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According to the amyloid theory, the balance between amyloid-B (Ap) production and degradation is key to
the development of Alzheimer's disease (AD). Several enzymes including angiotensin-converting enzyme
(ACE) have been reported as candidate enzymes involved in AR degradation, We previously identified the
relationship between ACE activity and AD. We present a comparison between AD and non-AD patients in the
inpatient care unit of a geriatric hospital and have included the onset age and age at sampling in the
comparison. We performed a colorimetric assay to determine ACE activity and a sandwich enzyme-linked

K ds: . . "
Aflyg‘;/o()t:nsin—convening enzyme immunosorbent assay (ELISA) to quantify blood plasma Ap 1-40 and 1-42 levels. Our 676 subjects, none of
Amyloid-p whom had received ACE inhibitor medication, included 147 AD patients. Clinical diagnoses were carried out to

separate subjects into the AD and non-AD groups on the basis of the criteria of the International Classification
of Diseases (ICD-10) and the Consortium to Establish a Registry for AD (CERAD).

We found that the later the onset of AD, the higher the ACE activity, but there was no correlation between ACE
activity and the AR level in peripheral blood. In this report, we suggest that peripheral ACE activity may affect

Alzheimer's disease

the age at AD onset.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An increased amyloid-B (AB) protein level in the brain is
considered to be a cause of Alzheimer's disease (AD), particularly
when the formation of AP oligomer is synaptotoxic {1]. A high
oligomer level with a poor turnover is currently considered to have a
strong effect on the onset and progression of AD. The therapeutical
goal, therefore, is to decrease the level of Ap oligomers.

In studies on AP production, analysis of early-onset familial AD
(FAD) has led to considerable medical breakthroughs. Mutations in
the amyloid precursor protein (APP), presenilin 1 (PS1), PS2 genes
were found in the majority of pedigreed cases of early-onset FAD
[2.3]; these mutations were reported to lead to abnormal AB cleavage
and deposition [4]. In addition, AR degradation has been associated
with several enzymes including Ap-degrading peptidase [5,6],
neprilysin (NEP) [7], insulin-degrading enzyme (IDE) [8,9], cathepsin
B [10], and angiotensin-converting enzyme (ACE) [11-13].

ACE is an endopeptidase that converts angiotensin (AGT) I to AGT
1, an activity that is strongly associated with hypertension and
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vascular dysfunction. Moreover, ACE inhibitors (ACE-Is) are recom-
mended as the first-choice depressor drugs by the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines.

We found that mouse and human brain homogenates contain an
enzyme that converts AR1-42 to AR1-40 and that the major portion
of this converting activity is mediated by ACE [13]. Based in these
findings, we suggest ACE activity may be critically important in the
stage that precedes AD onset.

The ACE gene contains an insertion/deletion (I/D) polymorphism
in intron 16, which has an effect on ACE activity and the level of the
enzyme in plasma [14-19]. In addition, genetic variation at the ACE
gene locus has been associated with ethnicity and shown to affect the
vascular response to bradykinin [20]. Several groups have analyzed
the relationship between this ACE gene polymorphism and AD, and
the results showed that | allele carriers who might have a low ACE
activity could be at risk of developing AD [21-26]. Using animal
models, several investigators found that ACE activity decreases with
age [27-30], but the situation in humans remains unclear. The
greatest risk of sporadic AD is age-related. Therefore, it is essential to
clarify the relationships of plasma ACE activity and AD onset with age.
In addition, the relationships of ACE activity with AR1-42 and AR1-40
levels in plasma have also not been clarified, although we have shown
that ACE converts AR1-42 to 1-40 and degrades AR [13].
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To clarify these points, we quantified AR1-42 and AB1-40, and
determined ACE activity using samples from both AD and non-AD
groups. We then analyzed the fluctuation in ACE activity relative to
the levels of AB1-42 and AR1-40 and investigated their correlations
with age at onset and the type of blood sample used for analysis.

Cerebrospinal fluid (CSF) is a useful source of the laboratory AD
biomarkers AR and phosphorylated tau, whereas peripheral blood has
been proven less satisfactory. However, the information obtained here
on AD-related ACE activity indicates that peripheral blood could be
extremely useful in future studies.

2. Materials and methods
2.1. Patients

The 676 subjects of this study, none of whom had received ACE-I
medication, included 147 AD patients who were admitted to Fukush-
imura Hospital or its nursing home, their families, and staff volunteers.
We obtained the informed consent of patients and volunteers to use
their samples in biochemical, molecular biological, and genomic
research. Written informed consent was obtained from each subject in
accordance with the protocol approved as application number 180 by
the Ethics Committee of Fukushimura Hospital on October 6th, 2005.

2.2. Clinical diagnosis and subgrouping

Clinical information, including illness history, medication, and
present illness, was obtained from the clinical records and by interview
of the patients themselves or their families. We also carried out
computed tomography (CT) of the brains of all the in-patients. All the
subjects were classified into either the AD or non-AD group.

We used the criteria of ICD-10 and CERAD [26] for the clinical
diagnostics of AD. We further divided the non-AD group into three
subgroups: 1) the completely normal group (CN), physiologically and
psychologically normal without medication; 2) the normal brain group
(NB), having few physiological problems, such as hypertension,
controlled with medication and no psychological problems; and 3) the
abnormal brain group (AbB), with disorders of vascular, infectious,
neurodegenerative, or psychosomatic nature. The AbB group was
subdivided into three subgroups; the group with vascular problems
(VP), the group with neurodegenerative disease (ND), and the group
with other brain disorders (Oth). The VP group included patients with
cerebral infarction (Cl), cerebral hemorrhage (CH), subarachnoid
hemorrhage (SAH), subdural hemorrhage (Subdra), and vascular
dementia (VD) such as Binswanger's disease (Bins). The ND group
included patients with Parkinson's disease (PD) as confirmed using
appropriate diagnostic guidelines [31], dementia with Lewy body
disease (DLB) [32], frontotemporal dementia such as Pick's disease
(PiD) [33], progressive supranuclear palsy (PSP) [34], corticobasal
degeneration (CBD) [35], and senile dementia with neurofibrillary
tangles (SD-NFTs) [36].

2.3. Blood collection

In midmorning (around 10 AM), blood samples were directly
collected from the intermediate cubital vein (or if impossible from the
fernoral vein) of patients and volunteers using a syringe (TERUMO,
Tokyo), transferred into tubes with ethylenediaminetetraacetic acid,
di-sodium salt (EDTA 2Na), and kept on ice for blood cell count and
laboratory biochemical analysis.

The blood samples were centrifuged at 800 xg for 20 min at 4°C,
and the resulting plasma supernatants were transferred to several
Eppendorf tubes. These supernatants were stored at —30°C prior to
colorimetric assay and AR quantification.

2.4. Biochemical assays

We used a colorimetric kit (ALPCO) to determine ACE activity [37,38]
with the synthetic substrate N-hippuryl-I -histidyl-I-leucine following
the manufacturer's protocol (normal range 18-55 units). The levels of
AB1-40 and 1-42 in plasma were determined using a sandwich
enzyme-linked immunosorbent assay (ELISA) kit from Immuno-
Biological Laboratories Co., Ltd. (Takasaki-Shi, Gunma, Japan).

2.5. Statistical analysis

The significance of the difference between two groups was
determined by Student's t-test. The level of significance was p<0.05 or
p<0.01.

3. Results

3.1. Measurement of plasma AR level and ACE activity

As shown in Table 1, we analyzed 676 samples. The average age of
these subjects at sampling was 59.9421.0 years. The AD group
consisted of 147 patients aged 82.8 + 9.3. The non-AD group consisted
of 529 individuals aged 60.1 4 21.2. The AD patients were statistically
significantly older than the non-AD subjects.

Table 2 shows the average levels of AB1-40 and 1-42, 1-42/1-40
ratios, and ACE activity for each subgroup and gender. There were no
significant differences between genders.

The plasma AB1-40 levels in the CN and NB groups were statistically
significantly lower than that in the AD group. However, the plasma
AB1-40 levels in the VP and ND groups were higher than that in the AD
group, although the differences were not statistically significant.

