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Abstract

Neurofibrillary tangles (NFTs) and neuropil threads (NTs), the
major hallmark of Alzheimer disease (AD), are composed of the
microtubule-associated protein tau that has undergone postirans-
lational modifications, including deamidation and isomerization on
asparaginyl or aspartyl residues. Because such modifications repre-
sent protein aging, we generated 2 antibodies, TM4, specific for Asp-
387 of tau, and iD387, specific for isoAsp-387 of tau, to investigate
the evolution of NFTs and NTs. On Western blots of Sarkosyl-
insoluble fractions, TM4 strongly labeled paired helical filament-tau
(PHF-tau), whereas iD387 preferentially labeled PHF smiear. Thus, it
is reasonable to postulate that TM4-labeled tau (unmodified tau species)
represents more recent deposition, and iD387-labeled tau (modified
tau species) represents earlier deposition. Unexpectedly, TM4 immuno-
stained even highly evolved NFTs, suggesting that deposition of
newly produced tau continues until neuronal death. iD387 labeled the
whole profile of NFTs up to distal dendritic branches, whereas TM4
staining was localized to particular portions of NFTs in proximal
dendrites and neuronal perikarya. In NTs, TM4 preferentially labeled
the outer portion, whereas iD387 intensely labeled the core portion.
Based on TM4-positive NFT counts and total NFT counts, we spec-
ulate that NFTs in the human hippocampus are produced at a constant
rate irrespective of the disease stage.
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INTRODUCTION

The abnormal intracytoplasmic inclusions referred to
as neurofibrillary tangles (NFTs) and neuropil threads (NTs)
are the major pathologic hallmark of tauopathies, including
Alzheimer disease (AD), frontotemporal dementia, and parkin-
sonism linked to chromosome 17 (FTDP-17), and a number of
other neurodegenerative diseases (1). Because areas forming
NFTs and NTs correspond to those exhibiting neuronal loss in
AD, it can be argued that the formation of these filamentous
aggregates should be responsible for the neurodegeneration
caused by AD and presumably by other tauopathies (2).

Various types of NFT are seen in AD brains: pretangles,
intracellular (globose or flame-shaped) tangles, and extracel-
lular (ghost) tangles (3). Pretangles may grow into globose or
flame-shaped tangles (4, 5), which, in turn, are gradually
converted to extracellular tangles, a tombstone of NFT-bearing
neurons. The latter can be readily distinguished from intra-
cellular tangles by their histologic and immunocytochemical
staining characteristics (3, 6, 7). Because of their remarkable
resistance to proteases (8—10), NFTs should be highly stable
during the degeneration process and remain even after neu-
ronal death. Thus far, only a few studies have focused on the
temporal profile of NFT formation in vivo, probably as a result
of the limited availability of markers for the aging of NFT.

The unit fibrils making up NFTs and NTs are called
paired belical filaments (PHFs), which are 20 nim in diameter
and censtrict to 10 nm every 80 nm. The major component of
PHFs is tau, a microtubule-associated protein that has a piv-
otal role in microtubule stabilization under physiological
conditions (11). PHF and the tau deposited in AD brains ex-
hibit striking characteristics: insolubility in Sarkosyl, sodium
dodecy! sulfate (SDS), and urea, and smearing on SDS-PAGE
(12-15). Various posttranslational modifications have been
identified in tau purified from PHF-enriched fractions. Hyper-
phosphorylation is the best known and confers unusually slow
mobility on SDS-PAGE (16-20). Ubiquitination has also been
identified in the smeared tau (21). Deamidation of asparaginyl
residues (Asn) and isomerization of aspartyl residues (Asp) are
further modifications in the tau making up PHF smear (22).
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The chemical reaction generating these can cause norm-
enzymatic cleavage leading to fragmentation of tau (23) and
may further stabilize NFT and accelerate neurodegeneration.

Deamidation of Asn and isomerization of Asp in
a protein occur spontaneously through cyclic succinimidyl
intermediates, which can result in structural abnormalities and
biologic dystunction (Fig. 1) (24-27). In fact, if protein
L-isoaspartyl methyltransferase, an enzyme that repairs isoAsp
formation, is deleted, isomerized proteins progressively accu-
mulate in the brain and fatal phenotypes emerge (28, 29). The
tau in NFT has a rigid conformation and is not susceptible to
proteases, and isoAsp-tau would accumulate with age. Thus,
paired probes for Asp-tau and isoAsp-tau should provide
a unique opportunity to distinguish between recent deposition
and earlier deposition of tau in NFTs and NTs in the human
brain (30). Thus, 2 antibodies that specifically recognize un-
modified Asp-387 (numbered according to the 441-amino acid
isoform of human tau) (31) and isomerized aspartyl residue
(isoAsp) 387 were generated to visualize the distribution of
recent and earlier deposited tau in AD brain.

MATERIALS AND METHODS

Subjects

Frozen brain tissues from control subjects and patients
with AD were provided by Dr. A. Tamaoka (Tsukuba
University Medical School) and Dr. D. J. Selkoe (Harvard
Medical School). Paraffin-embedded blocks of the hippocam-
pus from 53 subjects, including 24 patients with AD, were
obtained from the Tokyo Examiner’s Office (17 subjects),
Tokyo Metropolitan Institute of Gerontology and Tokyo
Metropolitan Geriatric Hospital (TMIG and TMG; 12 control
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FIGURE 1. Schematic diagram of the isoAsp formation
pathway through succinimidyl intermediate.
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subjects and 8 patients with AD), and Tsukuba University
(16 patients with AD). The brains from TMIG and TMG were
staged according to Braak and Braak (32). Vibratome sections
from 15 AD brains were provided by Drs. S. Murayama and
Y. Saito (Department of Neuropathology, TMIG), Dr. D. Mann
(Clinical Neuroscience Research Group, University of
Manchester, UK), and Dr. M. Yamazaki (Tokyo Metropolitan
Institute for Neuroscience). Frozen specimens of 3 brains
affected by the FTDP-17 P301L mutation (94-075, 94-079,
and 96-113) and one brain affected by the R406W mutation
(99-005), and paraffin-embedded sections from 3 P301L
brains (97-075, 94-079, and 94-328) and one R406W brain
(99-005) were from The Netherlands Brain Bank. Detailed
pathologic information was provided previously (33).

Antibodies

iD387 was raised against a synthetic peptide, T(isoD)
HGAEIVYK (residues 386-395) (22). The specific IgG
against the isoAsp peptide was purified by 2-step affinity
purification; unbound fractions eluting from a TDHGAEIVYXK-
immobilized column were applied to a TG(D)HGAEIVYK-
immobilized column. Bound fractions were eluted and ob-
tained as iD387. TM4, anti-Asp-387 mouse monoclonal IgG,
was raised against a synthetic peptide RENAKAK TDHGAEI-
VYKSPVV (residues 379-399) conjugated at its carboxyl
terminus with bovine serum albumin (BSA). The antigen was
emulsified in complete Freund’s adjuvant and injected into
mouse footpads. After 2 booster injections, lymphocytes
obtained from inguinal lymph nodes were fused with PAI
myeloma cells. Positive clones were selected by enzyme-
linked immunosorbent assay (ELISA) and Western blotting.
The specificities of these 2 antibodies were assessed by
ELISA. For absorption, 2.5 pg/mL of each synthetic peptide
were mixed with 2.5 pg/mL TM4 or 1:250-diluted iD387 and
incubated at 37°C for 30 minutes. Other mouse monoclonal
antibodies used here were TM2 (pan-tau monoclonal antibody,
epitope: residues 368-386) (33), HT7 (antihuman tau, residues
159-163; Innogenetics, Zwijndrecht, Belgium), AT8 (anti-
phosphoSer-202 and phosphoThr-205-tau; Innogenetics), and
AT100 (antiphosphoThr-212 and phosphoSer-214-tau; Inno-
genetics).

