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Figure 1.
tabolism in the striatum is well preserved.

Figure 2. MIBG myocardial SPECT shows persistent low
uptake in the infero-posterior area (a); however, [Tc-99m]
tetrofosmin SPECT also reveals low uptake inthe sptum and
inferior areas (b), suggesting that reduced MIBG uptake is
due to cardiac infarction rather than sympathetic dener-
vation. H/M ratio is 1.84.

GBA/metaxin gene has been identified in any form of he-
reditary parkinsonism, but we do not consider the co-
existence of Gaucher’s disease and Parkinson’s disease to be
a mere chance association.

However, the clinical features of Parkinson’s disease in
type I Gaucher’s disease differ somewhat from those of
typical Parkinson’s disease (1-7). In most published cases,

[F-18] FDG PET shows hypometabolism in the frontal and parietal cortices, but me-

the age at onset of parkinsonism was younger than that seen
in typical Parkinson’s disease, resting tremor was not evi-
dent, and the effect of levodopa was relatively poor. How-
ever, further clinical investigations were not described in
these articles. In the present case, parkinsonism responded
well to levodopa therapy, and [F-18] fluorodeoxyglucose
(FDG) PET revealed that function of the striatum, a post-
synaptic structure of the nigro-striatal dopaminergic path-
way, was well preserved. These findings are identical to
those of idiopathic Parkinson’s disease.

However, onset as early as the 5th decade of life, absence
of resting tremor, and relative preservation of myocardial
MIBG uptake are not typical features of idiopathic Parkin-
son’s disease. In particular, MIBG myocardial scintigraphy
has been established as a useful tool to distinguish idi-
opathic Parkinson’s disease from other parkinsonian syn-
dromes such as multiple system atrophy and progressive su-
pranuclear palsy. Myocardial uptake of MIBG is completely
absent, indicating cardiac sympathetic denervation, in the
majority of cases of idiopathic Parkinson’s disease, even in
the earlier stages, while it is well-preserved in other parkin-
sonian syndromes (8-11). In the present case, apart from a
partial defect of MIBG uptake probably due to old myocar-
dial infarction, MIBG scintigraphy did not indicate a re-
duced uptake. Normal uptake of MIBG in the present case
may represent a lack of Levy body pathology, since MIBG
uptake is also preserved in autosomal recessive juvenile
parkinsonism with PARK2 anomaly (10).

It is noteworthy that the clinical features of parkinsonism
in Gaucher’s disease differ distinctly from those of typical
Parkinson’s disease. While we do not consider the co-
existence of Gaucher’s disease and Parkinson’s disease to
represent a mere chance association, it is noteworthy that
the clinical features of such cases differ distinctly from
those of typical Parkinson’s disease. Gaucher’s disease-
related parkinsonism may account for a small number of
cases of Parkinson’s disease.
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Abstract

Alzheimer’s disease (AD) is characterized by the extensive deposition of amyloid f§ protein (AB) in the brain cortex. AB is produced from B-
amyloid precursor protein (APP) by B-secretase and y-secretase. B-Secretase has been identified as beta-site APP cleaving enzymel (BACE1). We
produced rabbit polyclonal antibodies against the amino and the carboxyl terminals of BACE1. Using these antibodies, BACE1 was characterized
in temporal lobe cortices by Western blotting and immunohistochemistry.

Immunohistochemical studies employing anti-GFAP and anti-MAP?2 antibodies as well as anti-BACE! antibodies showed that BACEI was

expressed exclusively in neurons but not in glial cells.

Brain samples were directly extracted by 0.5% SDS and analyzed by Western blotting and densitometer. Although the mean level of BACE1/mg
protein in AD brains was not increased, the ratio of BACE1 to MAP2 or to NSE was significantly increased compared with that in control brains.
Taken together, these findings suggest that those neurons that survive in AD brains might generate more BACE1 than normal neurons in control
brains, indicating that increased BACE! activity could be one of the causes of AD. This could justify the development of anti-BACE1 drugs for AD

treatment.

@© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Alzheimer’s disease; AB; BACE!

1. Introduction

Alzheimer’s disease (AD) is a major form of senile
dementia. The appearance of senile plaques with B-amyloid
protein (AB) as the main component precedes the various
pathological changes observed in AD brains (Glenner and
Wong, 1984). AB is produced by cleavage of AR precursor
protein (APP) at the amino terminal end by B-secretase and at
the carboxyl terminal end by -y-secretase (Hardy and Allsop,
1991). Part of the AP released outside the cell is degraded and
removed by degradative enzymes; however, increased AP
production, reduced activity of the degradative enzymes, or

* Cormresponding author. Fax: +81 29 853 3224.
E-mail addresses: haradah@nona.dti.ne.jp (H. Harada),
atamaoka@md.tsukuba.ac.jp (A. Tamaoka).

reduced activity of the mechanism for removal of AB causes the
formation of senile plaques through the aggregation and
deposition of AR (Selkoe, 1999). Furthermore, aggregated AR
acts against neuronal cells and causes neuronal cell death. It is
also said that AB activates the phosphorylation of tau protein,
causing neurofibrillary degeneration (Rapoport et al., 2002;
King, 2005). Therefore, it is considered that inhibition of AB
production before its deposition, enhancement of AR degrada-
tion, or clearance of deposited AP would be effective in the
prevention and treatment of AD. Two phenotypes of BACE
have been observed: BACE! and BACE2. BACE! is considered
to be the major B-secretase because: (1) it exists mainly in the
brain, whereas BACE2 is widely distributed throughout the
body; (2) only small amounts of BACE2 mRNA have been
observed in the brain (Vassar et al., 1999; Bennett et al., 2000;
Vassar, 2004). Furthermore, although AR production is

0168-0102/$ — see front matter ¢+ 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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increased when human BACEI! is overexpressed in transgenic
mice that express a Swedish variant of APP, it is not observed in
BACE! knockout mice (Bodendorf et al., 2002; Luo et al,,
2001). These findings suggest that BACE1 inhibitors would
suppress the production of AR and might be useful as new
therapies for AD. To study the localization of BACE! in AD
brains, we prepared anti-human BACE! antibodies and
investigated their reactivity and specificity. We also compared
the quantities of BACE1 between normal and AD brains. In
addition, we analyzed the relationship between the amount of
BACE! and AP species, as measured by enzyme-linked
immunosorbent assay (ELISA).

2. Methods
2.1. Case selection

We used frozen temporal lobe cortices (Brodmann area 21) preserved in this
hospital and at the Tokyo Metropolitan Institute of Gerontology, including 28
AD cases and 25 normal controls. All AD cases had been diagnosed patho-
logically according to the criteria of the Reagan Institute Working Group/
National Institute on Aging (stages 5 and 6 according to Braak and Braak)
(Braak and Braak, 1991; The National Institute on Aging, and Reagan Institute
Working Group on Diagnostic Criteria for the Neuropathological Assessment of
Alzheimer’s Disease, 1997), having been clinically and pathologically differ-
entiated from dementia caused by other diseases. All control subjects had been
examined clinically and pathologically. Their causes of death were cerebro-
vascular infarction or non-neurological diseases. The temporal, frontal, occi-
pital, and parietal lobes from the control brains had been confirmed as
pathologically normal for age. No significant differences between AD and
control cases were evident concerning distributions of age, gender, or post-
mortem interval (range, 3-12 h).