Regarding ABR1-42, only CN and NB males showed statistically
significantly lower levels than the AD patients. CN and NB females also

Table 1
Summary of diagnoses of the main neurological subgroups.
Category N age(average £ SD)
AD M 35 763+8.1
F 112 848+87
Total 147 828493
Non-AD M 193 59.5+204
F 336 6044217
Total 529 60.1+21.2
Completely normal M 73 4564186
F 129 4394175
Total 202 4454179
Normal brain (with medication) M 67 627+17.8
F 136 66.2+185
Total 203 65.1+183
Abnormal brain M 53 746+118
F 7 795+89
Total 124 77.3+£105
Vascular problem M 33 775+103
(CI/CH/SAH/VD/Bins/Subdra) F 43 80.7+89
Total 76 79.3+95
Neurodegeneration M 14 7214112
(DLB/PD/PiD/FTD/PSP/CBD/SD-NFT) F 19 786 +8.1
Total 33 760+98
Others M 6 628+159
F 9 7574104
Total 15 705%13.9
Total M 228 6211192
F 448 5831216
Total 676 599421.0

N, sample numbers; SD, standard deviation; M, male; F, female; AD, Alzheimer's
disease; Cl, cerebral infarction; CH, cerebral hemorrhage; SAH, subarachnoid
hemorrhage; VD, vascular dementia; Bins, Binswanger's disease; Subdra, subdural
hemorrhage; DLB, dementia with Lewy body disease; PD, Parkinson’s disease; PiD,
Pick's disease; FTD, frontotemporal dementia; PSP, progressive supranuclear palsy;
CBD, corticobasal degeneration; SD-NFT, senile dementia with neurofibrillary tangles.
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Table 2
AP1-40 and 1-42, 1-42/1-40 ratios, and ACE activity for each subgroup.
NTV Ap1-40 AR1-42 Ap1-42/1-40 ACE units
pmol/ul pmol/ul (%)
AD M 96.9+69.6 74+183 53470 3941150
F 1154 £139.0 21.8+108.0 55+12.1 39.0+14.3
Total 111.0+£126.0 17.5+949 55+11.1 391+ 144
Non-AD M 7274761 5.7+369 36+78 366+ 13.2
F 7344623 56+398" 3.1+69" 3704135
Total 73.1+67.6% 5.6+388" 33+72* 37.1+136
Completely normal M 52.1+14.8* 17+36* 28444 36.7+13.0
F 6194644 48+334 29+69" 366+11.3
Total 5844523 374268 28+6.1™ 366+11.9
Normal brain (with medication) M 63.6 +248"" 16+45" 2.1+34" 388+13.2
F 754 £69.5" 6.8+53.2 28477 3964137
Total 71.5+588™ 511437 25166 3944135
Abnormal brain M 112441342 163 +£69.5 6.5+13.0 338+133
F 904 +335 47488 43448 336+159°
Total 9954918 97 +466 53+93 343+15.8"
Vascular problem (Cl/CH/SAH/VD/Bins/Subdra) M 121.1+1739 21.1+88.1* 6.44+10.0 3584125
F 9134290 43447 44+46 350+154
Total 103.8+1146 11.34+57.2** 52474 353+ 14.1
Neurodegeneration (DLB/PD/PiD/FTD/PSP/CBD/SD-NFT) M 10764363 143+36.2 96+213 36.1+16.0
F 8404453 584158 40+64 286+16.7"*
Total 93.6 +42.9 924259 6.3+ 144 298 £+ 164"
Others M 8734247 28124 28+24 30.7+8.1
F 99.9+244 45+16 46+13 37.7+15.7
Total 948 +244 38120 40+20 349+133
Total M 764+75.5 594347 38177 37.1+135
F 703+63.8 55+419 29470 3741128
Total 729 +69.1 5.7+389 33473 373+13.1

*p<0.05,** p<0.01 compared with AD group.

N, sample numbers; SD, standard deviation; M, male; F, female; AD, Alzheimer's disease; Cl, cerebral infarction; CH, cerebral hemorrhage: SAH, subarachnoid hemorrhage; VD,
vascular dementia; Bins, Binswanger's disease; Subdra, subdural hemorrhage; DLB, dementia with Lewy body disease; PD, Parkinson's disease; PiD, Pick's disease; FTD,
frontotemporal dementia; PSP, progressive supranuclear palsy; CBD, corticobasal degeneration;SD-NFT, senile dementia with neurofibrillary tangles.

showed lower AR1-42 levels than AD patients, but the difference was
not statistically significant. A gender difference was observed in the
VP group; the males showed a higher AR1-42 level than the females.
Although the AR1-42/1-40 ratios of the VP and ND groups did not
differ significantly from that of the AD group, those of the CN and ND
groups were lower than that of the AD group.

Comparisons of ACE activity among the groups showed that the
ACE activity of the AD group was higher than that of other groups,
although this difference did not reach statistical significance AD
females showed a statistically significantly higher ACE activity than
ND females. Moreover, the female ND subjects showed a lower ACE
activity than the CN and NB females.

We plotted the ACE-induced AR1-42 to 1-40 conversion efficien-
cies, AB1-42/1-40 ratios, and ACE activities of the non-AD (Supple-
mental Figs. 1a, b) and AD (Supplemental Figs. 1c, d) groups. We did
not observe any marked differences between these groups for these
parameters.

3.2. ACE activity and aging

As shown in Table 1, female AD patients were much older than the
females of other groups. We placed age at sampling on the horizontal
axis and plotted the ratios of AB1-42/1-40 (Supplemental Figs. 2a, b)
and ACE activity along the vertical axis (Supplemental Figs. 2¢, d).
From these graphs, no significant tendencies were evident.

On correction for age by excluding samples from subjects under
64 years of age at sampling Table 3a, the average age of males in the
various groups was almost the same whereas AD females remained
significantly older than the females of other groups. In terms of ACE
activity, however, no conformity was evident either with or without
correction for sampling age.

In view of animal studies showing that ACE activity tends to
decrease with age, the ACE activities of the subgroups were compared

Table 3a

ACE activity for each subgroup of subjects over 65 years old.
Category N Age ACE units
AD M 33 772+74 399+15.2

F 108 857+74 38.6+142
Total 141 83.7+83 389+144
Non-AD M 94 770+79 3824130
F 163 795+7.7 37.5+149
Total 257 786+78 37.7+142

Completely normal M 13 755+97 41.7+133
F 18 749482 440+91

Total 31 75.1+87 43.0+109

Normal brain M 36 759+7.1 408+115

(with medication) F 78 800474 398+14.0

Total 114 784475 4011132

Abnormal brain M 45 783+80 350+136
F 67 807+74 33.0+159"
Total 112 798+7.7 338+150"

Vascular problem M 30 796+8.1 369+126

(CI/CH/SAH/VD/Bins/Subdra) F 42 813+80 3491155

Total 72 80.7+7.9 3584150

Neurodegeneration M 12 757+74 3221167
(DLB/PD/PiD/FTD/PSP/CBD/SD-NFT) F 18 79767 285+17.2
Total 30 78.1+7.0 293+169™

Others M 3 743+112 346+10.1

F 7 80.1+6.1 3341144

Total 10 78.1+7.0 3374127

Total M 127 770+76 386+136

F 271 82.0+8.2 379+146
Total 398 80.4+83 3811143

*p<0.05,** p<0.01 compared with AD group.

N, sample numbers; SD, standard deviation; M, male; F, female; AD, Alzheimer's
disease; Cl, cerebral infarction; CH, cerebral hemorrhage; SAH, subarachnoid
hemorrhage; VD, vascular dementia; Bins, Binswanger's disease; Subdra, subdural
hemorrhage; DLB, dementia with Lewy body disease; PD, Parkinson's disease; PiD,
Pick's disease; FTD, frontotemporal dementia; PSP, progressive supranuclear palsy:
CBD, corticobasal degeneration; SD-NFT, senile dementia with neurofibrillary tangles.
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Table 3b

The ACE activity of each of the subgroups was compared from 50 years upward in decade increments.

Category Sex N 51-60 (N:ACEa +SD) 61-70 (N:ACEa+SD) 71-80 (N:ACEa +SD) 81- (N:ACEa+SD)
AD M 35 1:35 7:40.5+15.0 17:338+11.6 10:48.5+174
F 112 1:51 7:364+18.1 22:360+13.2 82:39.9+143
Non-AD M 127 20:31.9+93 40:35.8 +£11.7 32:398+ 145 35:37.0+£ 125"
F 223 45:37.0+11.0 38:41.0+14.2 62:38.7 +17.1 78:35.0+13.5"
Completely normal M 25 8:34.3+80 9:36.0+13.8 4.463+118 4:44.74+10.0
F 42 18:36.6+11.0 14:433+109 4:447 +43 6:389+114
Medication with M 51 8:31.8+ 104 18:353+11.0 14:39.7 £ 140 11:445+8.5
normal brain F 110 23:36.1+£10.8 18:38.7+£16.8 32:404+£175 37:388+11:1
Abnormal brain M 51 4:274+98 13:36.4+11.9 14:38.1+16.1 20:31.4+121%
F 71 4:43.6+13.2 6:37.6+13.0 26:37.3 +£20.2 35:32.5+121"
Vascular problem M 33 2:214+60 7:33.7+13.2 8:43.0+156 16:34.61+9.3*
F 43 1:39 5:383+ 146 15:37.3£20.2 22:325+12.1°
Neurodegeneration M 14 2:287+158 3:1424+145 6:31.5£155 3:16.3+16.8
F 19 1:30 1:34 8:30.2+124 9:26.4+219"
Others M 4 0 3:36.8+6.8 0 1:24
F 9 2:53.0+11.3 0 3:1426+174 4:26.5+8.1
Total M 162 21:32.1+£9.1 47:365+12.1 49:37.7+£13.8 45:40.0+ 143
F 335 46:37.3+11.2 45:403+14.7 84:38.1+16.2 160:37.5+ 14.1

*p<0.05,"" p<0.01 compared with AD group.