Tissue Fractionation and Western Blotting

Brain tissues were homogenized in Tris-saline (TS) con-
taining a cocktail of protease inhibitors, as described previ-
ously (16). The homogenates were centrifuged at 540,000 X g
for 20 minutes. The resultant TS-insoluble pellets were homog-
enized in 1% Sarkosyl and centrifuged again., The pellets
obtained—Sarkosyl-insoluble fraction—were resuspended with
1% SDS followed by ultracentrifugation. Finally, the 1% SDS-
insoluble pellets were suspended by vigorous sonication in
SDS sample buffer (0.08 M Tris HCI, 2% SDS, 10% glycerol,
1% 2-mercaptoethanol, pH 6.8). Each fraction was subjected
to Western blotting as described previously (33). Briefly,
proteins separated on a 10% SDS-PAGE gel were electro-
transferred onto a nylon membrane, which was incubated with
each primary antibody. After incubation with HRP-conjugated

© 2005 American Association of Neuropathologists, Inc.
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anti-IgG antibodies (Jackson Immunoresearch, West Grove,
PA), bound antibodies were detected by enhanced chemilu-
minescence (ECL; Amersham, Buckingham, UK).

Enzyme-Linked Immunosorbent Assay

ELISA plates (Nunc-Immunoplate; Nunc A/S, Roskilde,
Denmark) were coated with 0.5 g of each synthetic peptide
and incubated with appropriately diluted primary antibodies.
After brief washing, bound antibodies were detected with
HRP-conjugated antimouse or antirabbit IgG and the color
was developed by the TMB Microwell Peroxidase Substrate
system (Kirkegaard and Perry Laboratories, Gaithersburg, MD).

immunocytochemistry

Paraffin-embedded sections were immunostained as
described previously (33). To determine the optimal staining
conditions for these antibodies, various pretreatments were
tested, including pretreatment with 0.5% Triton X-100, target
retrieval solution (DakoCytomation, Carpinteria, CA), 95%
formic acid, by autoclaving, and pretreatment by autoclaving
followed with formic acid. We found that treatment with 95%
formic acid for 4 minutes provides the optimum for AT8
staining, and treatment by autoclaving at 120°C for 7 minutes
followed with 95% formic acid for 4 minutes for TM2-, TM4-,
and iD387-staining (34). After pretreatment, sections were
incubated with primary antibodies overnight at room tem-
perature, incubated with biotinylated antimouse or antirabbit
1gG (Vector Laboratories, Inc., Burlingame, CA), and finally
with avidin and biotinylated HRP (Vectastain ABC kit; Vector
Laboratories, Inc.). Bound antibodies were visualized with
3,3'-diaminobenzidine (DAB) in the presence of hydrogen
peroxide, and the DAB-developed sections were briefly coun-
terstained with hematoxylin. Semiquantification of NFT was
performed as described previously (34). TM2- or TM4-
positive NFTs were counted, and their numbers were averaged
across 3 nonselected areas of 3.2 mm?,

For confocal microscopy, 30- to 50-um thick vibratome
sections from AD cerebral cortex were pretreated with 95%
formic acid followed by incubation with primary antibodies.
This treatment provided better conditions for the staining of
tau inclusions with TM4 and iD387, compared with no treat-
ment or 0.5% Triton X-100 treatment (data not shown). Bound
antibodies were visualized with Alexa 488-conjugated anti-
mouse IgG or Alexa 568-conjugated antirabbit IgG (Molec-
ular Probes, Inc., Eugene, OR). When necessary, lipofuscin
autofluorescence was eliminated with Sudan Black B, as
described previously (35). Specimens were observed under
a Zeiss Axioskop microscope (Carl Zeiss Inc., Thornwood,
NY) equipped with the Lasersharp2000 software (Bio-Rad
Laboratories).

RESULTS

Characterization of Asp-387-Specific, and
isoAsp-387-Specific Antibodies

Three major deamidation/isomerization sites, Asp-193,
Asn-381, and Asp-387, were previously identified in the PHF-
smear (22) (Fig. 1). iD387 was raised against a synthetic
peptide containing isoAsp-387 (Fig. 2A). On the ELISA plate,

© 2005 American Association of Newropathologists, Inc.

iD387 preferentially reacted with the isoAsp peptide, but
scarcely with the unmodified Asp peptide (Fig. 2B). However,
this antibody crossreacted to some extent with dextro-isoAsp-
387 (diD387) peptide, a minor product in the isoAsp forma-
tion reaction (36) (Fig. 1). The Asn-381-modified peptide had
no effect on the reactivities of these antibodies (data not
shown). In confrast, TM4, raised against residues 379-399
(Fig. 2A), reacted exclusively with unmodified Asp-387
peptide and not with isoAsp-387 peptide (Fig. 2B). The effect
of preabsorption was also assessed by Western blotting (Fig. 2C).
TM4 labeling of recombinant tau was greatly reduced by pre-
absorption with L-Asp peptide but not with L-isoAsp peptide.
Thus, TM4 specifically labels unmodified Asp-387-containing
tau. Furthermore, the specificity of these 2 antibodies was exaimn-
ined by immunocytochemistry. Combined treatment by auto-
claving and formic acid was found to be the most effective for
immunostaining with TM2, TM4, and iD387 (data not shown).
Under this condition, TM4 intensely labeled NFTs in AD brains,
staining being abolished by preabsorption with Asp-peptide
(Fig. 2D). Despite sirong labeling of normal (soluble) tau on
Western blots, TM4 does not obviously stain unaffected neu-
rons in which abundant normal tau should exist. This may re-
flect the characteristics -of tau: unmodified tau is normally
unfolded and susceptible to formalin fixation, whereas mod-
ified (especially phosphorylated) tau has a particular confor-
mation, which is resistant to fixation (37). On the other hand,
preabsorption with L-isoAsp peptide completely eliminated
the immunoreactivity of iD387 for NFTs (Fig. 2D).

Western blotting of Insoluble Fractions Using
Asp-387- and isoAsp-387-Specific Antibodies

To assess the extent of isoAsp-387 formation, Sarkosyl-
insoluble and SDS-insoluble fractions from control and AD
brains were subjected to Western blotting using TM4, iD387,
and other tan antibodies. The Sarkosyl-insoluble tau in AD
brains is characterized by the presence of PHF-tau and PHF
smear on the blots (21).

TM2, the epitope of which is located in residues 368—
386 (Fig. 2A), intensely labeled PHF smear in the Sarkosyl-
insoluble and SDS-insoluble fractions from AD brain (Fig. 3A).
HT7, AT8, and AT100, the epitopes of which are located in the
aminoterminal half or midportion of tau (see “Materials and
Methods” for detailed information), strongly labeled 3 (or 4)
bands of PHF-tau, but only faintly labeled PHF smear, espe-
cially the smear in the SDS-insoluble fraction (Fig. 3B-D).
This indicates that the aminoterminal portion is lost in PHF
smear and that AT8 can detect only a fraction of detergent-
insoluble tau. This is consistent with previous reports on the
selective concentration of the carboxyl-third of tau in PHF
smear (21, 22).

As noted, PHF-tau was recovered exclusively in the
Sarkosyl-insoluble, SDS-soluble fraction, whereas PHF smear
was left in the SDS-insoluble fraction. The SDS-insoluble
smear stayed in the stacking gel, whereas the SDS-soluble
smear entered the separating gel and extended from high-
molecular-weight to low-molecular-weight regions (Fig. 3A).
These data suggest that filaments made of PHF smear are more
resistant to SDS than those of PHF-tau. Such insoluble tau was
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longest, 441-residue human tau molecule (dark gray boxes, aminoterminal inserts; striped boxes, microtubule-binding domains).