2.2. Cultured cells as positive controls expressing human BACE]

pcDNA3-hBACEL was prepared by cloning full-length BACE1 from the
human brain library and then inserting pcDNA3. Next, the construct was
transiently forced to express itself in Hela cells and treated in a lysis buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% NP40, 1% Triton-X100, 2 mM
EDTA, protease inhibitor cocktail [Roche, Penzberg, Germany], 1 mM PMSF)
on ice for 30 min. The resultant solution was centrifuged at 100 000 x g for
15 min to obtain the lysate, the supernatant of this process.

2.3. Preparation of antibodies

Rabbits were immunized with synthetic peptides of the amino terminal
(45-55, ETDEEPEEPGR) and the carboxyl terminal (485-501,
CLRQQHDDFADDISLLK) of BACE! to prepare polyclonal antibodies,
referred to here as anti-BACEI-N antibody and anti-BACE1-C antibody,
respectively.

2.4. Preparation of brain samples and Western blotting

To determine the solubility of BACE1, brain samples were homogenized in
a buffer (described below) with three times the volume of the sample, and the
whole homogenate was then centrifuged at 100 000 x g for 20 min to separate
the supernatant. Consecutive extraction was performed with TSE (10 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA), 0.1% Triton-X100/TSE, and 0.5%
SDS/TSE, which were added with the inhibitors of proteolytic enzymes
(Roche).

The samples of each supernatant and the final pellets were heat-blocked for
10 min in a loading buffer (125 mM Tris-HCl, 20% glycerol, 10% 2-mercap-
tethanol, 4% SDS, 0.02% bromophenol blue, pH 6.8) and then subjected to
electrophoresis on a 10-20% Tris—glycine sodium dodecyl sulfate-polyacry-

lamide gel (Real Gel Plate, Biocraft, Tokyo, Japan). The samples were then
electrically transferred to a transfer membrane (Millipore, Billerico, MA) and
blocked for 1 h in phosphate buffered saline (PBS) containing 10% skim milk
and 0.1% Tween 20. Anti-BACE1-N antibody (1:2000) and anti-BACE1-C
antibody (1:5000) were incubated at 4 °C overnight in a PBS buffer containing
5% bovine albumin. The membrane was rinsed with PBS buffer containing
0.1% Tween 20, incubated with HRP-labeled anti-rabbit 1gG (1:5000, Dako-
Cytomation, Glostrup, Denmark) for 3 h, and then stained with the detection
reagents (Amersham, Buckinghamshire, UK).

Subsequently, direct extraction of a control brain was performed with 0.5%
SDS/TSE, which could dissolve more proteins than the other two buffers (TSE
or 0.1% Triton-X100/TS), and Westem blotting was performed by using 1132-
N (1:1000) and 1134-C (1:1000) as authentic BACE! antibodies against amino
acids 45-56 and 487-501, respectively, in addition to anti-BACE1-N antibody
(1:2000) and anti-BACE1-C antibody (1:5000).

To study post-translational glycosidation of BACEI, control brain extracts
with 0.5% SDS/TSE were incubated at 37 °C for 14 h using an N-Glycosidase F
Deglycosylation Kit (Roche), and Western blotting was performed by using
anti-BACE1-N antibody and anti-BACE1-C antibody.

To compare total quantities of BACEL, the brains of the 25 normal
controls and 28 AD patients were extracted with 0.5% SDS/TSE. After
protein amounts were measured by the bicinchoninic acid method (PIERCE,
Rockford, IL), concentrations of protein in each sample were adjusted to be
equal. Anti-BACE1-C antibody (1:5000), anti-microtubule-associated pro-
tein 2 (MAP2) antibody (Sigma, St. Louis, MO), and anti-neuron specific
enolase (NSE) antibody (IBL, Gunma, Japan) were used as the primary
antibodies, and HRP-labeled anti rabbit antibody was used as the secondary
antibody for Western blotting. Measurement and comparison were per-
formed with a densitometer (GS-710, Quantity One, Bio-Rad, Richmond,
CA).

2.5. Double immunostaining

Double immunostaining was performed on 6-um-thick paraffin sections of
the temporal lobes from AD brains. After deparaffinization, blocking was
performed using PBS containing 5% goat serum and 0.1% Tween 20, then
staining was performed with anti-BACE1-C antibody (1:500) as the primary
antibody and anti-rabbit IgG (H + L) Fluor 488 (1:400, Molecular Probes
Europe BV, Leiden, The Netherlands) as the secondary antibody. Double
staining was then performed using anti-MAP2 antibody and anti-GFAP anti-
body (Progen, Heidelberg, Germany) as the first antibodies and anti-mouse 1gG
(H+ L) Fluor 633 (Molecular Probes Europe BV) as the second antibody.
Confocal images were obtained under a confocal laser microscope (TCS SP2,
Leica Microsystems, Wetzlar, Germany).

2.6. Quantification of AB by sandwich-type enzyme-linked
immunosorbent assay (ELISA)

Species of AB were measured using the same parts of the temporal lobe
cortices that had been used to measure BACE1. Wet tissue (0.5 g) from the
cortex of each patient was finely minced, homogenized in 2 mi of 99%
formic acid, and centrifuged at 100 000 x g for 60 min at 4 °C. The super-
natant was neutralized with IN NaOH, diluted, and subjected to ELISA for
AB quantitation. To immunochemically identify and quantify different
species of AP in the cortex, we used a sandwich ELISA with BA27 and
BCO5, which respectively are HRP-labeled antibodies capable of distin-
guishing the differing COOH-termini of AR 140 and 1-42. The sandwich
ELISA for AB was carried out as described previously (Tamaoka et al., 1995,
1997). Briefly, 100 pl of a standard peptide to establish antibody specificity
or a prepared patient sample was placed in a microtiter plate wells previously
coated with BNT77, a monoclonal antibody against the NH,-terminal
sequence of AR (1-16). Samples were allowed to react at 4°C for 24 h.
After washing with PBS, plates were incubated at 4 °C for 24 h with wells
containing HRP-labeled BA27 or BCOS, the secondary antibodies for
differential measurement of AB 40 and AB 42, respectively. HRP activities
bound to antibodies reacting with samples were assayed with a microtiter
plate reader after color development using the TMB microwell peroxidase
system (KPL, Gaithersburg, MD).
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3. Results

3.1. A 70-kDa protein is detected in the cerebral cortex by
anti-BACEI-C antibody and anti-BACEI-N antibody

Supernatants of consecutive extractions from the temporal
cortex, final pellets, and positive controls were analyzed on
immunoblots with anti-BACE1-C antibody and anti-BACE1-N
antibody. Fractions consecutively extracted with TSE, 1%
Triton-X100/TSE, and 0.5% SDS/TSE revealed a band
migrating at ~70 kDa in all supernatants; however, no band
was observed at the same position in the final pellet (Fig. 1a).
Since each consecutively extracted fraction contained ~70 kDa
protein, Western blotting was performed thereafter on prepared
samples obtained by direct extraction of brains with 0.5% SDS/
TSE. All these antibodies detected a band migrating at 70 kDa
in such fractions (Fig. 1b).

