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cytoplasmic inclusions (GCls) in MSA [32, 34, 39]. MSA
is a sporadic neurodegenerative disease characterized
clinically by varying degrees of parkinsonism, cerebellar
ataxia and autonomic dysfunction and pathologically by
degeneration in the substantia nigra, putamen, inferior
olivary nucleus, pontine nuclei and cerebellum [26]. In
addition to neuronal loss in these selective areas, iron
pigment accumulation, gliosis and myelin pathology are
increasingly recognized. In affected areas, myelin dis-
plays signs of degeneration and oligodendroglia contain
argyrophilic inclusion bodies called GCIs [21, 23, 27].
GCls are composed of coated filaments with a diameter
of 10-15 nm that are immunoreactive for ubiquitin (Ub)
and aS. Because GCI is a pathological hallmark of
MSA, numerous studies have tried to find possible
correlations between appearance of GCls and degener-
ation, which, however, have failed to demonstrate any
(either positive or negative) correlation. Instead, occur-
rence of GCls seems rather capricious in their quantity.
For example, they could be abundant in early cases or
where degeneration remains slight as in the motor cortex
[15, 17]. One of the difficulties may be related to the fact
that GCIs, as well as LBs and other pathological
inclusions, are composed of multiple proteins that pos-
sibly interact with each other during or after formation
of these inclusions. This prompted us to examine dif-
ferent epitopes or staining features in each GCI to
identify possible evolutionary changes by quantifying
and comparing GCIs from different brain regions from
patients with different disease duration. It is possible
that a relation between epitopes rather than a repre-
sentation of a single epitope itself is more closely related
to evolutionary changes as we demonstrated on LBs in
the previous study [29]. To avoid possible ambiguity on
fluorescence signals that are sometimes cumbersome, we
used dual enhancement of double immunofluorescence
signals by CARD, as we have established recently [35,
371, which enabled immunofluorescence signals from «S
and Ub to be quantified precisely. Simultaneous detec-
tion of thiazin red (TR) signal from the same structure
provided additional information, possibly related to
fibrillary status of each GCI under observation [36].
Moreover, identification of each GCI on subsequent
Gallyas silver staining [3] confirmed the authenticity of
GCI in these areas. Quantification of over 1,600 GCls
for these staining profiles clarified their possible relation
to disease progression.

Materials and methods

Four patients with the clinicopathological diagnosis of
MSA (three male/one females; age at death, range 47—
74 years), autopsied at the Department of Pathology,
Tokyo Metropolitan Neurclogical Hospital,. Tokyo,
Japan, were enrolled in this study. Duration of the dis-
ease ranged from 4 to 15 years. Clinical diagnosis of
MSA was confirmed postmortem on the basis of

neuronal loss and the presence of GCls in the relevant
regions including the putamen, cerebellar white matter,
and motor cortex. Formalin-fixed, paraffin-embedded
blocks were sampled from the putamen, cerebellar white
matter and motor cortex. Sections were deparaffinized
after cutting at 4 pm. To observe localization of the two
epitopes (aS and Ub) more clearly without cross-talk,
each fluorescence signal from the two epitopes was
amplified as described previously as dual enhancement
of double immunofiuorescence signals by CARD [35,
37]. Briefly, after treatment with 2% H,O, to inactivate
endogenous peroxidases, sections were incubated for
48 h at 4°C with a monoclonal antibody against oS
(LB509 [19], 1:300, courtesy of Prof. Iwatsubo, Univer-
sity of Tokyo, Tokyo, Japan) diluted with 0.01 M
phosphate-buffered saline (pH 7.4) containing 0.03%
Triton X-100 (PBST) and 5% normal goat serum. Sec-
tions were washed for 10 min three times with PBST
between the steps throughout the procedure. After
incubation with an anti-mouse IgG conjugated with
horseradish peroxidase (HRP, 1:500, Kirkegaard and
Perry, Gaithersburg, MD) for 2 h, the HRP signal was
directly visualized with FITC-conjugated tyramide
(FITC-tyramide, 1:200, NEN Life Science Products,
Boston, MA) in the dark. Next, HRP was again blocked
by incubating the section with 2% H,0, in 0.1 M Tris-
buffered saline for 30 min. The sections were then
incubated with a rabbit polyclonal antibody against Ub
(20458, 1:500, Dako, Glostrup, Denmark) at 4°C for
48 h. After incubation with an anti-rabbit IgG conju-
gated with HRP (HRP, 1:500, Pierce, Rockford, IL) for
2 h, the HRP signal was enhanced by reaction of bioti-
nylated tyramide [1] (1:1,000) for 10 min. The amplified
signal was visualized with Cy5-conjugated streptavidin
(Cy S-labeled streptavidin, 1:200, Kirkegaard and Per-
ry). After washing, stained sections were then immersed
in 0.01 M PBS containing TR (1:30,000, Wako, Tokyo,
Japan) for 30 min. After washing, they were mounted
with buffered glycerol containing p-phenylenediamine to
minimize photobleaching. Sections were observed under
a fluorescence microscope combined with laser confocal
system (TCS-SP, Leica, Heidelberg, Germany). This
system is equipped with spectrophotometer consisting of
a prism and two sets of movable slit in front of the
detection photomultiplier, which seclect arbitrarily
whatever wavelength between 400-800 nm for the light
path to be detected. For balanced excitation of
fluorochromes, an Ar-Kr laser is combined with acous-
tico-optical tunable filter system, which enables the
individual intensity of each of the three laser beams
(488 nm, 568 nm and 647 nm) to be adjusted indepen-
dently. FITC, which labels the oS epitope, was excited
by the 488 nm beam and was detected through a light
path of the range 500-540 nm. CyS5, which labels the Ub
epitope, was excited by the 647 nm beam and was
detected through a light path at 690-730 nm. TR
(emission peak: 620 nm) was excited by the 568 nm
beam and was detected through a light path at 600-
640 nm. After triple-stained images were photographed