The gray and black bars indicate the immunogens for TM4 and iD387, respectively. (D, is0Asp-387. (B) Specificities of TM4 and
iD387 toward isomerized and unmodified synthetic peptides as assessed by one-site enzyme-linked immunosorbent assay. A plate
coated with 2.5 pg of either peptide (residues 379-395 of tau; lower panel) was incubated with either TM4 or iD387. TM4 reacted
only with unmodified peptide (peptide 1). iD387 strongly labeled isoAsp-peptide (2), but scarcely Asp-peptide (1). Dextro-iscAsp
(diD) peptide (3) was partially labeled with iD387, but not with TM4. Bars indicate means + standard error of 3 independent
experiments. (C) Indicated amounts of recombinant ON4R tau were subjected to Western blotting using TM4 or TM4 preabsorbed
with Asp- or isoAsp-peptide. The TM4 immunoreactivity is markedly reduced by preabsorption with Asp-peptide (1) but not with
isoAsp-peptide (2). (D) To test the specificity at the immunocytochemical level, AD sections were probed with TM4 (a—c) and iD387
(d-f) preabsorbed without (a, d) or with Asp-peptide (1, [b, e]) and isoAsp-peptide (2, [c, fI). TM4 or iD387 staining was
completely abolished by preabsorption with Asp-peptide (1, [b]) or isoAsp-peptide (2, [f), respectively. Scale bar = 50 pm.

never found in the corresponding fractions from control brains
(Fig. 3A).

TS-soluble tau in control and AD brains was labeled
with TM4 but never with iD387 (data not shown). TM4 pref-
erentially labeled PHF-tau in the Sarkosyl-insoluble, SDS-
soluble fraction, but only faintly labeled PHF smear (Fig. 3E).
In confrast, iD387 intensely labeled PHF smear in SDS-
soluble and SDS-insoluble fractions (Fig. 3F). This is con-
sistent with the view that PHF become progressively insoluble
and that PHF-tau is gradually converted to PHF smear in
vivo (21). Thus, it is reasonable to postulate that TM4-labeled
tau represents the more recent tau deposition and iD387-
labeled tau represents an earlier deposition.

Tau Inclusions Labeled With Asp-387- and
isoAsp-387-Specific Antibodies

NFTs, NTs, and dystrophic neurites (DNs; senile
plaque-associated neurites) were examined for the extent of
TM4 and iD387 immunoreactivities compared with TM2 im-
munoreactivity. TM2 was assumed to label all intra- and
extracellular NFTs, because its epitope is located in the “PHF
core” (Fig. 4A, E) (10). In contrast, AT8 failed to label
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extracellular NFTs, because the epitope is lost in those tangles,
possibly as a result of proteolytic processing (Fig. 3).

We have focused on the hippocampus, the most
vulnerable area in AD, which contains all types of NFTs—pre-
tangles, infracellular, and extracellular, tangles—in varying
proportions (5, 38). In Braak stages LII/IV, TM2 intensely
labeled NFTs and NTs in the CA1 region. The densely packed
flame-shaped NFTs surrounding the nucleus are representative
of intracellular NFTs. In adjacent sections, these NFTs were
labeled with both TM4 and iD387 (Fig. 4A-D). NTs were well
labeled, but more intensely with iD387. DNs were labeled to
the same extent with both antibodies. In the hippocampus at
Braak stages V/VI, TM2 labeled innumerable NFTs (Fig. 4E).
These were mostly extracellular NFTs, because of their flat-
tened configuration and the absence of nuclei. These NFTSs,
except for a few, were hardly labeled with TM4 (Fig. 4F). This
suggests that extracellular NFTs are mainly composed of tau
containing modified Asp-387. However, unexpectedly, only
a small fraction of the extracellular NFTs was labeled strongly
with iD387, whereas the remainder was only faintly stained
(Fig. 4G). NTs in the brains at Braak stages V/VI were also
scarcely labeled with TM4 or iD387 (data not shown).

© 2005 American Association of Neuropathologists, Inc.
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FIGURE 3. Full-length PHF-tau and PHF smear as labeled with TM4 or iD387. Sarkosyl-insoluble pellets from control (lanes 1 and 2)
and AD (lanes 3 and 4) brains were further fractionated by solubility in 1% SDS. Each fractionated sample was subjected to Western
blotting using the indicated antibodies. TM2, a pan-tau antibody, labeled characteristic triplet bands composing PHF-tau
(arrowheads) and PHF smear (A). In sharp contrast, HT7 (B), AT8 (C), and AT100 (D), intensely labeled PHF-tau but not PHF smear,
indicating loss of the aminoterminal and midportions in PHF smear. The same fractions were also subjected to Western blotting
with TM4 (E) and iD387 (F). Although the epitopes of TM4 and TM2 are located very closely (see Fig. 2), TM4 intensely labeled
PHF-tau, but only weakly PHF smear in the SDS-soluble fraction and barely PHF smear in the SDS-insoluble fraction. In contrast,
iD387 intensely labeled PHF smear in both SDS-soluble and insoluble fractions, which overshadowed PHF-tau.

TM2-positive and TM4-positive NFTs were quantified  at the time of death. Along with the total numbers of NFT, mild
in the CAl region. Because the isomerization of Asp is a  (0-50/3.2 mm?), moderate (51-100/3.2 mm?), advanced (101
spontaneous chemical reaction, the rate of isoAsp formation in 150/3.2 min?), and severe (over 151/3.2 mm?), those of TM4-
PHFs can be regarded as not so variable. Thus, TM4-positive positive NFT increased from mild to moderate cases, but rather
NFT counts reflect the generation rate of NFT-bearing neurons leveled off in moderate to severe cases (Fig. 5). Statistically

© 2005 American Association of Neuropathologists, Inc. 669
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FIGURE 4. Immunocytochemistry using TM4 and
iD387. Paraffin-embedded sections from the hippo-
campus at Braak stages 1{1/IV (A-D) and Braak stage
V/VI (E-H) were immunostained with TM2 (A, E),
TM4 (B, F), iD387 (C, G), and AT8 (D, H). Note that
all antibodies intensely stained intraceliular neurofi-
brillary tangles (NFTs) (arrowheads and inset) and
neuropil threads in the hippocampus at the early
neocortical stage (A-D). in contrast, extracellular
NFTs (arrows and inset) were hardly stained with
TM4 (F) or iD387 (G) and were not stained with AT8
(H). *, # indicate the same vessels in adjacent
sections. Scale bar = 100 p.m.

significant differences in the TM4-positive NFT counts were  This unexpected finding raises the possibility that NFTs are

observed only between mild and moderate cases (Fig. 5). produced at a constant rate irrespective of the disease stage and
Thus, TM4-positive NFT appeared to be constant even though ~ are also constantly converted to TM4-negative (extracellular)
the total NFT number increased from moderate to severe cases. NFTs in the hippocampus.

670 © 2005 American Association of Neuropathologists, Inc.
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FIGURE 5. Semiquantification of TM2- and TM4-positive
neurofibrillary tangles (NFTs) in the hippocampus. TM2- and
TM4-positive NFTs per 3.2 mm? in the hippocampi of 53 non-
Alzheimer disease (control) subjects and patients with Alz-
heimer disease were counted. The numbers of TM4-positive
NFTs are shown against the abundance of TM2-positive NFTs:
mild (0-50, n = 23), moderate (51-100, n = 14), advanced
(101-150, n = 6), and severe (>151, n = 9). The numbers of
TM4-positive NFTs significantly increased from mild to
moderate cases, but not so from moderate to severe cases.
Means * standard error. Statistically evaluated by 2-way
analysis of variance, followed by Bonferroni/Dunn post hoc
test. Asterisks indicate a statistically significant difference (*¥,
p < 0.01).

Distinct Localization of Isomerized
and Unmodified tau '

To investigate the localization of Asp-387 and isoAsp-
387 in NFTs and NTs, vibratome sections from the hip-
pocampus or temporal cortex at Braak stage IV or above were
double-stained with TM4 and iD387 and viewed under a
confocal laser-scanning microscope. The specimens from 8 of
15 subjects were labeled with both antibodies, the remainder
being labeled only with iD387. Storage of the specimens
seemed to have a remarkable effect on the extent of TM4 and
iD387 staining. Vibratome sections stored in sucrose at—20°C

were not stainable with TM4, whereas iD387 staining was

retained. This was not the case with paraffin-embedded
sections or immediately frozen blocks. It is likely therefore that
isoAsp formation through succinimidyl intermediates pro-
ceeds in the aqueous environment, irrespective of prior for-
malin fixation.