We considered that we had identified mature BACE]1, because
we observed a band at 70 kDa with both the anti-BACEI-N
antibody and the anti-BACE1-C antibody, and it comigrated with
a protein with the molecular weight of BACEI, as already
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reported (Haniu et al., 2000). Deglycosylation of the positive
controls with N-glycosidase F resulted in disappearance of the
band at 70 kDa and appearance of a band at 50 kDa. Thus, the
full-length mature BACE1 was confirmed as the glycosylated
form of BACEI1 (Fig. 2). Western blotting of control brains with
anti-BACE1-C antibody and anti-BACE1-N antibody revealed a
band at the same position as the deglycosylated form of BACE!
after treatment with N-glycosidase F.

3.2. BACE] is expressed mainly in neurons

To determine whether expression of BACE] in the AD brain
occurred mainly in neurons or in astrocytes accompanying the
gliosis, we performed double immunostaining of the temporal
lobes of AD and normal brains. Stainings of the cortices of the
temporal lobe and the hippocampus against anti-BACEI-C
antibody were consistent with those for anti-MAP2 antibody.
Astrocytes stained for anti-GFAP antibody were not labeled by
anti-BACE1-C antibody (Fig. 3). These findings led us to
consider that BACE] was expressed mainly in the neurons, not
in glial cells.

T8 Tx SpS PPt P

i
Anti-BACE1-C antibody

Fig. 1. (a) Immunoblots of sequential extractions of control brain stained with anti-BACEI-N antibody (left) and anti-BACE1-C antibody (right). The acrylamide gel
gradient was 10-20%. Lanes: TS, supernatant directly extracted by TSE; Tx, supernatant sequentially extracted by 1% Triton-X100/TSE; SDS, supernatant
sequentially extracted by 0.5% SDS/TSE; PPt, final pellet; P, positive control. All brain fractions extracted sequentially by TS, Tx, and SDS were revealed to contain
70 kDa protein (arrow), but PPt did not. (b) Immunoblots of supernatant directly extracted by 0.5% SDS from control brain stained with various anti-BACE]
antibodies. The acrylamide gel gradient was 10-20%. Lanes: 1, 1132-N (1:1000); 2, 1134-C (1:1000); 3, anti-BACEI-N antibody (1:2000): 4, anti-BACEI-C
antibody (1:5000); P, positive control stained with anti-BACE1-C antibody. All antibodies detected 70-kDa protein (arrow).
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Fig. 2. Immunoblots of recombinant BACE1 (positive control) digested by N-
glycosidase F. Lanes; C, supernatant directly extracted by 0.5% SDS from a
control brain (untreated); P(+), positive control digested by N-glycosidase F;
P(—), untreated positive control. Digestion of positive control by N-glycosidase
F altered the molecular weight from 70 (arrow) to 50 kDa (arrowhead), which
was consistent with the molecular weight of BACET! calculated from its amino
acid residues. The 70- and 50-kDa bands were also detected inimmunoblots of a
control brain with anti-BACEI-N antibody (left) and anti-BACE1-C antibody
(right).

MAP2

BACE 1-C

BACE 1-C GFAP

3.3. BACE] expression is increased in remaining neurons
in AD brains

Because double immunostaining suggested that BACE1 was
expressed mainly in neurons, we performed Western blotting
with anti-BACE1-C antibody as well as with anti-MAP2
antibody and anti-NSE antibody, measuring the amounts of
these proteins (Fig. 4). There were no significant differences in
the total amounts of BACE1 between AD and control brains.
However, significant decreases in the levels of MAP2 and NSE
were observed in the AD group compared with the normal
group: the amount of MAP2 in the AD group as a proportion of
that in the normal group was 0.29 (p < 0.05), and that of NSE
was 0.31 (p < 0.001). These results were assumed to reflect
neuronal loss in the AD brains. The ratios of BACE1 to MAP2
(BACEI/MAP2) and NSE (BACEI/NSE) were 3.0 and 4.6
(both p < 0.05), respectively, in the AD group (Fig. 5). We
considered that these ratios reflected the relative amounts of
BACE]1 per neuron. There was a tendency towards an increase
in BACE1 concentration with age in both groups, although this
trend was not significant. This tendency was greater in AD
brains than in the controls (data not shown).

Sandwich ELISA showed that the levels of both Af 40 and
AP 42 were increased in the AD group, as shown previously

BACE 1-C + MAP2

BACE 1-C + GFAP

Fig. 3. Immunohistochemical studies of temporal cortex from AD brain, employing anti-MAP2 antibody (upper row, red) and anti-GFAP antibody (lower row, red) as
well as anti-BACEI-C antibody (green). BACE1 was expressed exclusively in neurons but not in astrocytes (bar = 40 um).
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AD

- MAP2

s i gy NSE

Fig. 4. Western blottings using anti-BACE1-C antibody, anti-MAP2, and anti-
NSEin AD and control brains. The samples were extracted with 0.5% SDS/TSE
and the concentration of protein in each sample was adjusted to the same level.

(Tamaoka et al., 1995); however, we observed no correlation
between the concentrations of BACE1 and AR species.

4. Discussion

BACE] is first synthesized as a transmembrane protein with
501 amino acids. The 1-21 amino acid part of the protein
represents a signal peptide and the adjacent 22-45 part
represents a proprotein domain. The remaining 46-501 part is
considered to undergo maturation through endoplasmic
reticulum to become the final 70 kDa mature BACE1 (Vassar
et al., 1999; Haniu et al., 2000; Vassar, 2004). Several findings
support the identity of the 70-kDa protein recognized by our
antibodies as BACE]. (i) In addition to our two antibodies (anti-
BACEI-N and anti-BACE1-C), 1132-N and 1134-C, poly-
clonal antibodies against carboxyl-terminal of BACEI, also
detected the same 70-kDa protein band. (ii) Few numbers of
extrabands were observed in the Western blottings using anti-
BACE!-C antibody in AD and control brains. (iii) Both our
novel antibodies against BACE! immunostained recombinant
BACEI as the band migrating at 70 kDa and deglycosylated
recombinant BACE1 at 50 kDa, which is consistent with the
molecular weight of BACE] calculated from its amino acid
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composition. In the light of the molecular weight of BACE]
calculated by its amino acid composition, with 46-501 amino
acid residues, we considered the 50 kDa band that appeared
after treatment with N-glycosidase F in the positive controls to
be deglycosylated BACEL. The same deglycosylated forms of
BACEI1 could be identified in normal brains. These findings
implied that unmodified BACE1 was present in human brains.