and recorded on magneto-optical disks, the same section
was stained with Gallyas silver stain [3], a silver staining
highly sensitive in detecting GCIs. This series of proce-
dure enabled the relationship between four different
staining features, «S-like immunoreactivity (IR), Ub-like
IR, TR positivity and argyrophilia by Gallyas silver
stain to be assessed on each GCI. At least one hundred
GCls on ecach section from the putamen, cerebellar
white matter, and motor cortex from each case were
classified according to their staining profiles into four
categories; oS+ Ub-: aS positive and Ub negative,
oS+ Ub+: positive for both «S and Ub; «S-Ub+: oS
negative and Ub positive; aS—Ub—: negative for both oS
and Ub. In total, 1,690 GCIs were examined for their
staining profiles.

Because the frequency of GCls was highly variable,
we calculated, for statistical analyses, GCI number (total
number of GCIs/number of microscopic fields) for each
individual area examined. The GCI numbers were sub-
divided according to four different staining profiles
(profile number: number of GCls with one of the four
staining profiles/microscopic field for each individual
area). The sum of the profile numbers from the three
areas (putamen, cercbellar white matter and motor
cortex) of each case were calculated to represent the
profile of the case (case-profile number) and used for chi-
square analysis. Case-profile numbers for each case were
also transformed into % fractions to represent the “%
case-profile” of the case. Because the four cases were

Fig. 1 Multi-fluorolabeling of
GClIs (A-D) for oS (A, green),
Ub (B, blue) and TR (C, red)
and their merged image (D).
After recording these
fluorescence images, each
section was subsequently
stained with Gallyas silver
method, and the same
microscopic field was identified
to examine staining profiles of
Gallyas-positive GClIs (E).
Although the staining profile of
each GCI is heterogeneous,
affinity to TR is consistently
absent (C). Round fluorescent
structures were consistently
stained with Gallyas silver stain
and identified as GClIs. Faint
Gallyas silver staining not
accompanied by fluorescent
signals (arrowheads in E) were
considered not to be GCIs and
excluded from quantification
(GCT glial cytoplasmic
inclusion, oS a-synuclein, Ub
ubiquitin, 7R thiazin red). Bars
100 pum
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highly variable in disease duration, regression analysis
was performed between the disease duration and the %
case-profile.

Profile numbers from the same area of the four cases
were also assembled to represent the profile of each area
(area-profile number). Based on the area-profile num-
bers, regional differences were assessed also on contin-
gency table (chi-square analysis). Area-profile numbers
for each area were also transformed into % fractions to
represent ‘% area-profile”. Severity of degeneration was
assessed on hematoxylin-eosin stained sections and
classified as mild, moderate or severe, according to the
degree of cell loss and/or gliosis and loss of myelin [27].

Results

Dual enhancement of two different fluorescent signals
was successful in detecting highly intense signals from
oS (FITC) and from Ub (CyS5) without cross-talk be-
tween the TR signal. Because the same section was
subjected to the Gallyas silver stain, the same GCI
already recorded as multi-labeled fluorescence images,
was identified on the same section stained with Gallyas
silver method to assure that the Gallyas-positive
inclusions were nothing but GClIs. Structures lacking
argyrophilia were immunopositive neither for oS nor
for Ub. All the four cases were diverse in either age at
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death, duration of the disease, or severity of tissue
degeneration. Irrespective of this heterogeneity, all of
the GCls lacked affinity to TR without exception.
Contrarily, «S-like IR and Ub-like IR were heteroge-
neous (Figs. 1, 2). The density of GCI in each area did
not correlate with the severity of tissue degeneration
(Fig. 3). For example, mild degeneration of motor
cortex seen in case 1 with the shortest duration
(4 years) was accompanied by a few GCIs (7.2/mm?),
while moderate degeneration of cerebellar white matter
was associated with a large number of GCls (55.2—
95.2/mm?) in cases 2, 3 and 4.