In the specimens from the 8 subjects, NFTs were labeled
with both antibodies, whereas NTs were labeled predomi-
nantly with iD387. In 6 cases, NTs were labeled to a similar
extent with these 2 antibodies. Double immunostaining clearly
showed that the portions labeled with the 2 antibodies were
distinct from each other. TM4 stained NFTs in proximal dendrites
and neuronal perikarya, whereas iD387 stained NFTs up to
more distal dendrites (Fig. 6A, B). The intensities of TM4 and
iD387 staining varied even within a thread (Fig. 6C). Most
comnmonly, TM4 intensely labeled the outer portion of a thread,
and iD387 preferentially labeled its core portion (Fig. 6D, E).
In the case of isoAsp-387-rich NTs, patchy and discrete TM4
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staining on the surface of a thread was often evident (Fig. 6D).
In general, DNs were better stained with TM4, and NTs were
better stained with 1D387 (Fig. 6F).

Isomerization of tau in P30TL
and R406W Brains

More than 30 exonmic and intronic mutations have
been identified in the tau gene in patients affected by
frontotemporal dementia and parkinsonism linked to chro-
mosome 17 (FTDP-17), which is characterized pathologically
by extensive neuronal loss and formation of filaments com-
posed of tau (39, 40). Among FTDP-17 mutations, the P301L
mutation is well known for its aggressive clinical phenotype
and the R406W mutation for its more slowly progressive
phenotype (41). It is possible that some differences between
P301L - and R406W mutations, including the type of tau
deposited (4R tau vs. 3R + 4R tau), distribution of the tau
pathology (widespread vs. rather restricted), and the differ-
ences in the cell type affected (neuronal and glial cells vs.
neuronal cells), may be related to the difference in the
phenotype. To determine whether isomerization of the depos-
ited tau occurs similarly in these brains, Sarkosyl-insoluble
fractions from affected frontal cortices were prepared and
subjected to Western blotting using TM2, TM4, and iD387.
TM2 intensely labeled the PHF smear in the Sarkosyl-
insoluble fraction from a R406W brain. In contrast, only 2
major bands at 64 and 68 kDa were labeled in P301L brains
(Fig. 7). These results are consistent with previous reports (23,
33, 34). TM4 labeled 3 bands of PHF-tau in AD and R406W
brains, and 2 major bands in P301L brains, but only faintly
PHF smear. In contrast, iD387 labeled exclusively PHF smear
in AD and R406W brains but none in P301L brains (Fig. 7).
Thus, the Sarkosyl-inscluble tau from R406W brains is
isomerized at Asp-387 to a much greater extent than in P301L
brains. Immunocytochemical staining of P301L and R406W
brains with these antibodies was also examined. In a P301L
case, TM2 and TM4 stained inmumerable pretangles in the
frontal cortex, but iD387 did only faintly (data not shown). In
contrast, NFTs in R406W brain were intensely stained with
both antibodies. This is consistent with the Western blot data
shown in Figure 7.

DISCUSSION

Differential visualization of Asp- (unmodified) and
isoAsp- (modified) tau should provide us with a time window
for the formation and evolution of tau inclusions in the human
brain. As shown here, there is a much larger amount of
isoAsp-387 in PHF smear than in PHF-tau. Thus, TM4 and
iD387 make it possible to visualize recent and earlier
deposited tau proteins, respectively. Although the rate of
isoAsp formation in PHFs in vivo is unknown, an in vitro
incubation study showed that isoAsp-387 tau is gradually
generated and discrete tau bands are converted to a smear over
months (23). Thus, it is reasonable to assume that the
formation of PHF smear takes months, but not longer than
years. .
TM4 intensely immunostained intracellular NFTs, but
hardly stained the most evolved extracellular NFTs. According
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FIGURE 6. Differential distribution of
TM4- and iD387-positive tau in
neurofibrillary tangle (NFT), neuropil
thread (NT), and dystrophic neurite
(DN). Vibratome sections from Alz-
heimer disease temporal cortices or
hippocampi were labeled with TM4
(green) and iD387 (red), and ob-
served under a confocal microscope.
Merged images in the temporal
cortices of patient 1 (A, F) and
patient 2 (B), and in the hippocam-
pus of patient 3 (C) are shown. TM4
preferentially labeled the NFTs in the
proximal portion of dendrites and
cell bodies, whereas iD387 labeled
whole profiles of NFTs up to the distal
potion of dendrites (A, B). TM4 and
iD387 immunoreactivities of NTs
varied substantially (C). When TM4
immunoreactivity is noticeable on
NT, it is mostly located on its outer
portion ([D, E], small arrowheads). A
transverse section clearly shows that
TM4 labeled the outer portion of
a thread (JE], large arrowhead),
whereas D387 labeled the core
portion. TM4 stained DNs (long
arrow) to a greater extent than
scattered NTs in the surrounding
area (short arrow) (F). Scale bars =
(A-D, F) 10 pmy; (E) 2 pm.

to recent studies, NFF-bearing neurons can live decades (42)
and the maturation of NFT takes several years (43). Together
with our results shown in Figure 4, the presence of unmodified
tau, even in the terminal stages of NFTs, suggests that de novo
synthesis of tau (and possibly other proteins) is still maintained
in such degenerating neurons. Infrequently encountered TM4-
labeled, apparently extracellular NFTs based on their mor-
phology support this assumption (data not shown).

We do not know why iD387 stained only faintly the
majority of extracellular NFTs. It is possible that carboxyl-
terminal processing of tau could have eliminated isoAsp-387.
Nonenzymatic cleavage of tau at this site proceeds for months,
as shown by prolonged in vitro incubation of recombinant
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tau (23). This possibility may be supported by the weak la-
beling of extracellular NFTs with PHF-1, the epitope of which
(phosphoSer-396 and phosphoSer-404) is ~10 residues
downstream of Asp-387 (data not shown). Another possibility
is that Asp-387 in NFT undergoes further modifications such
as racemization (Fig. 1) (36). Related to this, the decreased
reactivity of iD387 with dextro-isoAsp-387 is of particular
interest (Fig. 2B).

In this study, we hypothesized that TM4-positive NFT
counts reflect the generation rate of NFT-bearing neurons.
Based on these indices, it is likely that the generation rate is
lowest in mild cases, presumably at Braak stages VI (32).
Subsequently, a rather constant generation rate may follow in

© 2005 American Association of Neuropathologists, Inc.
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Visualization of Newly Deposited tau

kDa

. 180.0
FIGURE 7. isoAsp formation in the

Sarkosyl-insoluble tau in P301L and
R406W brains. Sarkosyl-insoluble frac-
tions were prepared from the frontal
cortices of one patient with Alzheimer
disease (AD) (a), 3 P301L patients ([b]: ;
94-075, [c]: 94-079, and [d]: 96-113), ~ 70.1
and one R406W patient (Je]: 99-005),
and were subjected to Western blotting
using TM2, TM4, and iD387. TM2 de-
tected the PHF smear in AD and R406W
cortices, and labeled 2 major bands
at 64 and 68 kDa in P301L specimens.
iD387 strongly labeled the insoluble
smeared tau from an R406W brain, but
none from P301L brains. In contrast, 28.7
TM4 strongly labeled discrete triplet

bands in the specimens from AD and  19.4
R406W brains and 2 bands in the speci-

109.0

44.0

mens from P301L brains. T™2

moderate to severe cases, which may correspond to Braak
stages III to VI. This leads us to postulate the following
chronology of NFT formation. In the early phase, tau is slowly
deposited in the cytoplasm of large (mostly pyramidal) neuron,
likely as pretangles. Presumably, this is the critical period for
NFT formation. In Braak stages I1I/TV, when senile plaques
appear in the CAl region, NFTs are constantly generated and
new NFT formation coutinues until Braak stages V/VIL
Finally, NFT-bearing neurons die, and new tau deposition is no
longer seen in CAl neurons at Braak stages V/VI. This
assumption can be tested if the 2 antibodies used here were
applied to a mouse model showing both amyloid plaques and
NFTs (44).