N, sample numbers; SD, standard deviation; M, male; F, female; AD, Alzheimer's disease.

from 50 years upward in increments of 10 years (Table 3b). All the
subgroups were analyzed together with the AD group, and interest-
ingly, several findings in the oldest group (over 81) were statistically
significant. The ND group showed the lowest ACE activity, but both
genders of the VP group showed statistically lower ACE activities than
the AD group. This tendency was also noted in a larger subgroup, AbB.
Furthermore, the non-AD group also showed a lower ACE activity than
the AD group. However, the ACE activities of the CN and NB groups
were not significantly different from that of the AD group. Overall, the
tendency was for ACE activity to increase with age, except in the ND
group in which ACE activity decreased with age.

As shown in Table 4, after further dividing the subgroups into four
smaller groups according to ACE activity (ACE<30, 30= <50, 50= <70,
70=), we calculated the average age at sampling. In the case of the AD
group, we also considered onset age. As shown in Table 1, the AD
group was the oldest on average. When classified in terms of ACE
activity, the group with the highest activity (705) was the oldest at
both onset and sampling ages among the ACE activity groups and this
difference was statistically significant. The CN group showed a similar
trend, whereas the other groups did not.

Finally, as shown in Fig. 1a, b and Table 5, onset age correlated with
ACE activity. In male subjects, the 61-70 onset age group showed the
lowest ACE activity among the onset age groups. However, in female
subjects, the 51-60 onset age group showed a lower ACE activity and
the 61-70 onset age group showed a significantly lower ACE activity
than the 71-80 onset age group. The number of patients in the
younger group was insufficient; however, the columns in the figure
form a dip with 61-70 years around the bottom. That is, the later the
AD onset, the higher the ACE activity.

4. Discussion

As ACE degrades AR1-42 to AR1-40 via dipeptidase activity [13]
and breaks up AR into small fragments [11,12], we were able to
investigate the relationships of AB1-42 and AR1-40 levels with ACE
activity using the plasma from the AD and non-AD groups. In addition,
ACE activity was assessed as a possible AD risk factor.

Peripheral ACE levels and ACE activities are affected by I/D
polymorphism [14-19]. In individuals harboring this polymorphism,
ACE activity in the brain may be associated with that in peripheral
blood. However, in reports showing that I/D polymorphism in the ACE
genome affects peripheral blood ACE level [15,17,19,39] and ACE
activity [16,40), 1 allele carriers were found to have low ACE levels and

ACE activities. In previously published [/D analyses, the I allele was
shown to be a risk factor for AD [21-23]. I/D polymorphism would
likely affect the regulation of ACE activity not only in peripheral
organs but also in the central nervous system (CNS), and if AR
degeneration in the brain is diminished, an I allele carrier with a low
ACE activity could develop early-onset AD. In this study, we did not
carry out an ACE I/D allele analysis, which was unfortunate because
our AD patients over 81 years with a high ACE activity might have
carried the D allele. We will perform this analysis in the future using
materials from our Fukushimura Brain Bank [41].

In this study, we originally considered that a low ACE activity could
inhibit the degradation of AB1-42 and lead to AD. We found however
that a low ACE activity was associated with early-onset AD. Our
finding that older AD patients showed a higher ACE activity indicates
that a low ACE activity may advance age at onset. Unfortunately, we
could not examine a sufficient number of samples from patients
60 years and younger, but this will be rectified in the future. To date,
there have been no reports on ACE activity and the age at AD onset,
and our analysis of peripheral blood represents a giant step forward in
elucidating this relationship.

Regarding the relationship between ACE activity and age, there
have been a few studies using animal models that showed that this
activity decreases with age, but little is known about this relationship
in humans [27-30]. It is not clear from our data (Supplemental Figs. 2c,
d) whether ACE activity is associated with age. As shown in Table 3b,
although there were no clear trends for subjects under 80 years, ACE
activity was statistically significantly the highest in the oldest subjects
(over 81 years) with significant differences established in the ND, AbB
and VP groups. In this study, we did not focus on the relationship
between age and plasma ACE activity, but we will investigate this
association using a larger population in the near future. AD patients
over 81 years of age showed the highest ACE activity. Having a high
ACE activity might delay the onset of AD in individuals predisposed to
developing it. Table 4 shows that subjects with the highest ACE activity
were significantly older in the AD group as well as the CN group. In the
AD group, the onset age was also (bottom part of the column in
brackets) significantly earlier. Fig. 1a and b shows the AD group
subdivided according to the onset age in decades (horizontal axis)
with ACE activity plotted on the vertical axis. As noted in the figures,
the bars form a U shape with the 61-70 onset age group for male
subjects and at the 51-60 age group for female subjects showing the
lowest points. The younger-onset female patients included those with
sporadic AD in which there may have been some risk or a strong trigger
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Table 4
Comparison of 4 smaller groups divided according to ACE activity (ACE <30, 305 <50, 505 <70, 70S).
<30 305<50 50<70 70s
AD N 44 73 25 5
Age 81.4+9.69 84.0+833 80.8+11.23 87.8+2.17
(onset) (75.2+11.31) (75.21'9.16) (75.2411.68) (78.4 £3.85)
Non-AD N 157 285 78 9
Age 59.5 + 20.62 59.5+21.62 62.7 + 20.81 56.9 ¢ 23.02
Completely normal N 61 m 30 0
Age 42,0 + 14.00 44.0 + 18.00 52,3 +20.79
Normal brain N 47 118 33 5
(with medication) Age 63.0 £ 16.00 66.0 + 18.00 66.7 +20.68 5161258
Abnormal brain N 49 57 15 3
Age 779+ 11.81 776+9.75 749+9.13 77.7+4.16
Vascular problem N 27 37 10 2
{CI/CH/SAH/ Age 79.6¢10.65 80.1+8.80 76.8+9.39 76.0+4.24
VD/Bins/Subdra)
Neurodegeneration N 16 13 3 1
(DLB/PD/PID/FTD Age 7731975 74241092 743+7.23 81
[PSP/CBD/SD-NFT)
Others N 6 7 2 0
Age 72.2+20.86 704+ 8.34 66.0 % 8.49
Total N 201 358 103 14
Age 64.0+21.00 65.0 + 22.00 67.0 + 20.00 71.0+23.44

*p<0.05,** p<0.01 compared with AD group.

N, sample numbers; SD, standard deviation; M, male; F, female; AD, Alzheimer's disease; Cl, cerebral infarction; CH, cerebral hemorrhage; SAH, subarachnoid hemorrhage; VD,
vascular dementia; Bins, Binswanger's disease; Subdra, subdural hemorrhage; DLB, dementia with Lewy body disease; PD, Parkinson's disease; PiD, Pick's disease; FID,
frontotemporal dementia; PSP, progressive supranuclear palsy; CBD, corticobasal degeneration; SD-NFT, senile dementia with neurofibrillary tangles.

leading to AD development, such as harboring the apolipoprotein E
(apoE) 4 allele. On the other hand, the strongest risk of sporadic senile-
type AD is aging and this is likely related to ACE activity. That is, this
younger-onset-associated risk factor is much more stronger than ACE
activity in senile AD patients over 60 years whose high ACE activity is
associated with a delayed onset due to the degradation of AB.

The reason that we had such a large number of subjects in the
oldest age group may be due to the fact that the Japanese live longer
than people of any other country. With rates of longevity increasing
worldwide, the number of AD patients will also increase greatly.
Under such circumstances, the regulation of ACE activity will become
an important issue and the use of ACE inhibitors for medication of
hypertension and heart failure should be reconsidered.

This study showed that peripheral ACE activity did not correlate with
AR1-42/1-40 ratio and that old age correlated with high ACE activity
in AD. Therefore, what exactly is the relationship between peripheral
AR1-42 and AB1-40 levels, and age? A previous report suggested that
peripheral AB1-42 and AR1-40 levels do not change with age in
nondemented people who lack apoE 4, although AB1-40 level does
decrease with age in nondemented apoE 4 carriers [42]. As in our
previous report, the onset of AD among our Japanese patients usually
occurred after the age of 75. AB1-42 is not soluble and exists in the brain

in an aggregate form. A high ACE activity, however, allows it to be
pumped out after its conversion to AR1-40 and dipeptides. Therefore,
peripheral AB1-40 level might reflect the regulation of AB1-42 in the
brain as a result of ACE activity. Pyramidal cells in the cerebral cortex
express ACE and its expression is up-regulated in AD patients [43-45],
although the ACE levels in the brains of our AD patients were low [13].In
other reports, ACE levels in the peripheral blood and CSF of AD and DLB
patients are similar to those of normal controls [46], and ACE activity in
the CSF of PSP, PD, and AD patients is decreased [47]. However, the
relationship between peripheral blood and CSF in terms of ACE level or
ACE activity has not been reported. In any case, these analyses provide a
starting point for examining associations of these factors with onset age.

