consistent story

to explain the mechanism of neuro-degeneration in
AD brain.
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