Expression of BACE1 was confirmed by double immuno-
fluorescence staining to occur exclusively in the neurons, as
reported previously (Seubert et al.,, 1993; Zhao et al., 1996).
Therefore, we measured the amount of BACE1 protein as well
as the amounts of MAP2 and NSE, as neuron-specific proteins,
and then examined the ratios of BACE1/MAP2 and BACEl/
NSE, which we considered to reflect the level of BACEI
expression per neuron,

We concluded that BACE1 expression per neuron was
increased, although the total amount of BACE1 expression in
the cortices of the temporal lobe was not increased. This
observation implied that AP production per neuron might
increase before cell death. Fukumoto et al. reported that the
total amount of BACE! protein in the temporal lobes of AD
brains tended to increase, as measured by sandwich ELISA
using mouse monoclonal anti BACE1 carboxyl terminal
antibody and rabbit polyclonal anti BACE] amino terminal
antibody. From the amount of synaptophysin, as measured by
ELISA, they also reported that BACE! expression per neuron
was increased in AD brains, because the value of the amount of
BACE! divided by the amount of synaptophysin was increased
(Fukumoto et al., 2002). There results are fairly consistent with
ours.

Yang et al. reported elevated BACE] expression and activity
in sporadic AD. By using Western blotting analysis they
showed that BACE1 levels were significantly higher in the
temporal cortex in AD than in non-demented controls. The

BACE1

C AD C AD c
MAP2 NSE

C AD C AD

BACE1 _ BACE1
——"MAP2 =" TNSE

Fig. 5. Proteinlevels of BACE1, MAP2, and NSE in AD and control (C) brains. The amountof BACE1/mg protein in AD brains was slightly decreased in comparison
with that in control brains. However, in AD. the ratios of BACE1 to MAP2 (BACEI/MAP2) and BACE! to NSE (BACE1/NSE) were significantly increased
compared with those in control brains {BACEI/MAP2 and BACEI/NSE p < 0.05) ("p < 0.05; ""p < 0.0001).
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differences in results between their study and ours could be due
to several factors. (i) They used rapidly autopsied brains of AD
patients (<3 h), although they did not comment on the
postmortem intervals of the non-demented controls. (ii) They
normalized BACE! expression against B-actin. (iii) The AD
brain samples that they used might have contained quite large
quantities of neurons, as suggested by their levels of MAP-2
and NSE expression. Further studies using brains examined
after different postmortem intervals and samples from different
brain lesions are needed before we can draw definite
conclusions on BACE1 expression (Yang et al., 2003).

Production of AR is not seen in BACE1 knockout mice, and
no abnormalities are observed in these mice (Luo et al., 2001;
Roberds et al., 2001). On the other hand, y-secretase, which is
the cleavage enzyme at the carboxyl terminal side of APP, is
also involved in the cleavage of other proteins such as Notchl.
Notch1 is an important substance involved in the differentiation
and transportation of cells during the embryonic period. It is
also known that Notchl is involved in the differentiation of
immune cells in the body, and that inhibition of its cleavage
activity causes immune abnormalities (Petit et al., 2001).
Therefore, we consider that reduction in the amount of BACEI]
is less likely to cause side effects than targeting of y-secretase.

Several lines of evidence have led to postulation that AB
accumulation comes from enhancement of its production,
promotion of its aggregation, or inhibition of its degradation or
excretion (Selkoe, 1999; Hardy and Selkoe, 2002; Iwata et al.,
2001). Our results revealed no correlation between the amount
of BACE]1 protein and the accumulated amount of AR species,
suggesting that several other factors could cause abnormal
accumulation of AR in the AD brain. However, BACEI
inhibitors could still provide a new therapy for AD, possibly
through inhibition of additional production of AP. This is
supported by the fact that our study revealed increased
production of BACE! by the surviving neurons in AD brains,
and by a previous report that AR production is not detected in
BACE1 knockout mice.

Acknowledgments

This work was supported in part by Grants-in-Aid to A.T.
from the Ministry of Education, Culture, Sports, Science and
Technology and from the Ministry of Health, Labour and
Welfare.

References

Bennett, B.D., Babu-Khan, S., Loeloff, R., Louis, J.C., Curran, E., Citron, M,,
Vassar, R., 2000. Expression analysis of BACE2 in brain and peripheral
tissues. J. Biol. Chem. 275, 20647-20651.

Bodendorf, U., Danner, S., Fischer, F, Stefani, M., Sturchler-Pierrat, C.,
Wiederhold, K.H., Staufenbiel, M., Paganett, P, 2002. Expression of
human beta-secretase in the mouse brain increases the steady-state level
of beta-amyloid. J. Neurochem. 80, 799-806.

Braak, H., Braak, E., 1991. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. (Berlin) 82, 239-259.

Fukumoto, H., Cheung, B.S., Hyman, B.T., Iraozarry, M.C., 2002. B-Secretase
protein and activity are increased in the neocortex in Alzheimer disease.
Arch. Neurol. 59, 1381-1389.

-2

Glenner, G.G., Wong, C.W., 1984, Alzheimer’s disease: initial report of the
purification and characterization of a novel cerebrovascular amyloid pro-
tein. Biochem. Biophys. Res. Commun. 120, 885-890.

Haniu, M., Denis, P, Young, Y., Mendiaz, E.A., Fuller, J., Hui, J.O., Bennet,
B.D., Kahn, S., Ross, S., Burgess, T., Katta, V., Rogers, G., Vassar, R.,
Citron, M., 2000. Characterization of Alzheimer’s beta-secretase protein
BACE. A pepsin family member with unusual properties. J. Biol. Chem.
275, 21099-21106.

Hardy, J., Allsop, D., 1991. Amyloid deposition as the central event in the
actiology of Alzheimer’s disease. Trends Phamac. 12, 383-388.

Hardy, J., Selkoe, D.J., 2002. The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 297, 353-356.

Iwata, N., Tsubuki, S., Takaki, Y., Shirotani, K., Lu, B., Gerard, N.P., Gerard, C.,
Hama, E., Lee, H.J., Saido, T.C., 2001. Metabolic regulation of brain Abeta
by neprilysin. Science 292, 1550-1552.

King, M.E., 2005. Can tau filaments be both physiologically beneficial and
toxic? Biochim. Biophys. Acta 1739, 260-267.

Luo, Y., Bolon, B., Kahn, S., Bennett, B.D., Babu-Khan, S., Denis, P, Fan, W,,
Kha, H., Zhang, J., Gong, Y., Martin, L., Louis, J.C., Yan, Q. Richards,
W.G., Citron, M., Vassar, R., 2001. Mice deficient in BACE], the Alzhei-
mer’s beta-secretase, have normal phenotype and abolished beta-amyloid
generation. Nat. Neurosci. 4, H231-H232.

Petit, A., Bihel, F., Alves da Costa, C., Pourquie, O., Checler, F, Kraus, J.L.,2001.
New protease inhibitors prevent gamma-secretase-mediated production of
Abeta 40/42 without affecting Notch cleavage. Nat. Cell Biol. 3, 507-511.

Rapoport, M., Dawson, H.N., Binder, L.1., Vitek, M.P., Ferreira, A., 2002. Tau is
essential to beta-amyloid-induced neurotoxicity. Proc. Natl. Acad. Sci.
U.S.A. 99, 6364-6369.