Our findings in this study were as follows: 1) AD patients with a
higher ACE activity were at a more advanced age at onset, suggesting
that peripheral plasma ACE activity affects the age at onset of AD. This
might represent a serious problem because many elderly people are
prescribed ACE inhibitors. In view of this finding, it might be worth
reconsidering certain forms of hypertension therapy. 2) The level of
AR1-40in the peripheral blood of AD patients was significantly higher
than that of the CN or NB group. Moreover, the AR1-42 level was also
higher, although not significantly so. 3) There was no significant
correlation between AR1-42/1-40 ratio and ACE activity in either the
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Fig. 1. N at the bottom of each column indicates the number of samples. ACE activity
(units) averages with SD are shown on the columns which represent onset ages
grouped according to decade. In this subgroup comparison, * indicates a statistical
significance of 5%. a) The onset age of AD male patients is correlated with ACE activity
(units). b) The onset age of AD female patients is correlated with ACE activity (units).
For females, only two AD patients under 50 years old were available (shadowed in
Table 5, where the range in ACE activity is shown), so these were not included in the
figure, even though their measured ACE activity was the highest recorded.

AD or non-AD group. It has been shown that the major source of ACE
in the blood comes from the kidney and lung [28,30]. However, our
present study has shown that blood ACE activity is associated with the
age at onset of AD, suggesting that brain ACE may enter into the blood
circulation and increase the ACE level in blood. It may be reasonable to
assume that later-onset AD is associated with a higher brain ACE level,
which in turn may be associated with a high blood ACE level. As
shown in our previous report, the human brain produces ACE, but it is
unknown whether the amount of ACE generated would significantly
alter the ACE level in peripheral blood.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jns.2010.09.030.

Table 5
Age of AD onset and ACE activity.
Males Females
Ageat AD N ACE activity Ageat AD N ACE activity
onset (average £ SD) onset (average 4+ SD)
-50 0 ~50 2 551+53
51-60 9 390+149 51-60 7 32+153
61-70 11 316+86 * 61-70 19 344122 *
71- 15 4504168 71-80 49 4121134
81- 35 392+157

*p<0,05,** p<0.01 compared with AD group.
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In Alzheimer’s disease, Ap deposits are considered the
initial cardinal events that induce tauopathy secondarily.
However, the relationship between AR amyloidosis and
tauopathy has not been determined in detail. We pro-
duced double transgenic mice, 2xTgTau*’~APP*",
by mating Tg2576 mice that exhibit AR amyloidosis
and TgTauP301L mice that show tauopathy, and statis-
tically analyzed the effect of AB accumulation on
tauopathy. There was no significant difference in
the progression of AR accumulation among
2xTgTau*"APP*~ and 1xTgTau™"APP*/, and tau
accumulation among 2xTgTau”~"APP*~ and 1xTg
Tau*"APP~"". The appearance rates of phosphorylated
tau developing in neurons and processes were signifi-
cantly accelerated in 2xTgTau*’~APP*/~ mice compared
with those in 1xTgTau*"APP™"~ mice at 23 months of
age. Accumulation of phosphorylated and confomation-
ally altered tau and GSK3@ in neuronal processes was
accelerated in the white matter in 2xTgTau*"~APP """,
The level of phosphorylated tau in the sarkosyl-insoluble
fraction was increased in 2xTgTau'’~APP'/~ brains
compared with that in 1xXTgTau™APP ™"~ brains. Thus,
AB amyloid partially enhances tauopathy through accu-
mulation of insoluble, phosphorylated, and conforma-
tionally changed tau in neuronal cytoplasm and proc-
esses in the late stage. © 2010 Wiley-Liss, Inc.

Key words: Alzheimer’s disease; double transgenic
mouse; neurofibrillary tangles

Alzheimer’s disease (AD) brains are invariably
characterized by two pathological features, initial AR
amyloidosis by extracellular deposition of AR and sub-
sequent intracellular accumulation of neurofibrillary

© 2010 Wiley-Liss, Inc.

tangles (NFTs) comprising abnormal aggregates of
phosphorylated tau. AB cascade from AP deposits to
the final appearance of tauopathy and neuronal cell
losses is the major hypothesis that explains all steps in
the pathogenesis of AD. Soluble AP oligomers are con-
sidered the cardinal molecules that adversely affect syn-
aptic structures and plasticity (Hardy, 2009). Tauopathy
is present in sporadic frontotemporal dementia such as
progressive supranuclear palsy and corticobasal degener-
ation and caused by MAPT gene mutation itself in
FTDP-17 (Hutton et al., 1998). Other types of diseases
such as brain amyloids of familial British dementia
(Ghiso et al, 2001) and lysosomal disorders of Nie-
mann-Pick disease type C also induce numerous NFTs
(Love et al,, 1995). Because JNPL3 mice expressing
double APP and tau mutations exhibited substantial
enhanced NFT pathology in the limbic system and
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olfactory cortex (Lewis et al., 2001), investigations into
mechanisms underlying AP induced tauopathy have been
facilitated. Accumulation of phosphorylated tau was
enhanced around senile plaque cores (Tomidokoro et al.,
2001). Injection of AB42 fibrils or brain AP extracts into
the brains of the tau transgenic mice models caused
increases in the number of NFTs (Gotz et al, 2001).
Administration of AR antibodies cleared AR deposits and
delayed subsequent tauopathy in a 3XTg-AD mouse
model (Oddo et al, 2004). Blocking AP42 or AR
oligomer accumulation delayed the onset and progression
of tau pathology (Oddo et al., 2008). Reduction of both
soluble AB and tau levels have been suggested as necessary
to rescue cognitive impairment in 3XTg-AD model mice
(Oddo et al., 2006a). In contrast, augmenting tau levels
did not modulate the onset or progression of AP pathol-
ogy (Oddo et al, 2007). Thus, a unidirectional mecha-
nism from AP amyloids to tauopathy is suggested in
transgenic mouse models. However, follow-up of a phase
I trial of immunization with AB42 did not prevent clini-
cal progression of dementia, tauopathy, or neuronal cell
loss, even though it resulted in the clearance of amyloid
plaques (Holmes et al., 2008). These findings have facili-
tated further clarificaion of the precise mechanisms
underlying induction of tauopathy by AP amyloidosis.
We have established a tauopathy model mouse
expressing 2N4R  human tauP301L (TgTauP301L),
which develops a florid pathology that includes numer-
ous pretangles, NFTs, and glial fibrillary tangles (GFTs)
in the frontotemporal areas of the cerebrum, accompa-
nied by gliosis, neuronal loss, and cerebral atrophy.
Accumulated tau was hyperphosphorylated, con-
formationally changed, ubiquitinated, and sarkosyl
insoluble. These mice exhibited impairment in hip-
pocampus-dependent and -independent behavioral
paradigms and showed substantial phenotypic varation
and a spectrum of pathologies similar to that observed
in FTDP-17 patients (Murakami et al,, 2006). Here,
we generated double transgenic mice, 2XTgTau"

“APP*’”, by mating Tg2576 mice that exhibit marked

AB deposits (Kawarabayashi et al., 2004) with
TgTauP301L mice in order to analyze how AR amy-
loids induces tauopathy. Progression of deposits of AR,
phosphorylated and conformatinally changed tau,
NFTs, GFT, and phenotypic variation were compared
among 2XTgTau+/_APP+/_, 1XTau+/—APP_/7,
1XTgTau ' "APP™’~, and 0XTgTau '~APP™'~
mice. Although there were no significant changes in
the progression of AB and tau deposits from 8 to 16
months of age, the presence of phosphorylated and
conformationally changed tau in dystrophic neurites
around senile plaques and neuropil threads and the
appearance of pretangles and NFTs were significantly
enhanced in 2XTgTau ' "APP*'~ at 23 months of
age. Based on these findings, the acceleration of tauop-
athy by AB amyloidosis was considered slow and not
very strong, requiring a long incubation period during
which phosphorylation, conformational change, and
insolubilization of tau occurred.