Chi-square analyses based on the case-profile num-
bers were performed initially with a whole contingency
table (case-profile numbers x cases 1-4) and demon-
strated a significant difference (P <0.0001) in the profiles
between the cases. Figure 4 shows the % case-profile (%
fraction calculated based on the numbers of GCls with
different profile from each case) of GCI in relation to the
disease duration and demonstrated an apparent increase
in aS-Ub+ GCIs and an apparent decrease in
aS+ Ub+ GCIs along the disease duration. This trend
was confirmed by detailed chi-square analyses on these
case-profile numbers, as follows. The number of aS-

Fig. 2 Heterogeneous staining
profiles of GCIs. Examples are
the putamen from a case with
the shortest duration (4 years,
A, B) and the motor cortex
from the longest duration

(15 years, C, D). A, C Merged
images as in Fig. 1. B, D
Gallyas stained image from the
same microscopic field as A, C,
respectively. aS + Ub— GClIs are
frequent in the putamen with
shortest duration (A). In
contrast, aS-Ub+ GClIs (blue)
are predominant in the motor
cortex with longest duration
(C), where TR (red) and Ub
(blue) signals are not detectable
even when photomultipliers are
sensitized to their maximum to
yield significant background.
Bars 50 pm

Ub+ GCls was significantly different between cases 4
and 3 (P<0.0001, Fig. 4), and between cases 3 and 2
(P<0.0001, Fig. 4). The number of «S + Ub+ GClIs was
also significantly different between cases 1 and 2
(P<0.0001, Fig. 4), and between cases 3 and 4
(P <0.0001, Fig. 4). Comparison of the number of
aS+Ub+ GCIs and that of «S-Ub+ GCIs between
cases 2 and 3 by Chi-square analysis exhibited no sig-
nificant difference. The difference was, however, signifi-
cant between cases 1 and 2 (P=0.0008, Fig. 4), which
was attributable to the predominance of «S + Ub + GCls
in case 1. The opposite predominance of «S-Ub+ GCls
in case 4 relative to case 3 made this difference again
significant (P=10.0001, Fig. 4). Moreover, the preva-
lence of «S-Ub+ GCIs (% case-profile) exhibited a
linear positive correlation with the duration of disease
(Fig. 5, R*=0.983), while «S+ Ub+ GClIs exhibited a
reciprocal trend (Fig. 5, R?=0.752). All of these statis-
tically significant differences are compatible with the
apparent tendency with a progressive increase in
oS-Ub+ GCIs and the reciprocal decline in

oS + Ub+ GCls along the disease progression.
In addition to these significant differences in staining
profile according to cases, its regional difference was also




analyzed. Chi-square analyses based on the area-profile
numbers were performed initially with a whole contin-
gency table (area-profile numbers X motor cortex, cere-
bellar white matter, putamen) and demonstrated a
significant difference (P <0.0001) in the profiles between
the areas. Detailed chi-square analyses clarified that
cerebellar white matter was characterized by a pre-
dominance of «S+ Ub+ GCIs relative to putamen and
motor cortex (P <0.0001). In contrast, motor cortex was
characterized by a predominance of «S-Ub+ GClIs re-
lative to cerebellar white matter (P=0.0016) and to
putamen (P =10.0002). Figure 6 shows % area-profile (%
fraction calculated based on the numbers of GCls of the
same area from the four cases) different according to
areas.

Fig. 3 Density and staining
profiles of GClIs in different
areas (putamen, cerebellar

white matter and motor cortex) mild
from four cases. Cases are Case 1
arranged from top to bottom 74y.0. male

with increasing duration of the
disease. Staining profiles of
GCIs are shown as relative
frequency of GCls stained
differently, each represented by
different columns as follows;
blank columns: oS+ Ub—; gray
columns: oS+ Ub++; hatched
columns. aS-Ub+; black
column: «S-Ub—. All of these
GClIs were identified on
Gallyas-stained sections after
immunofluorescence signals
were recorded. Density of
Gallyas-positive GClIs in each
area is indicated as their
number/mm?. Black thin bars
indicate relative density for
visual comparison. Severity of
tissue degeneration (mild
moderate or severe) is also
shown for each area. None of
the items (immunoreactivity to
aS or to Ub, density of GCls)
has apparent relation to the
severity of lesion or disease
duration