Roberds, S.L., Anderson, J., Basi, G., Bienkowski, M.J., Branstetter, D.G.,
Chen, K.S., Freedman, $.B., Frigon, N.L., Games, D., Hu, K, Johnson-
Wood, K., Kappenman, K.E., Kawabe, T.T., Kola, L., Kuehn, R, Lee, M.,
Liu, W., Motter, R., Nichols, N.F,, Power, M., Robertson, D.W,, Schenk, D.,
Schoor, M., Shopp, G.M., Shuck, M.E,, Sinha, S., Svensson, K.A., Tatsuno,
G., Tintrup, H., Wijsman, J., Wright, S., McConlogue, L., 2001. BACE
knockout mice are healthy despite lacking the primary beta-secretase
activity in brain: implications for Alzheimer’s disease therapeutics.
Hum. Mol. Genet. 10, 1317-1324.

Selkoe, D.J., 1999. Translating cell biology into therapeutic advances in
Alzheimer’s disease. Nature 399, A23-A31.

Seubert, P, Oltersdorf, T., Lee, M.G., Barbour, R., Blomguist, C., Davis, D.L.,
Bryant, K., Fritz, L.C,, Galasko, D, Thal, L.J., et al., 1993. Secretion of
beta-amyloid precursor protein cleaved at the amino terminus of the beta-
amyloid peptide. Nature 361, 260-263.

Tamaoka, A., Sawamura, N., Fukushima, T, Shoji, S., Matsubara, E., Shoji, M.,
Hirai, S., Furiya, Y., Endoh, R., Mori, H., 1997. Amyloid beta protein 42
(43) in cerebrospinal fluid of patients with Alzheimer’s disease. J. Neurol.
Sci. 148, 41-45.

Tamaoka, A., Sawamura, N., Odaka, A., Suzuki, N., Mizusawa, H., Shoji, S.,
Mori, H., 1995. Amyloid beta protein 1-42/43 (Abeta 1-42/43) in cerebellar
diffuse plaques: enzyme-linked immunosorbent assay and immunocyto-
chemical study. Brain Res. 679, 151-156.

The National Institute on Aging, and Reagan Institute Working Group on
Diagnostic Criteria for the Neuropathological Assessment of Alzheimer’s
Disease, 1997. Consensus recommendations for the postmortem diagnosis
of Alzheimer’s disease. Neurobiol. Aging 18, S1-52.

Vassar, R., 2004. BACE1: the beta-secretase enzyme in Alzheimer’s disease. J.
Mol. Neurosci. 23, 105-114.

Vassar, R., Bennett, B.D., Babu-Khan, S., 1999. B-Secretase cleavage of
Alzheimer's amyloid precursor protein by the transmembrane aspartic
protease BACE. Science 286, 735-741.

Yang, L.B., Lindholm, K., Yan, R., Citron, M., Xia, W., Yang, X.L,, Beach, T.,
Sue, L., Wong, P,, Price, D., Li, R., Shen, Y., 2003. Elevated beta-secretase
expression and enzymatic activity detected in sporadic Alzheimer disease.
Nat. Med. 9, 3-4.

Zhao, J., Paganini, L., Mucke, L., Gordon, M., Refolo, L., Carman, M., Sinha,
S., Olersdorf, T., Lieberburg, 1., McConlogue, L., 1996. Beta-secretase
processing of the beta-amyloid precursor protein in transgenic mice is efficient
in neurons but inefficient in astrocytes. J. Biol. Chem. 271, 31407-31411.

5._



Downloaded from jnnp.bmj.com on 19 January 2007

190

SHORT REPORT

Selective loss of Purkinje cells in a patient with anti-glutamic
acid decarboxylase antibody-associated cerebellar ataxia
Kazuyuki Ishida, Hiroshi Mitoma, Yoshiaki Wada, Teruaki Oka, Junji Shibahara, Yuko Saito, Shigeo

Murayama, Hidehiro Mizusawa

J Neurol Neurosurg Psychiatry 2007,78:190-192. doi: 10.1136/jnnp.2006.091116

Anti-glutamic acid decarboxylase antibody is associated with
the development of progressive cerebellor ataxia and slowly
progressive insulin-dependent diabetes mellitus. Previously, the
neurophysiological characteristics of 1gG in the cerebrospinal
fluid of a patient with anfi-glutamic acid decarboxylase
antibody-associated progressive cerebellar ataxia and slowly
progressive insulin-dependent diabetes mellitus were reported.
Using a voltage-gated whole-cell recording technique, it was
observed that the IgG in the cerebrospinal fluid of the patient
selectively suppressed the inhibitory postsynaptic currents in the
Purkinie cells. The patient died from aspiration pneumonia.
Postmortem examination showed almost complete depletion of
the Purkinje cells with Bergmann gliosis. Therefore, the main
cause of cerebellar ataxia observed in this case may be
attributed to the near-complete depletion of the Purkinje cells. In
this paper, the pathomechanisms underlying Purkinje cell
damage are discussed.

that converts glutamic acid to y-aminobutyric acid, a

major inhibitory neurotransmitter. A disease group that
is characterised by the presence of a circulating autoantibody
against GAD (anu-GAD antibody) includes the following:
slowly  progressive  insulin-dependent  diabetes  meellitus
(SPIDDM), «tiff-person syndrome (SPS) and progressive
cerebellar ataxia (PCA)."* Anti-GAD antibody is one of the
serological diagnostic markers of these diseases. Honnorat et al!
reported a significant link between the anti-GAD antibody and
cerebellar ataxia after screening 9000 serum samples. In
addition, autoimmune mechanisms against GAD are presumed
tw be the causative agents of these diseases.” Here, we report the
autopsy findings of PCA with anti-GAD antibody and discuss
the pathomechanism of this rare disease.

Glmamic acid decarboxylase (GAD) is a catalytic enzyme

CASE REPORT

We previously reported part of the clinical course of a patient
with PCA and SPIDDM, and showed the neurophysiological
characteristics of 1gG in the cerebrospinal fluid.® In September
1996, a 66-year-old woman developed cerebellar ataxia of the

limbs and trunk. In April 1997, she had sudden onset of

hyperglycaemia, and was subsequently diagnosed with anti-
GAD-associated SPIDDM. In May 1997, she was bedridden due
to severe cerebellar ataxia; other symptoms such as extrapyr-
amidal or pyramidal tracts were not observed. The patient was
diagnosed  with anti-GAD  antibody-associated PCA, and
received four rounds of plasma exchange and immunosuppres-
sive treatment. After treatment, the patient showed slight
improvement in cerebellar ataxia.

In December 2000, the patient experienced painful spasms
and rigidity in the trunk that mimicked symptoms of SPS.
Diazepam and baclofen were effective in ameliorating the

www.{nnp.com

severe pain associated with the spasms and rigidity. The painful
spasms subsided spontaneously within 2 months. The patient
died of aspiration pneumonia in October 2001.

During the S-vear clinical course, repeated neuroradiological
examinations showed no significant cerebellar atrophy. Using a
voltage-gated whole-cell recording technique, we observed that
the 1gG in the cerebrospinal fluid of the patient, selectively
suppressed the inhibitory postsynaptic currents in the Purkinje
cells.””