MATERIALS AND METHODS
Transgenic Mouse Models

To generate double transgenic mice expressing
tauP301L and BAPP KM670/671INL, TgTauP301L main-
tained in the FVB/N strain were mated with Tg2576
mice maintained in the B6/SJL strain and defined as
2XTgAPP™’"Tau™'~. Heterozygote F1 littermates of
TgTauP301 and Tg2576 were used for all experiments to ana-
lyze uniform genetic background mice as FVB/B6/SJL.
Each genotypic strain was 2XTgTau ' “APP*'~ expressing
human 2N4R  tauP301L and BAPP KM670/671NL,
1XTgTau+/”APP_/~, 1XTgTau_/_APP+/—, and 0XTg
Tau ' “APP™'", which was the wild FVB/B6/SJL mouse
expressing only endogenous mouse APP and tau. In total 124
mice were examined. Twenty-three 2X TgTau'’"APP"'~ (3
mice at 8 months of age, 4 mice at 12 months, 6 mice at 16
months, and 8 mice at 23 months), 62 1XTgTau YU APPT T
(7 mice at 8 months, 15 mice at 12 months, 27 mice at 16
months, and 13 mice at 23months), 16 IXTgTau_"‘APIf =
(1 mouse at 8 months, 1 mouse at 12 months, 5 mice at
16 months, and 9 mice at 23 months), and 23 OXTgTau'/
“APP™’” (16 mice at 8 months, 1 mouse at 12 months, 19
mice at 16 months, and 4 mice at 23 months) were analyzed.
All animal experiments were performed according to guide-
lines established in the Guide for the care and use of labora-
tory animals and the ethical committee of Hirosaki University.

Immunostaining

After mice were sacrificed under ether anesthesia, brains
were removed and cut sagitally along the midline. One hemi-
sphere was fixed in 4% paraformaldehyde with 0.1 M phos-
phate buffer (pH 7.6) for 8 hr and embedded in paraffin.
Five-micrometer-thick sections were prepared for immuno-
staining and Gallyas-Braak silver stain. Sections were
immersed in 0.5% periodic acid to block intrinsic peroxidase
and treated with 99% formic acid for 3 min. Microwave pre-
treatment was used for AT8 staining. After blocking with 5%
normal goat or horse serum in 50 mM phosphate-buffered sa-
line (pH 7.4) containing 0.05% Tween 20 and 4% Block Ace
(Snow Brand, Sapporo, Japan), sections were incubated over-
night with primary antibodies. Specific labeling was visualized
by Vectastain Elite ABC kit (Vector, Burlingame, CA). Tissue
sections were counterstained with hematoxylin. The following
antibodies were used in this study: tau-154, against amino
acids 154-168 of human tau441 that specifically detect human
tau (1:200); HT7. against amino acids 159-163 of human
taud41 that specifically detect human tau (1:500; Innogenetics,
Gent, Belgium); CP27, against all forms of human tau
(1:500); TAU-5, against amino acids of human tau441 that
detects both human and mouse tau (1:1,000; Abcam, Cam-
bridge, MA); MC1, against early epitope of confomationally
changed tau (1:400); PS199, against phosphorylated tau at ser-
ine199 (1:500); CP13, against phosphorylated tau at serine202
(1:400); ATS, against phosphorylated tau at serine202/threo-
nine205 (1:400; Innogenetics); anti-PT231/PS235, against
phosphorylated tau at threonine231/serine235 (1:500); PHE-
1, against phosphorylated tau at serine396/serine404 (1:400);
anti-PS413, against phosphorylated tau at serine413 (1:100);
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Ab9204, against N-terminal aspartate of AR (0.1 pg/ml); and
anti-GSK3f antibody (1:100) were used (Tomidokoro et al.,
2001).

Western Blot

The other half of the mouse brain was weighed and ho-
mogenized using a motor-driven Teflon glass homogenizer
for 20 strokes in 9 volumes of Tris-saline buffer (TS) with
protease inhibitors (TS inhibitors 50 mM Tris-HCl and 150
mM NaCl, pH 7.6, with protease inhibitor cocktail; Com-
plete; Roche Diagnostics, Indianapolis, IN). The homogenate
was centrifuged at 55,000 rpm for 60 min at 4°C, and the su-
pernatant was analyzed as the TS-soluble fraction. After wash-
ing with 10 volumes of TS with protease inhibitors, the pellet
was homogenized again in 4 volumes of 1% sarkosyl in TS
inhibitors, incubated on ice for 30 min, and centrifuged at
55,000 rpm for 60 min at 4°C. The supernatant was analyzed
as the sarkosyl-soluble fraction. The pellet was washed twice
with 10 volumes of 1% sarkosyl in TS inhibitors, and the
remaining pellet was analyzed as the sarkosyl-insoluble frac-
tion. Each sample was boiled at 70°C in SDS sample buffer,
separated on 4-12% NuPAGE Bis-Tris Gel (Invitrogen, Carls-
bad, CA), and electrotransferred to Immobilon P (Millipore,
Bedford, MA) at 100 V for 1.5 hr. The blots were labeled by
HT-7, Tau5, PHF-1, AT8, and CP13. The signal intensity of
labeled protein using Supersignal (Pierce, Rockford, IL) was
quantified by the luminoimage analyzer (LAS 1000-Mini; Fuji
Film, Tokyo, Japan).

RESULTS

Appearance of expressed human tauP301L began at 3
months of age in both 2XTgTau"' "APP"" and
1XTgTau"'“APP™'~. With aging, the human tauP301L
accumulated progressively and distributed widely from the
hippocampus to the cerebral cortices, thalamus, amygdale,
striatum, and brainstem. There were no significant differen-
ces observed in initiation, distribution, and progression
of human tauP301L accumulation between 2XTgTau"’
“APP™’” (Fig. la—d) and 1XTgTau™'"APP " (Fig.
le-h). Neither brain atrophy nor hydrocephalus was
observed in either group. Progressive accumulation of en-
dogenous mouse tau was also detected by TAU-5 immu-
nostaining in relation to the expressed human tauP301L
accumulation. There were no significant differences
in brain gliosis, neuronal cell loss, behavioral disturbance,
or survival between 2XTgTau'/~APP''~ and
1XTgTau+/‘APP_/_. However, marked accumulation
of phosphorylated tau was detected by AT8 immuno-
staining in the hippocampus and the cerebral cortices
in 2XTgTau"’“APP"’~ mice compared with 1XTg
Tau'/“APP™’” mice at 23 months age (Fig. 11). This
accumulated tau was partially labeled by Gallyas silver
stain (see Fig. 2x), suggesting the presence of both pretan-
gles and NFTs in the brains of 2XTgTau™'“APP™/~
mice at 23 months of age. Phenotypic varations were
also recognized in both 2XTgTau"' APP'’ and
1XTgTau"’~“APP™'" like those in TgTauP301L.

AR core plaques labeled by Ab9201 appeared from 8
months of age in both 2XTgTau' "“APP'’” and
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1XTgTau” '~"APP™'~. Numbers and distributions were
increased with age in both groups. However, there were
no differences in the initiation and distribution of AR
deposits between 2XTgTau’'“APP™'~ (Fig. 1q—t) and
1XTgTau '"APP™’~ (Fig. 1u—x). Furthermore, there
were no differences in diffuse AB plaques at 16-23 months
of age in the two group. From 8 months of age, dystrophic
neurites around AP cores were present (Fig. 2a). The
appearance of phosphorylated tau deposits in dystrophic
neurites was enhanced in 2XTgTau'’ ~“APP"'~ (Fig. 2¢)
compared with that in 1XTgTau™'"APP™'~ (Fig. 2d).
These findings suggested that tauopathy does not induce
AR amyloidosis, but rather AB amyloidosis accelerates
phosphorylation and tangle formation of accumulated tau.

Then, phosphorylated tau was examined in detail
in the brain of a 23-month-old 2XTgTau*’"APP*'~
mouse (Fig. 2e,gh). Numerous neuropil threads were
detected by ATS staining in the cerebral cortex of the
brain (Fig. 2g). There were phosphorylated tau-positive,
Gallyas silver stain-negative neurites in the cerebral
white matter (Fig. 2h), suggesting the presence of pre-
tangles in the neuronal process. There was no apparent
correlation between AP amyloid cores and NFTs, as
shown in Figure 2i,j. Enhanced GSK-3B staining was
also observed (Fig. 2k).

Neurons containing phosphorylated tau-positive
pretangles were significantly enhanced and 3.7 times
more frequently in the 2XTgTau+/7APP+/4 (63%, 5/
8) compared with 1XTgTau '~APP~'~ (17%, 5/29) at
23 months of age (Table I, P = 0.0107: xz test; Graph
Pad Prism 5). Glial tangles were also prominent in
the brains of 2xT/gTau*/‘APP*/‘; 6/8 (75%)
of 2XTgTau '"APP'"~ and 11/29 (38%) of 1XTg
Tau""“APP™’™ mice (P = 0.06). However, there was
no significant difference in the incidence of GFTs. Thus,
AB enhances pretangle formation in neurons and processes.