The most striking finding is the differential distribution
of Asp-387 and isoAsp-387 in NFTs and NTs in the hippo-
campus and temporal cortex. Whereas iD387 intensely labeled
whole profiles of NFTs up to distal branches of the dendrite,
TM4 preferentially stained NFTs in the proximal dendritic
portion and perikaryon. This may reflect continued protein
biosynthesis in the proximal dendrites and perikarya, and
dysfunction of the trafficking required for normal infracellular
transport of tau or tau mRNA (45). In the affected neurons,
newly synthesized tau or tau mRNA cannot be transported to
the distal dendrites and accumulates in the proximal dendrites
and cell body, which may further displace intracellular organ-
elles and affect cellular metabolism. This view is supported
by repeated observations that tubulin immunoreactivity is
completely abolished or displaced to the periphery in NFT-
bearing neuronal perikarya (46).

The outer portion of a thread was intensely stained with
TM4. Together with the predominant staining of the core
portion with iD387, this strongly suggests that NTs constantly
gain diameter by addition of newly produced tau (or PHF) on
their surface. When NT-containing neurites (mostly dendrites)
are disconnected from the cell body, new tau deposition onto

© 2005 American Association of Neuropathologists, Inc.

T™M4 iD387

NTs ceases and the tau on the outer surface may become
gradually deamidated and isomerized. NTs that are exclusively
stained with iD387 may represent such a kind of extracellular
NTs.

Western blots of specimens from R406W brains showed
the presence of is0Asp-387 in the insoluble tau to similar
extents as observed in AD brains. This indicates that the NFTs
in the R406W brains progressively evolve, and isoAsp-387
increasingly accumulates like in AD brains. In contrast, in
P301L brains, none was labeled with iD387. The insoluble tau
in P301L brains would be deposited for too short a period for
Asp to be converted to isoAsp and cleared rapidly by neuronal
death. These may explain the disparity in the clinical and
pathologic features of these 2 mutations: P301L is represen-
tative of a rapidly progressive phenotype (early onset and short
duration), whereas R406W is of a more slowly progressive and
mild phenotype (41). Another possible explanation is that the
deposited tau, largely mutant P301L tau (34), is structurally
weak and swiftly removed by enhanced cellular degradation
systems before isoAsp formation, and affected neurons main-
tain the levels of modified tau very low.
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Abstract

We established a histobiochemical approach targeting micron-order inclusion bodies possessing extensive aggregation properties
in situ by using a nonchemical denaturant (oligomeric actin interacting protein 2/p-lactate dehydrogenase protein 2 [Aip2p/Dld2p]) with
the combinatorial method of laser-microdissection and immunoblot analysis. As a model, pick bodies were chosen and laser-microdis-
sected from three different brain regions of two patients with Pick’s disease. Initially, 500 to 2000 pick bodies were applied onto SDS—
PAGE gels after boiling in Laemmli’s sample buffer according to established immunoblotting procedures; however, only faint signals
were obtained. Following negative results with chemical denaturants or detergent, including 6 M guanidine hydrochloride, 8 M urea,
and 2% SDS, the laser-microdissected pick bodies were pretreated with oligomeric Aip2p/Dld2p, which possesses robust protein unfold-
ing activity under biological conditions. Strikingly, only one pick body was sufficient to illustrate an immunoblot signal, indicating that
pretreatment with oligomeric Aip2p/DId2p enhanced the immunoblot sensitivity by more than 100-fold. Pretreatment with oligomeric
Aip2p/D1d2p also allowed us to quantify the total protein content of pick bodies. Thus, use of oligomeric Aip2p/DId2p significantly
contributed toward the acquisition of information pertaining to the molecular profile of proteins possessing an extensive aggregation
property, particularly in small amounts.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Oligomeric Aip2p/DId2p; Protein conformation unfolding activity; Laser-microdissection; Inclusion bodies; Pick bodies; Phosphorylated tau

While immunohistochemical analysis has been widely  the analysis of proteins at a macroscopic level [1]. Cur-
used for the characterization of microstructures under  rently, no analytical methods equivalent to the immuno-
various conditions and of disorders at a light microscop-  blot have been developed against targets for examination
ic level, immunoblot analysis has been indispensable in  under the microscope, although the recent development

of - a- laser-microdissection methodology allows us to

* Corresponding author. Fax: -+81 3 3351 6544, manipulate microstructures at microscopic regions of
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Against this backdrop, we developed a novel combina-
torial method that uses laser-microdissection and immuno-
blotting to allow the characterization of the molecular
profile of proteins at microscopic regions of interest. As a
model, we examined brain samples of Pick’s disease, a type
of progressive presenile dementia that affects brain func-
tion, eventually causing loss of verbal skills and problem-
solving ability [3]. Pick’s disease accounts for 5% of all
dementias and is characterized neuropathologically by dis-
tinct tau-immunoreactive intraneuronal inclusions known
as pick bodies [4]. Abnormally phosphorylated tau proteins
were detected from total brain homogenates [4-6], but no
investigation has been reported with isolated pick bodies
to date.

Given limited sample availability and the absence of
in vitro amplification steps for proteins, use of laser-micro-
dissected samples depends largely on highly sensitive pro-
tein detection methods [7]. Furthermore, these inclusion
bodies generally possess extensive aggregation properties
that often negatively affect the immunoblot assay. Unfortu-
nately, use of conventional procedures, including sample
pretreatment with chemical denaturing agents or detergent,
was ineffective. In an effort to overcome the problem, olig-
omeric actin interacting protein 2 (Aip2p)' [8)/p-lactate
dehydrogenase protein 2 (D1d2p) [9,10] was used as a non-
chemical denaturant [11-13]. DId2p [9.10] was initially
identified as Aip2p using a two-hybrid screen to search
for proteins that interact with actin [8]. During our search
for protein conformation unfolding activity, we further
identified oligomeric Aip2p/DId2p isolated from Saccharo-
myces cerevisiae as exhibiting robust protein conformation
unfolding activity {11]. Oligomeric Aip2p/DId2p possesses
a unique grapple-like structure with an ATP-dependent
opening that is required for protein conformation unfold-
ing activity [12,13]. In the presence of 1 mM ATP or
AMP-PNP, oligomeric Aip2p/DId2p bound to all sub-
strates so far examined and subsequently modified the pro-
tein conformation. Furthermore, oligomeric Aip2p/DI1d2p
was able to modify the conformation of pathogenic highly
aggregated polypeptides such as recombinant prion protein
(rPrP) in the beta form, alpha-synuclein, and Abeta (1-42)
in the presence of ATP in vitro [13]. This procedure con-
sists simply of combining oligomeric Aip2p/Dldp2 and
1 mM ATP in a reaction tube containing the collected pick
bodies and then incubating the sample for 60 min at 30 °C.

Oligomeric Aip2p/DId2p significantly increases the
immunoblot signals by more than 100-fold. The histobio-
chemical approach detailed in this study allows us to ana-
lyze single pick bodies in the order of several micrometers
in radius.

! Abbreviations used: Aip2p, actin interacting protein 2; Did2p, p-lactate
dehydrogenase protein 2; rPrP, recombinant prion protein; BSA, bovine
serum albumin; EGTA, ethyleneglycotetraacetic acid; TCA, trichloroace-
tic acid; PBS, phosphate-buffered saline; PBS-T, PBS containing 0.05%
Tween 20; TBH, total brain homogenate; LC-MS/MS, liquid chroma-
tography-tandem mass spectrometry.

Materials and methods

After informed consent had been obtained, frontal
(Y337F and Y332F) and temporal (Y332T) cortexes from
two patients with sporadic Pick’s disease (patient 1
(Y337): female, 71 years old; patient 2 (Y332): male, 72
years old) were placed in a deep freezer (—80 °C) at Nippon
Medical School until use. The procedures followed were in
accordance with the institutional ethical standards on hu-
man experimentation.