Postmortem examination

Postmortem examination was performed 22 h after death. The
brain weighed 1150 g. The brain and the entire spinal cord were
fixed in formalin and prepared for a morphological examina-
tion. Macroscopically, there was no atrophy of the cerebrum,
brain stem, cerebellum (fig 1A) and spinal cord. The
representative areas were examined by routine and immuno-
histochemical staining, as reported previously.® In short, 6-pm
thick serial sections were stained with haematoxylin and eosin,
Kliiver-Barrera and Bodian silver staining. For the immuno-
histochemical study, 6-um dewaxed and microwave-irradiated
sections were stained using a Ventana 20NX automatic stainer
(Ventana, Tucson, Arizona, USA). Microscopical examination
showed almost complete depletion of the Purkinje cells and
diffuse proliferation of the Bergmann glia (fig 1B). The number
of remaining Purkinje cells was no more than one per cerebellar
folium. Bodian staining showed multiple empty baskets
(fig 1C). There was no specific inflammatory response, and
the other structures of the central nervous system, including
the cerebral cortex, white matter, basal ganglia, brain stem and
spinal cord, did not show marked pathological changes. The
pancreas showed a definite and marked decrease in the islets in
the tail (fig ID), and lymphocytic infiltration in the islets
situated in the pancreatic body.

DISCUSSION

The selective loss of both Purkinje cells and pancreatic islets
was a characteristic finding in this case. The selective
degeneration of the Purkinje cells partially mimics the
pathological changes observed in paraneoplastic cerebellar
ataxia associated with anti-mGluRl or anti-Yo antibody;
however, the exclusive pathological changes related to the
Purkinje cells constitute a unique feature of this case.” ' On the
other hand, the lymphocytic infiltration in the pancreas and the
selective decrease in the pancreatic islets corresponded with the
pathological findings of autoimmune insulin-dependent dia-
betes mellitus.'! Therefore, the main causes of cerebellar ataxia
and diabetes mellitus seem 1o be related to the depletion of the
Purkinje cells and the decrease in the pancreatic islets,
Abbreviations: GAD, glutamic acid decarboxylase; PCA, progressive
cerebellar ataxia; SPIDDM, slowly progressive insulin-dependent diabetes
mellitus; SPS, stiff-person syndrome
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Loss of Purkinje cells and anti-GAD antibody

respectively. To our knowledge, this is the first autopsy report of
PCA associated with anti-GAD antibody.

Immunohistochemical staining using anti-GAD and anti-
calbindin antibodies failed to react with the patient’s specimen;
this indicated a complete loss of antigenicity in the patient’s
specimen, due to postmortem delay and excessive fixation.
Theretore, it became difficult to analyse the morphological
changes in the other GAD-containing neurones, such as the
cerebellar basket cells and the spinal Renshaw cells. However,
the existence of multiple empty baskets suggested that, in
contrast to the Purkinje cells that were lost, the basket cells
were relatively preserved.”

We inferred two possible pathomechanisms to explain the
Purkinje cell damage: indirect and direct immune-mediated
mechanisms. The indirect mechanism might be associated with
excitotoxicity of the Purkinje cells by the selective suppression
of inhibitory postsynaptic currents and the attenuation of
inhibition of excitatory postsynaptic currents by the anti-GAD
antibody.® " ** The direct mechanism might be mediated by
cytotoxic reactions against the Purkinje cells caused by the
invading leucocytes, as observed in the pancreatic islets.
However, it is presently unclear whether the mechanisms that
are more likely to have caused the Purkinje cell damage are
indirectly or directly immune-mediated.

The patient experienced painful muscle spasms that mimic
symptoms of SPS. The muscle spasms observed in SPS are
considered to occur as a result of the dysfunction of the
Renshaw cells that are y-aminobutyric acid inhibitory inter-
neurones in the spinal cord." Various pathological changes are
observed in the spinal cord of patients with SPS; however,
lymphocytic culfing and a decrease in the number of anterior
horn neurones are considered 10 be represenative of SPS." In
contrast, the pathological changes observed in our patient were
unremarkable; this suggests that the Renshaw cells were not
severely damaged. This may explain the transient nature of the
muscular spasms in this case.

Based on the quantitative analysis of the brain autopsy of a
patient with SPS and without cerebellar ataxia, Warich-Kirches
et al"™ reported  diminished cell density of the inhibitory
neurones in the cerebellar cortex. Combining their case results
with ours might show the phenotypic overlap of the anti-GAD
autoimmunity-associated neurological diseases.

191

Figure 1 {A) Macroscopic appearance of
the brain stem and cerebellum. There are no
alrophic changes in the cerebellum and
brain stem. {B) Haematoxylin and eosin
staining of the cerebellar cortex. There is
severe depletion of Purkinje cells and
proliferation of Bergmann glia. {C) Bodian
staining of the cerebellar cortex. Multiple
empty baskets can be observed. (D)
Pancreatic tail (haematoxylin and eosin
staining). There is a selective decrease in the
pancreatic islets.
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Abstract The pathological distinctions between the
various clinical and pathological manifestations of
frontotemporal lobar degeneration (FTLD) remain

unclear. Using monoclonal antibodies specific for 3- and
4-repeat isoforms of the microtubule associated pro-
tein, tau (3R- and 4R-tau), we have performed an
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immunohistochemical study of the tau pathology pres-
ent in 14 cases of sporadic forms of FTLD, 12 cases with
Pick bodies and two cases without and in 27 cases of
familial FTLD associated with 12 different mutations in
the tau gene (M APT), five cases with Pick bodies and 22
cases without. In all 12 cases of sporadic FTLD where
Pick bodies were present, these contained only 3R-tau
isoforms. Clinically, ten of these cases had frontotem-
poral dementia and two had progressive apraxia. Only
3R-tau isoforms were present in Pick bodies in those
patients with familial FTLD associated with L266V,
Q336R, E342V, K3691 or G389R MAPT mutations.
Patients with familial FTLD associated with exon 10
N279K, N296H or +16 splice site mutations showed
tau pathology characterised by neuronal neurofibrillary
tangles (NFT) and glial cell tangles that contained only
4R-tau isoforms, as did the NFT in P30IL MAPT
mutation. With the R406W mutation, NFT contained
both 3R- and 4R-tau isoforms. We also observed two
patients with sporadic FTLD, but without Pick bodies,
in whom the tau pathology comprised only of 4R-tau
isoforms. We have therefore shown by immunohisto-
chemistry that different specific tau isoform composi-
tions underlie the various kinds of tau pathology present
in sporadic and familial FTLD. The use of such tau
isoform specific antibodies may refine pathological cri-
teria underpinning FTLD.

Introduction

Frontotemporal lobar degeneration (FTLD) describes a
clinically and pathologically heterogeneous group of
forms of dementia that have onset of illness usually
between ages of 35 and 75 years and affect males and
females equally [41, 56]. A previous family history of a
similar disorder occurs in about half of patients [41, 53,
56] and in many such familial cases a mutation in the
gene encoding the microtubule associated protein, tau
(MAPT) on chromosome 17 seems causal (see Ref. [15,
32] for recent reviews). To date, about 35 causal MAPT
mutations in around 150 families have been identified
and the term frontotemporal dementia with parkinson-
ism linked to chromosome 17 (FTDP-17) was adopted
[12] to accommodate the clinical and genetic features of
such cases. At autopsy, patients with FTLD generally
show atrophy of the frontal and temporal lobes of the
brain associated with a degeneration and loss of large
pyramidal neurons from such regions irrespective of
clinical subtype or family history [41, 56]. However,
under this umbrella of pathological change, histopath-
ological differences occur [41, 55, 62] and over the years
there have been several attempts at classification based
upon microscopic appeararnces.