These pretangles were labeled by antibodies against
special phosphorylation sites at serine199 (Fig. 2r), at ser-
ine202 (Fig. 2s), at serine202/threonine205 (Fig. 2t), at
threonine231/serine235 (Fig. 2u), at serine396/serine404
(Fig. 2v), and at serine413 (Fig. 2w), with conforma-
tional changes by MC1 (Fig. 2q) and by Gallyas silver
staining (Fig. 2x). These findings correspond to those
detected in TgTauP301L and patients with Alzheimer’s
disease or FTDP-17, suggesting that the appearance, se-
verity, and modifications of accumulated tau are more
accelerated by AB amyloidosis in 2XTgTau™'“APP™'~
than in 1XTgTau*’“APP™’" mice.

To confirm the enhancement and acceleration
of tau phosphorylation and NFTs formation, we exam-
ined the presence and amounts of sarkosyl-insoluble
phosphorylated tau in the 2XTgTau'’~APP'’~ and
1XTgTau™ "APP™'~ 23-month-old mice by Western
blot - (Fig. 3). In the first Tris buffer-soluble fractions,
human-specific tau antibody HT7 labeled the 66-kD
bands. TAU-5 demonstrated 66-kD and 55-kD bands.
There were no significant differences in the amounts of
human and mouse tau in the Tris-soluble brain fractions
of the two groups (Fig. 3a). Almost equal amounts of
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Fig. 1. Time course of accumulation of human tau, ?hosphorylated tau, and AP in 8-23-month-old
2XTgTau’“APP* '~ (a=d,i-l,q-t), 1XTau"''“APP™'~ (e~h,m-p), and 1XTgTau”'"APP"'" (u—x)
mice. Mouse sections were stained with tau154 that specifically detects human tau, AT8 for phosphoryl-
ated tau at serine202/threonine205, and Ab9204 for AB. Scale bar = 800 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

human tau were detected in the sarcosyl-soluble fractions and their 58-kD fragments were increased in the sarko-
from the brains of both groups (Fig. 3b). However, syl-insoluble brain fraction of 2XTgTau"'~APP"'~
increased amounts of 66-kD full-length human tauP301L compared with those of 1XTgTau™’“APP™'". These
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Fig. 3. Western blotting of brain extracts from 2X TgTau™"“APP™’~ (A*/"T*'7) and 1 X TgTau™'~APP™/~
(A™’"T"'7). a: TS-soluble fraction stained with HT7 and TAU-5. b: Sarkosyl-soluble fraction stained with HT7
and TAU-5. ¢: Sarcosyl-insoluble fraction stained with HT7, PHF-1, AT8, and CP13. The signal intensity of tau
in the sarkosyl-insoluble fraction (f) was significantly increased in 2X TgTau™’~APP*’~ compared with that in
1XTgTau*’~APP™'"; however, that in the TS-soluble fraction (d) and sarkosyl-soluble fraction (e) did not differ.
The mean intensity of the band in 1XTgTau*"~APP™"™ is shown as 1.

TABLE I. NFTs and GFTs in 2XTgTau’/"APP*/~ and
1XTgTau"'"APP™/~

Genotype 2XTgTau*/"APP™’~ 1XTgTau™/~APP™/~

63% (5/8)""
75% (6/8)

17% (5/29)
38% (11/29)

Neurofibrillary pretangles
Glial fibrillary pretangles

**p = 0.0107.

increased tau isoforms were also labeled by antibody PHF1,
ATS8, and CP13, suggesting that sarkosyl-insoluble tau is
hyperphosphorylated and conformationally changed in the
most insoluble brain fractions, which corresponds to those
recognized in Alzheimer’s disease brains (Fig. 3c). Thus,
acceleration of tauopathy in the 2XTgTau™' " APP"/~
brain was also detected by biochemical examinations.

DISCUSSION
Both 2XTgTau™/ "APP™’~ and 1XTgTau '~
APP™’" showed initiation and accumulation of

tauP301L starting at 3 months, and those accumula-
tions progressively spread from the hippocampus to
the cortices, amygdala, and brainstem. The initial
appearance of dystrophic neurites around the core pla-
ques was detected in both mice at the same period of
8 months of age. The number and size of phosphoryl-
ated tau were enhanced in dystrophic neurites of
2XTgTau™'“APP"'~ mice. Phosphorylated tau-posi-
tive pretangles, NFTs, and GFTs and phenotypic vari-
ation were also reproduced in both mice. However,
the prevalence of mice exhibiting pretangles, NFTs,
and phosphorylated tau-positive neuropils was signifi-
cantly increased in 2XTgTau™'~"APP*'~ compared
with 1XTgTau™ “APP™’" mice at 23 months of age.
The distributions of pretangles and NFTs were not
correlated with the presence of core plaques. These
findings suggest that the presence of AP amyloidosis
partially enhances the accumulation of phosphorylated
tau in neurons and neuronal processes.
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Subsequent generation of AP plaques and tangles and
neurodegeneration have been exhibited by regulatory
expression model mice of tauP301L (1Tg4510; Spires et al.,
2006; Spires-Jones et al., 2008; de Calington et al., 2009)
and APPNLI (rTg3696AB; Paulson et al., 2008). In our
2XTgTau"/"APP "'~ mice, however, the appearances of
pretangles, NFTs, and GFTs were markedly delayed at 23
months of age. Tauopathy was detected at 18 months of
age in TgrauP301L, so about a 5-month delay was
observed. Florid pathology including brain atrophy, neuro—
nal cell loss, and gliosis detected in TgtauP301L was milder
in both 2XTgTau"'~APP"’™ and 1XTgTau ' ~APP™ '~
even at 23 months of age. This delay and a milder form of
tau pathology were observed in 1XTgTau" ""APP™'7, 50
one possible explanation is that alteration of the genetic
background by crossing strains from FBV in TgTauP301L
with FVB/B6/SJL occurred in the crossing of double het-
erozygotes Tg. For this reason, we analyzed many hetero-
zygotes of mice in this study to confirm this phenomenon
statistically and to show significant enhancement of tau pa-
thology by AB in 2XTgTau"'~APP" /™.

Development of AR burden was completely identical
among 2XTgTau™'“APP*'7, 1XTgTau '~APP"'",
and Tg2576. Initial AR deposits were detected at 8 months
of age, and there was no significant difference in the pro-
gressive distribution and density among these three strains.
In other double and triple Tg mice, genetically augmented
tau levels and hyperphosphorylation in the 3XTg-AD did
not show any effect on the onset and progression of AR
pathology (Oddo et al, 2007). The somatodendritic tau
accumulation is dependent on parenchymal A deposits
(Oddo et al., 2009). AB-dependent triosephosphate isomer-
ase nitrotyrosination induces glycation and tau fibrillation
(Guix et al., 2009). Thus, unidirectional facilitation of tau-
opathy by AP amyloidosis and AR oligomer was consid-
ered (Oddo et al., 2006b). The initial alteration of Tg2576
brain was AR dimers in lipid rafts at 6 months of age, and
subsequent accumulation of phosphorylated tau was identi-
fied (Kawarabayashi et al., 2004). Because enhancement of
pretangles, NFTs and GTFs appeared in the late stage of
AP burden consisting of many core plaques and diffuse pla-
ques, the acceleration effect of tauopathy by AB amyloid is
not considered very strong, but the incubation period
seems to be long despite previous findings regarding the
mutant presenilin-1 effect on APP double Tg mice (Hol-
comb et al., 1998).

As clearly shown in TgtauP301L, many tau trans-
genic mice exhibited loss of neurons and synapses. Accu-
mulation of tau in axonal defects was an early event in
the brains of AD and APP Tg mice (Stokin et al,
2005). Suppression of tau expression in mice expressing
a repressible tauP301L developing progressive NFTs,
neuronal cell loss, and behavioral impairments recovered
memory function and neuron numbers (Santacruz et al.,
2005). Transgenic TAU zebrafish clearly showed that
GSK3B-mediated NFT formation actually induces neu-
ronal cell death (Paquet et al., 2009). Neurotoxicity
induced by fibrillar AR on hippocampal cultured neu-
rons is mediated by tau (Rapoport et al., 2002). There
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was no neuronal cell loss or synaptic losses at 23 months
of age in 2XTgTau'’"APP"'’~. These findings indi-
cated that an NFT burden more severe than that shown
in 2XTgTau™"“APP™’™ is necessary to induce neuronal
cell loss and that AP amyloid fibrils and oligomer were
not sufficient to induce this neurodegenerative processes.