Oligomeric Aip2p/D1d2p was expressed and purified as
described previously [11,12]. Anti-tau AT8 (phosphoryla-
tion-dependent monoclonal antibody specific to phosphory-
lated Ser202/Thr205) and AT100 (specific to phosphorylated
Thr212/Ser214) were purchased from Innogenetics. Anti-
Aip2p/Dld2p antibody was raised against the synthetic pep-
tide corresponding to the C-terminal 15 amino acid residues
of Aip2p (VHYDPNGILNPYKY]) that were coupled
through a COOH-terminal cysteine residue to bovine serum
albumin (BSA) [11].

Slide preparations were made using a NexES Automat-
ed Immunohistochemistry Staining System (Ventana Med-
ical Systems) with 1:200 AT8. Immunostained pick bodies
(10-15 um in diameter) (Table 1) were dissected using a La-
ser Microdissection System (Olympus Optical) coupled to a
Hoya laser cutter (HCL2100, 30 mJ/pulse, 266 nm). Dis-
sected samples were collected using a Cell Tram Oil
hydraulic manual microinjector (Eppendorf) with distilled
water.

Immunoblot analyses were performed as follows. First,
total brain homogenates (1040 pg) or laser-dissected pick
bodies (500 pieces) were solubilized in 500 pl of ice-cold
extraction buffer (Tris-chloride [pH 7.4], 0.8 M NacCl,
1 mM ethyleneglycotetraacetic acid [EGTA], 10% sucrose,
and 1/1000 [w/v] protease inhibitor cocktail [Sigma] with
1% sodium N-lauroyl sarcosinate [sarkosyl]). Sarkosyl-in-
soluble fractions were collected by centrifugation at
182,000¢ for 30 min at 4 °C and then suspended in 50 mM
Tris—hloride (pH 7.4). Samples were pretreated with 8 M
urea (Wako Chemicals), 6 M guanidine hydrochloride
(Nacalai Tesque), or 2% SDS (Wako Chemicals), followed
by trichloroacetic acid (TCA) precipitation in an effort to
denature or untangle the samples. Pretreatment with
Aip2p/DId2p was performed as described previously

Table 1
Quantitative analyses of pick bodies

Y332T Y332F Y337F
Total protein (ng/pick body) 0.8 1.1 2.8
Average diameter (pm) 10 10 15
SRelative density 1.6 2.2 1.6

Note. The protein concentration of sarkosyl-insoluble fractions was
measured following pretreatment with oligomeric Aip2p/Dld2p, and the
relative density of the pick bodies was calculated. Frontal (Y337F and
Y332F) and temporal (Y332T) cortexes from two patients with sporadic
Pick’s disease (patient 1 (Y337): female, 71 years old; patient 2 (Y332):
male, 72 years old) were analyzed.
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[11-13]. Briefly, 1 to 500 ng of oligomeric Aip2p/DId2p was
mixed with the sarkosyl-insoluble fraction of 1 to 500 pick
bodies at a ratio of 1 ng per 1 pick body in the presence of
I mM ATP for 60 min at 30 °C in a total volume of 20 pl.
Samples were then loaded onto 12% SDS-PAGE gels and
transferred onto 0.22-um nitrocellulose membranes in
25mM Tris—190 mM glycine-0.01% SDS-20% methanol
at 400 mA for 40 min at 4 °C. Membranes were blocked
using 4% BSA in phosphate-buffered saline (PBS) contain-
ing 0.05% Tween 20 (PBS-T), incubated with 1:1000 (unless
otherwise indicated) AT8 and AT100 in PBS-T overnight at
4 °C, washed with PBS-T several times at room temperature,
and then incubated with 1:10,000 horseradish peroxidase-
conjugated anti-mouse IgG antibody (Amersham) in
PBS-T for 1 h at room temperature. After washing the mem-
branes, the immunodecorated bands were visualized using
ECL-plus (Amersham) and then analyzed using a Fluor-S
MAX Multilmager or VersaDoc (Bio-Rad Laboratories).
The protein concentration of the pick bodies pretreated
with oligomeric Aip2p/DId2p was measured using a spec-
trophotometer (Tecan) at 595 nm in combination with a
Protein Assay System (Bio-Rad Laboratories) according
to the manufacturers’ instructions. Oligomeric Aip2p/

Did2p was applied at a ratio of 1 ng per 1 pick body,
and the value was subtracted afterward.

Results

The laser-microdissection system combined with the
sample collector facilitated the dissection of targets
(Fig. 1A). Up to 500 pick bodies were collected each time
over a period of 1 day. Initially, 500 pick bodies were ap-
plied onto SDS-PAGE gels after boiling in Laemmli’s sam-
ple buffer according to established immunoblotting
procedures [1]. However, only faint and blurred signals
were obtained with anti-tau antibodies AT8 and AT100
(Fig. 1B, lane 4) in comparison with 10 to 40 pg of total
brain homogenate (TBH, Fig. 1B, lanes 2 and 3). Immuno-
staining of the entire gel, including the loading wells and
the stacking gel, revealed no additional immunoblot signals
that may have arisen from the extensive aggregation prop-
erty of the pick bodies. Further increases in the number of
pick bodies applied (up to 2000) could not improve the sig-
nal intensity (data not shown).

The effect of chemical denaturants or detergent, includ-
ing 6 M guanidine hydrochloride, 8 M urea, and 2% SDS,

.

B Y337 F

TBH (jg) PBs Gdn-HCI
kDa 40 10 500

Lanes i 2 » 3

Urea
SpS
® ®

5 6 7

Fig. 1. Immunological analyses of laser-microdissected pick bodies (PBs). (A) Left panel: 5-pm-thick cryosection. PBs of frontal cortex from patient Y337
(Y337F) are stained with AT8 (1:200, purple) and hematoxylin (blue). Middle and right panels: PBs isolated from the section using a laser-microdissector.
Scale bar is 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) (B)
Immunoblot analyses of PBs pretreated with chemical denaturants or detergent. Approximately 500 PBs were used for each trial. Lane 1: molecular weight
marker (Dr. Western, Oriental Yeast); lanes 2 and 3: total brain homogenate (TBH) of Y337F (40 and 10 pg, respectively); lanes 4 to 7: 500 laser-
microdissected PBs of Y337F with no pretreatment (lane 4), 6 M guanidine hydrochloride (Gdn-HC}, lane 5), 8 M urea (lane 6), and 2% SDS pretreatment
(lane 7). Samples were stained with anti-tau AT8 (1:1000) and AT100 (1:1000).
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was then determined. Use of the aforementioned chaotrop-
ic agents, however, resulted in no improvement of immuno-
blot signals (Fig. 1B, lanes 5-7). In fact, the signal
intensities diminished somewhat, possibly due to the pres-
ence of phosphorylated tau bound to the walls of the tube
after removing the chaotropic agents prior to loading onto
the SDS-PAGE gels [14].

Although negative results were obtained following use
of the aforementioned chemical denaturants and detergent,
we demonstrated that oligomeric Aip2p/DId2p could mod-
ify the conformation of pathogenic highly aggregated poly-
peptides such as rPrP in the beta form, alpha-synuclein,
and Abeta (1-42) in the presence of ATP [13]. Hence, the
pick bodies were pretreated with oligomeric Aip2p/DIld2p
prior to loading onto SDS-PAGE gels. Surprisingly,
immunoblot analyses of Y337F, Y332F, and Y332T dem-
onstrated discrete bands stained with anti-tau AT8 and
AT100 antibodies following pretreatment with oligomeric
Aip2p/DId2p (Fig. 2). In a serial dilution assay, 1/500 of
500 pick bodies (equivalent to 1 pick body) was detected
(Fig. 2, upper panel, lanes 4-8; lower panel, lanes 2-10).