In the first case reports, made over a century ago by
Arnold Pick. the characterising features of intraneu-
ronal argyrophilic inclusions (Pick bodies) and swollen
or ballooned neurons (Pick cells) were described and
the eponym Pick’s disease was coined to distinguish

such cases from those of Alzheimer’s disease where
senile plaques and neurofibrillary tangles were the key
pathology. However, recognizing that clinically similar
forms of FTLD occurred without such Pick- or
Alzheimer-type changes being present led to the
scheme by Constantinidis [7] in which three variants of
FTLD were identified: one with Pick bodies and Pick
cells (type A), one with only Pick cells (type B) and
one with neither (type C). Later immunohistochemical
studies [33] indicated either a Pick-type of histology
based on the presence of tau-positive Pick bodies
(equivalent to Constantinidis type A) or a microvacu-
olar-type histology in which no tau intraneuronal
inclusions (Pick bodies) were seen (equivalent to
Constantinidis types B and C). Recent surveys [22, 31,
37, 41, 55, 62] indicate that about half of cases of
FTLD show a histopathology based on the accumu-
lation of insoluble aggregates of tau protein within
neurons and glial cells of the cerebral cortex and
hippocampus. In most other cases, termed FTLD-U,
tau negative but ubiquitin positive inclusions usually
occur within cerebral cortex and hippocampus and
when clinical motor neuron disease (MND) is also
present the term FTLD-MND can be ascribed.
Sometimes, neither tau nor ubiquitin inclusions are
seen; such cases have been labelled as dementia lacking
distinctive histology. These observations are broadly in
line with the recommendations of a consensus confer-
ence held in 2001 in an attempt to establish interna-
tionally accepted clinical and neuropathological criteria
for FTLD [34]. Nonetheless, at the time such criteria
were put forward it was recognized that they were
likely to be interim and subject to review in the light
of expanding knowledge of this disorder—a point
reiterated in some most recent surveys [37, 53]

Tau-based pathology in FTLD can occur in either
sporadic or familial cases. In sporadic cases of FTLD,
tau pathology usually takes the form of Pick bodies and
Pick cells, though in such cases some tau positive glial
cells and dystrophic neurites can often be seen [66],
though if cases of corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP) or argyrophilic
grain disease are included under the rubric of FTLD as
has been the case in certain recent surveys [22, 31, 37] a
neurofibrillary tangle-based tau pathology becomes
more common.

In some familial cases (i.e., those with FTDP-17)
with missense mutations within coding regions of exons
1, 9, 11, 12 and 13 of MAPT there are swollen nerve
cells and rounded neuronal inclusions within large and
small pyramidal neurones of the cerebral cortex and
pyramidal and granule cells of the hippocampus remi-
niscent of the Pick bodies seen in sporadic disease
[4, 14, 23, 29, 30, 39, 42, 45, 47, 50, 52]. Such mutations
affect all six isoforms of tau, generating mutated tau
molecules that (variably) lose their ability to interact
with microtubules [20, 21, 23, 39, 42, 50, 51], increasing
their propensity to self-aggregate into fibrils [20, 21, 23,
42, 47, 51]. Other MAPT mutations cluster around, or



lie within a predicted regulatory stem loop structure of
a splice acceptor domain of MAPT pre-mRNA that
determines the inclusion or exclusion of exon 10 by
alternative splicing during gene transcription [2, 3, 5, 6,
9, 11, 17, 19, 20, 24, 25, 35, 40, 43, 46, 48, 52, 58-60],
destabilizing the stem loop [24, 58] or strengthening
[11, 18, 20} or destroying [11] splice enhancing, or splice
silencing [11, 59] elements in the 5" region of exon 10.
Such cases show insoluble aggregated tau deposits as
neurofibrillary tangle-like structures within large and
smaller pyramidal cells of cortical layers III and V and
prominently within glial cells in the deep white matter,
globus pallidus and internal capsule [2, 17, 19, 35, 43,
46, 51, 58-60]. However, other exon 10 mutations do
not affect the splicing of exon 10 [11, 24] but induce
conformational changes in tau molecules containing
exon 10 that interfere with microtubule function and
lead to aggregation of the mutated tau into neurofi-
brillary tangles [18, 36, 59].

Although the brain tau isoform composition has
been extensively analysed by western blotting both in
cases of sporadic FTLD where Pick bodies [1, 8, 37, 53,
61, 65] or Pick-like bodies [37] are present and in many
of the cases with FTDP-17 [2-6, 9, 14, 17, 19, 23, 25,
29, 30, 35, 36, 39, 42, 43, 45-47, 50, 52, 59, 60, 62, 65],
certain ambiguities remain. For example, in cases of
sporadic FTLD where Pick bodies are seen in histol-
ogy, most western blotting studies have detected only
tau isoforms with 3-repeat microtubule binding do-
mains (3R-tau) [8, 37, 54], though other investigations
have shown certain cases to show tau isoforms with
both 3R-tau and 4-repeat microtubule binding domains
(4R-tau) [1, 37, 62, 66] and in yet others only 4R-tau is
seen [37, 62, 66]. Such disparities have led to contro-
versies as to whether Pick bodies are composed of only
3R-tau, only 4R-tau or an admixture of 3R- and 4R-
tau isoforms. Similarly, in some cases of FTDP-17 with
Pick bodies (e.g., K257T MAPT mutation Ref. [50])
western blotting has likewise shown only 3R-tau to be
present, whereas in other cases (e.g., L266V, G272V,
G342V and G389R MAPT mutations) both 3R-tau
and 4R-tau isoforms are seen [4, 14, 23, 31, 45]. One
possible explanation for these apparent inconsistencies
may lie in differing anatomical compartmentaliza-
tions of 3R- and 4R- tau isoforms between cases, a
distinction that is lost upon the tissue homogeniza-
tion required for western blotting. Specific immuno-
histological patterns associated with 3R- and 4R-tau
isoforms cannot be distinguished wusing phospho-
dependent and phospho-independent tau antibod-
ies that recognize tau epitopes shared by all six tau
isoforms.

In the present study, therefore, we have investigated
in situ, using monoclonal antibodies specific for 3R-
and 4R-tau isoform species, the isoform composition
of the tau histopathological changes in 14 cases of
sporadic FTLD and 27 cases of familial FTLD asso-
ciated with 11 different mutations in MAPT, for which
tau isoform patterns on western blotting have already
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been reported, in order to reconcile such inconsisten-
cies and to provide further insight into disease
classification by the use of tau antibodies not avail-
able when the last pathological criteria [34] were
proposed.