Other double transgenic mice obtained by crossing
Tg2576 and tau transgenic mice expressing tauG272V,
P301L, and R406W showed an increase in tau phosphoryla-
tion at serine262 and -422 (Pérez et al., 2005). Lithium, a
well-known drug that inhibits GSK-3 activities, reduced tau
phosphorylation but did not alter the AB load (Caccamo
et al., 2007). Injection of AB42 fibrils into the brains of
tauP301L transgenic mice caused a fivefold increase in the
number of NFTs in the amygdala where neurons projected
to the injected site, 18 days after AB42 injection (Gotz et al.,
2001). Amyloid induces tauopathy through activation of
GSK-38 in APP-V7171 X TauP301L mice (Terwel et al.,
2008). Tau reduction can block AP and excitotoxin-induced
neuronal dysfunction (Robertson et al, 2007). All these
findings indicate that AR might induce NFTs through phos-
phorylation of tau and formation of conformationally
changed tau and GSK3 activation, In accordance with
these findings, ZXTgTauM_APPH" showed enhanced
phosphorylation at serine199, at serine202, at serine202/
threonine205, at threonine231/serine235, at serine 396/ser-
ine404, and at serine413 and the presence of conformational
alteration and argylophilic properties as well as increased
expression of GSK-3B. Biochemical analysis further con-
firmed the histological findings and indicated that this hyper-
phosphorylated and conformationally changed tau acutully
gains insolubility, leading to accumulation of aggregated tau
in the sarkosyl-insoluble fraction in the brain.

In summary, enhancement of tauopathy by AR may
partially initiate pretangle formation in the neuronal proc-
esses and cytoplasm. Based on the presence of many pre-
tangles in the cortex, NFTs and GFTs emerged. These
findings correspond to conventional neuropathological
findings and other reports on AD model mice (LaFerla
and Oddo, 2005, Spires-Jones et al., 2009). Our data and
these reports support the hypothesis that disturbance of
axonal transport of phosphorylated tau in the axons is an
early event induced by AP amyloid deposition. Further
drug development targeting this step would be desirable.
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TgTauP301L mice that overexpress the mutant human
tauP301L present in FTDP-17 reproduce neurofibrillary
tangles (NFTs), neuronal cell losses, memory distur-
bance, and substantial phenotypic variation. To demon-
strate factors responsible for NFT formation and
neuronal cell losses, sets of TgTauP301L for compari-
son with or without NFTs and neuronal cell losses were
studied with oligonucleotide microarrays. Gene expres-
sions were altered in biological pathways, including
oxidative stress, apoptosis, mitochondrial fatty acid
betaoxidation, inflammatory response pathway, and
complement and coagulation cascade pathways.
Among 24 altered genes, increased levels of apolipo-
protein D (ApoD) and neuronal PAS domain protein 4
(Npas4) and decreased levels of doublecortin (DCX)
and potassium channel, voltage-gated, shaker-related
subfamily, § member 1 (Kcnab1) were found in the
TgTauP301L with NFTs and neuronal cell losses, Alzhei-
mer’s brains, and tauopathy brains. Thus, many biologi-
- cal pathways and novel molecules are associated with
NFT formation and neuronal cell losses in tauopathy
brains. © 2011 Wiley-Liss, Inc.

Key words: tauopathy; Apo D; Npas4; DCX; Kcnab1

Alzheimer’s disease (AD) brains are invariably
characterized by two pathological features: initial AR
amyloidosis by extracellular deposition of AP, and sub-
sequent tauopathy with intracellular accumulation of
neurofibrillary tangles (NFTs) comprising abnormal

© 2011 Wiley-Liss, Inc.

aggregates of phosphorylated tau. A cascade from AR
deposits to the final appearance of NFTs and neuronal
cell losses is the major hypothesis that explains all steps
in the pathogenesis of AD (Hardy, 2009). Although
soluble AR oligomers are cardinal molecules that
adversely affect synaptic structures and plasticity, leading
to memory disturbance, neuronal cell loss is closely
related to the presence of NFTs (Spires-Jones et al.,
2009). Accumulation of tau in axonal defects is an early
event in AD brain and in APP transgenic mouse (Stokin
et al, 2005). Suppression of tau expression in mice
expressing a repressible tauP301L and developing
progressive NFTs, neuronal cell losses, and behavior
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impairments recovered memory function and neuron
numbers (Santacruz et al., 2005). However, once NFTs
are formed, these features are irreversible (Holmes et al.,
2008). Transgenic tau zebrafish have clearly shown that
GSK3B-mediated NFT formation actually induces
neuronal cell losses (Paquet et al., 2009). These findings
support the hypothesis that tauopathy is the critical event
in neuronal cell losses in AD and frontotemporal demen-
tia (FTD) patients. In FTD and parkinsomsm linked to
chromosome 17 (FTDP-17), there is large variation in
the clinical and neuropathological features of disease
among patients showing the same mutation within a
family. We recently established a tauopathy model
mouse expressing 2N4R human tauP301L, developing
florid pathology, including numerous pretangles, NFTs,
glial fibrillary tangles (GFTs), gliosis, and neuronal
cell losses in the frontotemporal areas of the cerebrum
accompanied by cerebral atrophy (TgTauP301L;
Murakami et al., 2006). As expected, TgTauP301L also
showed variation in phenotypic manifestation. Given
that the genetic modifiers or associated molecules are
clarified by comparison between individuals showing
severe pathology including numerous NFTs and neuro-
nal cell losses and those with only pretangles, study of
the variance both in families with FTDP-17 and in our
mouse model can contribute to clarifying the patholo-
gical cascade from accumulation of phosphorylated tau
to NFT formation and final neuronal cell losses. On the
basis of this hypothesis, here we analyzed oligonucleotide
microarrays to determine the mRNA expression profile
in TgTauP301L with and without tau pathology and
showed the alterations of biological pathways and novel
proteins associated with NFTs and neuronal cell losses.

MATERIALS AND METHODS
Subjects

TgTauP301L were back-crossed to FVB/N strain mice
for more than six generations to obtain a uniform genetic
background. Two sets of TgTauP301L consisted of the 517
mouse with human tau accumulation (Fig. 1Ba—e) and the
512 mouse showing extensive NFTs and neuronal cell losses
(Fig. 1Bf—j), which were compared at 24 months of age, as
well as the 739 mouse with only human tau accumulation
(Fig. 1Aab, Bk-o) and the 736 mouse showing extensive
NETs and neuronal cell losses (Fig. 1Ac,d, Bp—t), which were
compared at 26 months of age, using oligonucleotide microar-
rays. After mice were sacrificed under ether anesthesia, the
sagittal half of the brain was immediately frozen at —80°C for
Western blot and microarray analysis, and the other half of
the brain was analyzed histologically. An additional 185
TgTauP301L between 3 months and 30 months of age, 52
nontransgenic control littermates (3—-30 months old), and au-
topsy brains from five patients with Alzheimer’s disease (ages
65-81 years), five patients with tauopathy [two frontotemporal
dementia (FTD), two corticobasal degeneration, and one
supranuclear palsy (ages 71-78 years)], and five normal con-
trols (ages 71-91 years) were examined by immunostaining
and biochemical analysis.
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Target RNA Preparation and Oligonucleotide
Array Expression Analysis

Total RNAs from two sets of mouse brains were
isolated using the Trizol reagent (Invitrogen, Carlsbad, CA)
and purified with a RNeasy Mini Kit (Qiagen, Valencia, CA).
The One-Cycle cDNA synthesis kit from Affymetrix was
used to synthesize cDNA from 2 pg of total RNA. Biotiny-
lated cRNA was generated from the ¢cDNA using the IVT
Labeling Kit (Affymetrix, Santa Clara, CA), followed by frag-
mentation of the cRNA target using a fragmentation buffer
for 35 min at 94°C before chip hybridization, then 15 pg of
fragmented ¢cRNA was added to a hybndization cocktail
(0.05 pg/pl fragmented cRNA, 50 pM control oligonucleo-
tide B2, 1.5 pM BioB, 5 pM BioC, 25 pM BioD, and 100 pM
cre hybridization controls, 0.1 mg/ml herring sperm DNA,
0.5 mg/ml acetylated BSA, 100 mM MES, 1 M Na', 20 mM
EDTA, 0.01% Tween 20). Ten micrograms of cRNA from
each sample was hybridized to a separate oligonucleotide array
(Affymetrix Mouse Genome 430 2.0) for 16 hr at 45°C in the
GeneChip Hybridization Oven 640. The arrays were washed
and stained with streptavidin phycoerythrin in the GeneChip
Fluidics Station 450. Then, the arrays were scanned with a
GeneChip Scanner 3000.

Data Analysis

The Affymetrix GeneChip Microarray Suite 5.0
(MASS5) algorithm was used to generate signal values and
detection calls (present, absent or marginal). Only genes that
had a “present” or “marginal” detection call on all four chips
were chosen, with 24,330 identified for further analysis from
a total of 45,101 genes. Ratios of changes in gene expression
were obtained by the differences between 517 and 512 and
between 739 and 736. Gene expression ratios of >2 or <0.5
were chosen as cutoff values, defining increased and
decreased expression, respectively. Filtered genes identified as
differentially expressed by twofold or greater in both compa-
risons were tested for statistical significance using moderated ¢
statistics by the empirical Bayes method in the R package
“limma” (Smyth, 2004). For moderated t-test, we choose a
threshold of P < 0.05. The corresponding false-discovery
rate was 0.076, meaning that 7.6% of the genes selected
by this P value could be false-positive (Benjamini and
Hochberg, 1995).