These immunoreactive bands migrated slightly faster
than those associated with the 500 pick bodies processed

Y337F Y337F
PBs PBs+AipZp/Did2p
500 50 .10 5 3 1

without oligomeric Aip2p/DId2p pretreatment (Fig. 2,
upper panel, lane 2). One possible explanation is that pre-
treatment with oligomeric Aip2p/DId2p might allow the
detection of the phosphorylated form of 60 kDa tau (tau
60) [4-6], whereas only the phosphorylated form of
69 kDa tau (tau 69) is negligibly detected following boiling
in Laemmli’s sample buffer according to classical immuno-
blotting procedures. Whether the different tau isoform
could account for the faster migration pattern observed re-
mains to be determined.

Oligomeric Aip2p/Dld2p was also detected in the same
reaction mixtures using anti-Aip2p/Dld2p antibody
(Fig. 2, upper panel, lanes 12-16) but did not cross-react
with anti-tau AT8 and AT100 antibodies (Fig. 2, upper
panel, lane 10). It should be noted that a single pick body
directly pretreated with oligomeric Aip2p/DI1d2p was suffi-
cient to yield an immunoblot signal (Fig. 2, lower panel,
lane 13), indicating that pretreatment with oligomeric
Aip2p/DId2p enhanced the immunoblot signal by more
than 100-fold. Transmission electron microscopy with ura-
nyl acetate negative staining of laser-microdissected pick
bodies (Fig. 3) revealed that they were untangled following
treatment with oligomeric Aip2p/DId2p, whereas the

Y337 F

Aip2p/Dld2p PBs+Aip2p/Did2p
¢ 186 35 3 1

alone 5

kDa
81
68 &
55 ¢
41
28 2 : :
Lanes 1 2 4 10 12 13 14 18 16
Y332 F Y332 T Y337TF
PBs+Aip2p/Dld2p  PBs+Aip2p/Dld2p PBs+Aip2p/Did2p
D 50 10..5..3 50 10 3.4 3

Lanes | 2 3 4 5 6 7 8

9 10 1 12 13

Fig. 2. Immunoblot analyses of laser-microdissected pick bodies (PBs) from Y337F (frontal cortex), Y332F (frontal cortex), and Y332T (temporal cortex).
Upper panels: Molecular weight marker (Dr. Western, Oriental Yeast, lanes 1, 3, 9, and 11), 500 laser-microdissected PBs of Y337F (lane 2), and serial
dilutions equivalent to 50, 10, 5, and 3 PBs and 1 PB of Y337F (lanes 4-8 and 12-16). Lane 2 represents sample without oligomeric Aip2p/DId2p
pretreatment, whereas lanes 4 to 8 and lanes 12 to 16 represent samples with oligomeric Aip2p/Dld2p pretreatment. Lane 10: 50 ng of Aip2p/DId2p alone.
Lanes 2, 4 to 8, and 10 were stained with anti-tau AT8 (1:1000) and AT100 (1:1000), whereas lanes 12 to 16 were stained with anti-Aip2p/Dld2p polyclonal
antibody. The arrowhead indicates the position of Aip2p/Dld2p (MW = 58 kDa). Lower panels: Molecular weight marker (Dr. Western, Oriental Yeast,
lanes 1 and 11), serial dilutions of 500 PBs of Y332F equivalent to 50, 10, 5, and 3 PBs (lanes 2-5), and those of Y332T equivalent to 50, 10, 5, and 3 PBs
and 1 PB (lanes 6-10). Lanes 12 and 13: 5 PBs and 1 PB of Y337F, respectively. Samples in lower panels were pretreated with oligomeric Aip2p/DId2p and

stained with anti-tau AT8 (1:1000) and AT100 (1:1000).



110 Increase in immunoblot signals by oligomeric Aip2p/DId2p | N.S. Hachiya et al. | Anal. Biochem. 347 (2005) 106-111

PBs+Aip2p/Dld2p

0 20

Fig. 3. Transmission electron microscopy with uranyl acetate negative staining of laser-microdissected pick bodies (PBs) prior to (A and E} and following
oligomeric Aip2p/Did2p pretreatment for 20 min (B and F), 40 min (C and G), and 60 min (D and H}). For the negative staining, 500 PBs of Y332F were

used as specimens. Scale bar is 4 pm.

average diameter of pick bodies decreased markedly, from
10 to 15 pm to less than 1 wm, in a time-dependent manner.

Although protein quantification of highly aggregated
proteins such as pick bodies has been quite problematic
to date, pretreatment with oligomeric Aip2p/DId2p allows
the ready quantification of the protein content of pick
bodies (Table 1). The protein concentrations of sarkosyl-
insoluble fractions were 0.8 ng (Y332T), 1.1 ng (Y332F),
and 2.8 ng (Y337F) per 1 pick body. Because the average
diameters of the pick bodies were 10 pm (Y332) and
15 pm (Y337), the relative densities of the pick bodies were
1.6 to 2.2 (Y332) and 1.6 (Y337).

Discussion

Our novel combinatorial method targets proteins relat-
ing to specific regions of interest at the micrometer order
and exclusively allows the gathering of information per-
taining to the molecular profile, such as molecular weight,
of target proteins under the microscope in situ. During our
investigations, we noticed that laser-microdissected pick
bodies exhibited only faint and blurred immunoblot signals
with anti-tau AT8 and AT100 antibodies, even following
pretreatment with chemical denaturants or detergent, pre-
sumably resulting from the extensive aggregation property.
In fact, this is extremely crucial when only a minimal quan-
tity of target protein is available.

The protein conformation unfolding activity of oligo-
meric Aip2p/DId2p can modify the conformation of patho-
genic highly aggregated polypeptides [13]. Therefore, pick
bodies were pretreated with oligomeric Aip2p/Dld2p to
overcome the extensive aggregation property. With the pre-
treatment, 500ng of oligomeric Aip2p/Dld2p (MW
~700 kDa) was mixed with 500 pick bodies consisting of

abnormally phosphorylated tau (MW = 58 kDa), indicat-
ing that the stoichiometry of oligomeric Aip2p/DId2p:phos-
phorylated tau is approximately 1:10. As shown in Fig. 2,
oligomeric Aip2p/DId2p pretreatment enhanced the immu-
noblot signals by more than 100-fold.

The inclusion bodies, which might protect against toxic-
ity [15], have been associated with various protein confor-
mation disorders, including Alzheimer’s disease [16],
Parkinson’s disease [17], and prion disease (e.g., bovine
spongiform encephalopathy) [18]. Actually, the robust pro-
tein conformation unfolding activity of oligomeric Aip2p/
DIld2p modulated the conformation of Abeta (1-42) peptide
associated with Alzheimer’s disease, alpha-synuclein associ-
ated with Parkinson’s disease, and rPrP in the beta form
associated with prion disease in vitro [13]. Therefore, use
of oligomeric Aip2p/Dld2p with our combinatorial method
provides significant improvement in the investigation of
normal or abnormal microstructures under various condi-
tions and of disorders with extremely enhanced sensitivity.

Making use of this unprecedented property of oligomer-
ic Aip2p/D1d2p may yield further potential applications.
For example, a number of proteomic strategies rely on li-
quid chromatography-tandem mass spectrometry (LC-
MS/MS), but sample preparation methods typically in-
volve the use of detergents and chaotropic agents that often
interfere with chromatographic separation and/or electro-
spray ionization [19). Use of oligomeric Aip2p/Dld2p,
however, would not interfere with the LC-MS/MS proce-
dures and might even prove to be ideal for sample pretreat-
ment. Overall, use of oligomeric Aip2p/DIld2p might
significantly facilitate nano-scale analysis, which is often
hindered by the aggregation property of target proteins
present under various analytical conditions, especially
when the sample protein is present in minor quantities.
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Abstract

Clinical cases similar to herpes simplex virus (HSV) encephalitis have accumulated in Japan. Detailed examinations have failed to demonstrate
HSV infection. Recently, these cases have been named “non-herpetic acute limbic encephalitis”. Only a single autopsy case was so far reported in
an abstract form, because many cases showed a good prognosis. The case presented here was that following fever, a 59-year-old woman developed
disturbance of consciousness and uncontrollable generalized seizures. Brain MRI revealed abnormal signals in the bilateral medial temporal lobe
and along the lateral part of the putamen. Autoantibody against the NMDA glutamate receptor (GluR) IgM-g2 was detected in the serum, and the
GluR IgG-52 antibody was positive in cerebrospinal fluid. She died 12 days after onset. An autopsy examination revealed scattered foci consisting
of neuronal loss, neuronophagia and some perivascular lymphocytic infiltration in the hippocampus and amygdala, but no haemorrhagic necrosis
in the brain. HSV-1, -2 and human herpes virus-6 were negative immunohistochemically. We believe that our autopsy case may contribute to

understanding the neuropathological background of non-herpetic acute limbic encephalitis.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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Limbic encephalitis is usually considered to be paraneoplastic,
occurring subacutely in association with specific neuronal anti-
bodies [2]. Among the cases with reversible acute or subacute
non-paraneoplastic limbic encephalitis, voltage-gated potas-
sium channel (VGKC) antibodies have been reported [12].
Autoantibodies against the NMDA glutamate receptor (GluR),
which is considered to be related causally to partial seizures [11],
were detected in the acute non-herpetic encephalitis [3].