Materials and methods

Brain tissues from 14 cases with sporadic FTLD (cases
#1-14), in 12 of whom (cases #1-12) previous patho-
logical investigations had shown Pick bodies to be
present and five cases of familial FTLD (cases #30-34)
with exon 10 + 16 MAPT mutation were obtained from
the Manchester Brain Bank. Seven of the sporadic
FTLD cases (cases #1, 2, 4-7 and 13) had been included
(as cases # 4-8, 10 and 12, respectively) in a previous
study [66] investigating tau isoform composition in a
series of 14 cases of FTLD. Eight of the sporadic FTLD
cases (cases #1, 2, 4-7, 9 and 13) had been included (as
cases #10, 11, 12, 13, 14, 15, 17 and 16, respectively) in a
previous study of ours [62] also investigating tau isoform
composition in FTLD. Tissues from the other 22
familial FTLD cases with MAPT mutations were kindly
supplied in collaboration by colleagues from different
centres across the world. Selected clinical and patho-
logical details for all cases are given in Table 1. Full
clinical and pathological descriptions for 25 of the 27
cases with MAPT mutations have been previously
reported by the originating authors (see Table 1 for
details of citation); the other two cases remain unre-
ported to date.

Serial sections were cut at a thickness of 6 um from
formalin-fixed, wax-embedded blocks of frontal cortex
(BA 8/9) from all 14 sporadic FTLD cases and 27
familial FTLD cases with MAPT mutations and from
temporal cortex (BA 21/22) to include the hippocampus
in the 14 sporadic FTLD cases alone and mounted onto
APES-coated slides. One set of sections was immuno-
stained for insoluble pathological tau proteins by a
standard immunoperoxidase method using the phospho-
dependent tau antibody AT8 (1:750) (Innogenetics,
Belgium). AT8 antibody is raised against the phos-
phorylated Ser 202/Thr 205 epitope and immunoreacts
with PHF-tau in AD [16]. It will detect all isoforms of
tau in which this epitope is phosphorylated. Other sets of
sections were stained with the 3R-tau specific mono-
clonal antibody RD3 [10] (1:3000; Upstate, Dundee,
UK) and the 4R-tau specific monoclonal antibody ET3
(gift of P Davies, 1:100) as described [10]. Briefly, sec-
tions were deparaffinised in xylene and rehydrated in
decreasing concentrations of alcohol. Endogenous per-
oxidase activity was blocked with 0.3% H,0, in meth-
anol for 10 min. Sections were pressure cooked for
10 min in 0.01 M citrate buffer pH6.0. Sections were
incubated in 10% non-fat milk to block non-specific
staining, then with the primary antibodies RD3 and ET3
for 1 h at room temperature. This was followed by
several washes in PBS and treatment with biotinylated
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Table 1 Selected clinical and pathological details

Case Pathology MAPT Gender Onset Death Duration APOE Brain weight
mutation (years) (years) (years) genotype (2)

1 [55.62] Pick bodies None F 53 60 7 33 960
2 (55, 62) Pick bodies None M 46 56 10 3.3 1,150
3 [55,62) Pick bodies None M 54 63 9 n.a. n.a.
4 [55, 62] Pick bodies None F 52 62 10 34 928
5[55, 62] Pick bodies None F 76 84 8 33 1,235
6 [55. 62] Pick bodies None F 50 58 8 22 1,065
7 [55, 62] Pick bodies None M 63 74 11 2.3 990
8 [55. 62] Pick bodies None M 73 77 ) 33 n.a.
9 [55,62] Pick bodies None M 47 61 14 34 980
10 [55, 62] Pick bodies None M 59 69 10 33 885
11 [55, 62] Pick bodies None M 55 67 12 3.3 895
12 [55, 62] Pick bodies None F 51 57 6 33 1.210
13 [55, 62] NFT-like None F 57 64 7 33 1,000
14 [S5, 62] NFT-like None F 64 70 6 33 1.090
15 [23] Pick bodies L266V M 32 36 3.5 n.a. 1,050
16 [2] NFT. glial tangles N279K M 46 57 1 33 1.250
1712 NFT. glal tangles N279K M 44 50 6 33 1.420
18 [6, 64] NFT, glial tangles N279K M 44 50 6 34 1,290
19 [6, 64] NFT, glial tangles N279K F 45 48 3 33 1.100
20 [6, 64] NFT, glial tangles N279K M 56 58 2 23 1,400
21 [6, 64] NFT, glial tangles N279K F 45 53 8 24 1.000
22 [6, 64] NFT, glial tangles N279K M 57 63 6 34 1,100
23 [6, 64] NFT, glial tangles N279K M 41 52 H 2.3 1,100
24 [25] NFT, glial tangles N296H M 57 62 3 33 960
25 [51, 63] NFT P30IL M ~48 60 >12 33 1,331
26 [51, 63] NFT P301L M 44 52 8 23 1,087
27.[S1, 63] NFT P30IL F 54 76 22 2.2 1,006
28 [51, 63] NFT P30IL F 59 64 5 33 1,013
29 {19, 60] NFT, glial tangles S305S F 48 51 3 n.a. 1,053
30 [46] NFT, glial tangles Exon 10 +16 M 50 61 11 34 1,016
31 [46] NFT, ghal tangles Exon 10 +16 F 46 58 12 33 996
32 [46] NFT. glial tangles Exon 10 +16 M 43 55 12 34 1240
33 [46] NFT, glial tangles Exon 10 + 16 F 52 65 13 23 1,040
34 [46) NFT, glial tangles Exon 10 +16 F 48 56 8 34 1,175
35%¢ NFT, glial tangles Exon 10 + 16 M 57 63 6 33 1,440
36 [47] Pick bodies Q336R M 58 68 10 33 1,102
37 [30) Pick bodies E342V F 48 55 7 33 1.020
38 [42 Pick bodies K3691 F 52 61 9 n.a. 885
39 Pick bodies G389R M 45 49 4 n.a. 1,170
40 [51, 63] NFT R406W M 63 70 7 33 1.121
41 {51, 63] NFT R406W F 58 71 13 34 905

Superscript indicates case reference
““Indicates unpublished case

NFT neurofibrillary tangle, n.a. APOE genotype or brain weight not available

anti-mouse (Dako 1:200) for 30 min and ABC (Dako)
for 30 min. Peroxidase activity was developed with
diaminobenzidine/ H,0- solution [10].

The specificity of ET3 has been demonstrated previ-
ously in Western blots of recombinant 3R- and 4R-tau
[27]. It has also been characterised in immunohisto-
chemical studies of argyrophilic grain disease [13] and
other tauopathies {23].

Resufts
Sporadic FTLD

Semi-quantitative rating data for AT8, ET3 and RD3

immunostaining in the 14 sporadic FTLD cases is given”

in Table 2.

Cases with Pick bodies

Of the 14 cases with sporadic FTLD, 12 cases (cases
#1-12) displayed Pick-type histology. Pick bodies were
identified as defined by Kertesz et al. [28], as round or
oval, compact intracytoplasmic neuronal inclusions,
stained by Bielschowsky but not by Gallyas, tau-
immunoreactive and located in dentate fascia, hippo-
campus and cerebral cortex. Clinically, nine cases (cases
#1-7, 9 and 10) showed typical frontotemporal demen-
tia, whereas case #8 had suffered from progressive
aphasia and cases #11 and 12 from progressive apraxia.
In 11 of these 12 cases (cases #1-4, 6-12), numerous Pick
bodies were widespread within frontal and temporal
cortex, chiefly in layers two and four and within dentate
gyrus granule cells (Fig. 1a) and pyramidal cells of the
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