For biological interpretation of the differentially
expressed genes, the number of appearances of each gene
ontology (GO) term (http://www.geneontology.org/) was
counted from each list of genes. Fisher's exact test to assess
the significance for enrichment of genes within three kinds of
GO categories (BP, biological process; MF, molecular func-
tion; CC, cellular component) in a list was performed by the
GO Browser tool in GeneSpring GX 7.3.1 (Aglent Techno-
logies, Santa Clara, CA).

We also performed a pathway analysis with parametric
analysis of gene-set enrichment (PAGE; Kim and Volsky,
2005) to analyze the differential expression of predefined gene
sets rather than individual genes. This test was implemented
by calculating a Z score for a given gene set that measures the
deviation of the average log-ratio for genes in the category
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Fig. 1. Phenotypic varation in TgTauP301L mice. A: Brains of 739
(a,b) and 736 (c,d); a and ¢ show taul54 staining, and b and d show
Gallyas-Braak silver staining. Accumulation of human tauP301L was
similar between 739 and 736. However, severe NFTs and brain atro-
phy were prominent in 736 (d). B: Brain sections of 517, 512, 739,
and 736 were stained with hematoxylin and eosin (H&E; a,fk,p),

from the genome-wide average, in units of the standard devia-
tion. The Z score for each category was calculated as

Z=(X-po/Vn),

where p and O represent the mean and the standard deviation
of total -fold change values of genes after filtering by MAS5
detection call, respectively. X is the mean of -fold change val-

Nissl (b,g,l,q), tau154 antibody (c,h,m,r), AT8 antibody (d,i,n,s), and
Gallyas-Braak silver staining (e,j,0,t). Neuronal cell losses and NFT
formation were prominent in 512 (gj) and 736 (q.t). Scale bar =
1 mm in A; 50 pm in B. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

ues of genes for a given set, and n is the size of a given gene
set. The predefined gene sets were created from GenMAPP
(http://www.genmapp.org/).

Immunostaining

Tissues were fixed in 4% paraformaldehyde with 0.1 M
phosphate buffer (pH 7.6) for 8 hr and embedded in paraffin.

Five-micrometer-thick sections were prepared for immuno-
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staining and Gallyas-Braak silver stain. For tau immunostain-
ing, sections were immersed in 0.5% periodic acid for block-
ing intrinsic peroxidase and treated with 99% formic acid for
3 min. After blocking with 5% normal goat or horse serum,
sections were incubated overnight with primary antibodies.
The specific labeling was visualized using Vectastain Elite
ABC kit (Vector, Burlingame, CA). Tissue sections were
counterstained with hematoxylin. The following antibodies
were used for immunostaining: taul54 (1:200), TAU-5
(1:1,000; Biosource. Camarillo, CA), AT8 (1:400; Innoge-
netics, Gent, Belgium; Murakami et al.,, 2006), antibodies to
ApoD (1:1,000; Patel et al., 1995; 36C6, 1:100; Novocastra
Laboratories, Newcastle, United Kingdom), antibodies to
DCX (N-19, 1:200; C-18, 1:200; Santa Cruz Biotechnology,
Santa Cruz, CA), antibody to Npas4 (1. 50, polyclonal
antibody to purified Npas4; 1:100, NBP1-06574; Novus
Biologicals, Littleton, CO), and antibody to Kcnabl (1: 50;
Santa Cruz Biotechnology).

Western Blotting

The remaining brain sample was homogenized in 9
volumes of Tris-saline buffer with protease inhibitors (Com-
plete Inhibitor Cocktail tablets; Roche, Mannheim, Germany)
and centrifuged at 55,000 rpm for 60 min at 4°C (TS buffer-
soluble fraction). The pellet was homogenized again in
4 volumes of 1% sarkosyl in TS, incubated on ice for 30 min,
and centrifuged at 55,000 rpm for 60 min at 4°C. The pellet
was analyzed as the sarkosyl-insoluble fraction. The samples
were boiled at 70°C in 4 volumes of SDS sample buffer, sepa-
rated on 4-12% NuPAGE Bis-Tris Gel (Invitrogen, Carlsbad,
CA), and the blots were labeled by antibodies. Signals were
visualized with an enhanced chemiluminescence detection
system (Pierce United Kingdom) and quantified by a lumino-
image analyzer (LAS 1000-mini; Fuji Film, Tokyo, Japan).
The signals were corrected by those of B-actin, and were
tested for statistical significance using t-tests [TgTauP301L
with NFTs and neuronal cell losses (n = 3) and without
NFTs and neuronal cell losses (n = 3)]. All animal experi-
ments were performed according to guidelines established in
the Guide for the care and use of laboratory animals and by the
ethical committee of Hirosaki University.

RESULTS

In comparing gene expression ratios between 517
and 512, 278 were increased and 162 were decreased.
There were 477 increased gene expression ratios and
369 decreased gene expression ratios between 739 and
736. In the two comparisons of gene expression ratios,
there were 52 up-regulations and 16 down-regulations
in common. Among these 68 gene expressions, 37 gene
expressions were significant, and 24 genes have already
been described (Table I). There was no alteration of
gene expression ratios for APP, MAPT, or GSK3B in
517, 512, 739, and 736 mouse brains.

According to biological pathways and gene expres-
sion groupings based on the GenMAPP database, com-
parison between 517 and 512 demonstrated seven
down-regulated gene expression ratio groups. Five path-
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ways consisted of up-regulated gene expression ratio
groups. On comparison between 739 and 736, only one
pathway showed a down-regulated gene expression
group; however, 41 pathways showed up-regulated gene
expression groups. Among these biological pathways,
inflammatory response, mitochondrial fatty acid beta-
oxidation, oxidative stress, apoptosis, and complement
and coagulation cascades were commonly up-regulated.

To confirm further the differences in gene expre-
ssion profile associated with NFT formation and neuronal
cell losses, ApoD (Muffat and Walker, 2010), Npas4 (Lin
et al.,, 2008), DCX (Moores et al.,, 2004), and Kcnabl
(Need et al., 2003) were selected for analysis at the pro-
tein level of up- or down-regulated genes among 24
significant genes because of the availability of antibodies.
ApoD and DCX gene products had been previously
suggested to be altered in AD (Thomas et al.,, 2003; Jin
et al., 2004); however, others have not been reported.

On immunostaining, ApoD was markedly labeled
in the brain of TgTauP301L with NFTs and neuronal
cell losses compared with those of TgTauP301L without
NFTs and neuronal cell losses. In particular, the hippo-
campus and white matter were markedly stained (Fig.
2b). Enhanced ApoD immunostaining was not detected
in brains of TgTauP301L without NFTs and neuronal
cell losses (Fig. 2a). The areas that exhibited extensive
ApoD immunoreactivities were not related to those
showing NFT formation and neuronal cell losses.
Increased ApoD immunostaining was detected in neuro-
nal processes, oligodendrocytes, and astrocytes (Fig. 2d)
compared with that in 739 brains (Fig. 2¢). Astrocytosis
was also prominent in these areas. In AD and tauopathy
brains, ApoD immunostaining was also detected mainly
in astrocytes of the white matter and rarely in neurons
in the cortex (Fig. 2fg,i,j). ApoD was not detected in
the control normal human brains (Fig. 2e,h).

Markedly decreased DCX immunoreactivities were
observed in TgTauP301L showing NFTs and neuronal
cell losses (Fig. 2ln). Decrease in DCX-positive cells
was observed even in areas without NFT formation.
DCX-positive cells were detected in the dentate gyrus,
hippocampus, and cerebral cortex of age-matched con-
trol nontransgenic mouse and TgTauP301L without
NFTs and neuronal cell losses. Band-like immuno-
reactivities were prominent in the hippocampus of con-
trol age-matched nontransgenic mice (Fig. 2k,m). In AD
and tauopathy brains, reticular immunoreactivity of
DCX was markedly decreased in the dentate gyrus (Fig.
2p,q,s,t) compared with that in control human brains
(Fig. 20,1).

On Western blotting, the amount of DCX was
decreased and the level of ApoD was increased in
TgTauP301L mice with NFTs and neuronal cell losses
compared with those in TgTauP301L without NFTs
and neuronal cell losses (Fig. 3). The amounts of DCX
and ApoD in sarkosyl-soluble fraction of the brain were
correlated with the amount of sarkosyl-insoluble tau of
the brain, suggesting that down-regulation of DCX and
up-regulation of ApoD were closely associated with
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