In Japan, acute encephalitis, in which the clinical picture was
comparable with that of herpes simplex virus (HSV) encephali-
tis but where evidence of HSV infection was not demonstrated,
has been reported [5]. Recently, these cases have been named
“non-herpetic acute limbic encephalitis” as a possible new sub-
group of limbic encephalitis [5,9]. It has been proposed that
mild infections and immunological process are the cause of
this disease from clinical findings and cerebrospinal fluid (CSF)
cytokine levels, elevated level of interleukin-6 [5,9] and unel-
evated level of interferon-y [1]. Moreover, it has been indi-
cated that acute limbic encephalitis, HSV encephalitis and other
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acute limbic encephalitis were etiologically interrelated, because
cases of limbic encephalitis similar to non-herpetic acute limbic
encephalitis were reported [1,9].

Many previously reported cases of non-herpetic acute lim-
bic encephalitis have shown a rather favorable prognosis
[1,4,5,7,8,10]. For this reason, only a single autopsy case was so
far reported in an abstract form [7]. We believe that this report
contributes to understanding the neuropathological background
of the acute limbic encephalitis of unknown etiology.

One week after a fever, a 59-year-old woman developed
progressive disturbance of consciousness following general-
ized tonic seizures. The brain computed tomography showed
no abnormalities. CSF examinations showed mononuclear cells
10 pl/l, protein S0mg/dl and glucose 143 mg/dl. The seizures
continued, even though multiple anticonvulsants were admin-
istered and mechanical ventilation was performed. Eight days
after the onset of unconsciousness and seizures, brain magnetic
resonance imaging (MRI) with T2-weighted and FLAIR images
revealed high signal intensities in the bilateral medial tempo-
ral lobes and along the lateral part of the putamen (Fig. 1).
She was admitted to our hospital 10 days after the onset of
the seizures. She showed marked emaciation and pneumo-
nia complications. Recurrence of generalized tonic seizures
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Fig. 1. FLAIR MRI images. High signal intensity is seen in the bilateral medial temporal lobe and the lateral part of the putamen.

Fig. 2. Neuropathological findings: (A) coronal slice through the left cerebrum. No lesions visible on macroscopic examination; (B) foci of neuronal loss (arrows)
surrounded by spongy state in the rostral CA1 of hippocampus. Kliiver-Barrera staining (Bar 500 um); (C) foci of neuronal loss and neuronophagia in the rostral
CA1 of hippocampus. Hematoxylin and eosin (HE) staining (Bar 50 .m) and (D) neuronal loss, fibrillary astrocytosis and lymphocytic perivascular cuffing were
seen in the rostral part of amygdala. HE staining (bar 50 j.m).
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failed to be controlled with propofol and acyclovir in addi-
‘on to the anticonvulsants. An electroencephalogram revealed
multifocal spikes without periodic synchronous discharges and
periodic lateralized epileptiform discharges. Autoantibodies,
including antinuclear antibody, anti-SS-A/B antibodies, and
anti-Hu antibodies were all negative. Autoantibody against the
GluR IgM-g2 [11] in the serum was positive, autoantibody
against GluR IgG-82 in the CSF was positive, and VGKC anti-
body and P/Q-type voltage-gated calcium channel antibodies
were negative in the serum and CSE Antibodies for several
viruses including HSV in the serum and CSF were negative
10 days after the onset of seizures. She had acute renal fail-
ure complications and died 12 days after the onset of the
seizures.

The direct cause of death was acute renal tubular necrosis
and purulent pneumonia. Both laboratory data and patholog-
ical examination revealed that the patient did not have any
malignant tumors or collagen disease. The brain, weighing
1183 g, was macroscopically unremarkable except for mild
swelling (Fig. 2A). Microscopically, there were no leptomenin-
gitis. The amygdala and hippocampus showed small foci of
neuronal loss with neuronophagias, proliferation of microglias
and hypertrophic astrocytes (Fig. 2B and C). These foci were
surrounded by a spongy state. Only a few lymphocytic perivas-
cular cuffings occurred in the amygdala (Fig. 2D). No intranu-
clear inclusion bodies were found anywhere. Immunohisto-
chemistry for HSV-1, -2 and human herpesvirus-6 was negative.
No tissue necrosis or haemorrhage were found in the cerebral
cortex including the cingulate, insular, and parahippocampal
cortex.

Besides demonstrating evidence of HSV infection, HSV
encephalitis shows extensive necrosis with haemorrhage in the
medial temporal lobe, insular and cingulate gyri bilaterally [6],
where the brain MRI shows high signal intensities. Furthermore,
the lesions are bilateral, but not always symmetrical in distri-
bution. In our case, however, abnormal signal intensities were
limited in the hippocampus and amygdala bilaterally and sym-
metrically. No haemorrhagic necrosis was found anywhere, even
though there would not have been sufficient time for our patient
to develop it. Finally, there were no intranuclear inclusions or
immunohistological evidence of HSV infection.

Recently, it is suggested that the presence of autoantibodies
against the GluR-g2 in the CSF of non-herpetic acute encephali-
tis involves in autoimmune pathogenic mechanism [3,9]. In the
CSF of this patient, autoantibody against the GluR-g2 was neg-
ative, while the autoantibody against the GluR-52, which is
against cerebellar Purkinje cell-specific antibody [11] was pos-
itive. The other similar cases as shown in Table 1 [1,4,5,7,8,10]
were not examined for the presence of these antibodies. Unfor-
tunately, it remains obscure that this antibody played a role in
development of the disease in our case.

There has been only one pathological report of a patient
similar to our case: a 53-year-old woman who died 36 days
after the onset of illness, and showed neuronal loss in the hip-
pocampus, and neuronophagia and gliosis in the amygdala [7].
As seen in the present patient, this patient showed no evidence
of HSV infection, no apparent necrosis in the brain, and the

Table 1

Clinical characteristics and MRI abnormalities of patients with non-herpetic acute limbic encephalitis

Maki et al. [7] Present case

Nonaka et al. [8] Takahashi et al. [10]

Kohira et al. [4] XKusuhara et al. [5] Asaoka et al. [1]

Patients

Case 2

Case 1

Case2 Case3 Cased4 Casel Case2 Case3 Cased Case5 Case6

Case 1

53 59

58

25

38 38 53 34 60 73 35 23 18 42

40

25

Age (year)

Sex

Clinical symptoms

3+

3+
3+

2+ 2+ 2+ 3+

2+

2+

3+

3+

3+
2+

2+

Impaired consciousness

Seizures

3+

2+

3+

3+

2+

3+

2+

10
50

normal
normal

76
45

10
40

320
86

32
29

10
72

10
50

47

17
325

52
25

Cerebrospinal fluid
Cells (mm?)

15

28

27 32 41

55

Protein(mg/dl)

MRI abnormalities

L>R
L>R

R>L
R>L

Hippocampi

Amygdalae

Cingulate gyri

died

died

2+

2+

Sequelae

M: male; F: female; B: bilateral; L: left; R: right, (—): negative; (+): mild; (2+): moderate and (3+): severe.