4-year-duration

297.6/mif

Case 2
57y.0. female
6-year-duration

122.4/mif
Case3
47y.0. male

10-year-duration | D

moderate
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Discussion

GCIs appear in the cerebellar white matter, dorsolateral
part of putamen and pons where severe degeneration is
observed in MSA. Because they also appear frequently
even in other regions where neuronal degeneration is not
evident, it is considered that the occurrence of GCls
does not necessarily correlate with the degree of the
neuronal degeneration [26] nor the severity of astrocy-
tosis [6]. One of the possibilities is that GCIs may dis-
appear with progression of degeneration [15].
Interpretations claimed by previous studies based on
single staining are, however, still highly conflicting [15,
17, 21, 26, 27]. Although «S and Ub are common con-

100%
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83.2/mid

100%

78.7/mi
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e
Case 4 \ \
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putamen cerebellar motor cortex

white matter
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stituents of fibrillary structures of LBs and GCls [32, 38,
39], GClIs are also composed of other proteins [8], such
as oB-crystallin, tubulin, tau [30]. In spite of heteroge-
neous clinical subtypes of MSA (olivopontocerebellar
atrophy, striatonigral degeneration and Shy-Drager
syndrome) [21, 26], the distribution of GClIs is less het-
erogeneous, and shared even with advanced cases. This
led us to speculate that the evolutionary cascade of each
GCI might be relatively homogeneous by undertaking
similar steps, whereas degenecration at tissue level is
highly variable not necessarily correlated with the fre-
quency of GCls.

In the present study, we undertook a quantitative
analysis on GCIs based on the triple-labeling immuno-
histochemistry followed by Gallyas silver stain. As pre-
viously reported, the prevalence of GCIs in each area in
each case has no apparent relationships with the severity
of degeneration or the duration of illness [15, 21, 26] as
shown in Fig. 3. Our multi-labeling approach demon-
strated that «S—-Ub + GClIs were more abundant in cases
with longer disease duration (Fig. 4), and its % case-
profile was positively correlated with the duration of
disease (Fig. 5). Surprisingly, this positive correlation
between this % case-profile and the disease duration was
found to be perfectly linear (Fig. 5, R*=0.983), in spite
of limited number of cases. Furthermore, «S+ Ub-
GCIs were found to undertake a chronological change
reciprocal to aS-Ub+ GCls, suggesting that ¢S IR in

100 %

50

asS + +
Ub +

casel:74y.o. male
4-year-duration

+ +

case2:57y.0. femal
6-year-duration

Fig. 4 Differences in the staining profiles of GCls (% case-profile:
a fraction calculated based on the numbers of differently stained
GCIs from the three area of each case) with different the disease
duration. A progressive increase in «S-Ub+ GCIs and a
progressive decrease in aS+Ub+ GCIs with increasing disease
duration are apparent. Although this figure is presented with %
fractions, case-profile numbers were used for chi-square analyses.
The number of aS-Ub+ GClIs was significantly different between
cases 4 and 3 (P <0.0001), and between cases 3 and 2 (P <0.0001).

s\o

15 year

10
Duration

Fig. 5 Regression plot of the relative frequency (% case-profile) of
aS-Ub+ (closed circles) and that of aS+Ub+ (open circles) GCls
in relation to the disease duration. «S-Ub+ GCIs: R*=0.983
*P<0.01; aS+Ub+: R*=0.752

GCls is being replaced by Ub IR during the disease
progression. This contrasting behavior of «S and Ub in
GCIs, however, might have been overlooked if one
sticks to a single staining profile of GCIs in limited
areas. The staining profiles stratified according to the
area revealed area-dependent differences, another pos-
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+ +
+ +

case4:52y.0. male
15-year-duration

+ +

case3:47y.0. male
10-year-duration

e

The number of aS+Ub+ GCIs was also significantly different
between cases 1 and 2 (P<0.0001), and between cases 3 and 4
(P<0.0001). Comparison of the number of «S-+Ub+ GCIs and
that of aS-Ub+ GCIs between cases 2 and 3 by chi-square analysis
exhibited no significant difference. The difference was, however,
significant between cases 1 and 2 (P=0.0008), which was
attributable to the relative predominance of oS-+ Ub+ GCls in
case 1. The opposite predominance of aS-Ub+ GClIs in case 4
relative to case 3 made this difference again significant (2 =0.0001)



Fig. 6 Different staining 100%;=
profiles of GCIs (% area-
profile: a fraction calculated
based on the numbers of
differently stained GCIs from
the same area of the four cases)
dependent on the area of
interest. Chi-square analyses
based on the area-profile
numbers demonstrated that 50
cerebellar white matter was
characterized by a
predominance of S+ Ub+
GClIs relative to putamen and
motor cortex (P <0.0001). In
contrast, motor cortex was
characterized by a
predominance of aS-Ub+
GClIs relative to cerebellar
white matter (P=0.0016) and
to putamen (P=0.0002)

sible heterogeneity. More interestingly, the abundance of
oS—-Ub+ GClIs, linearly correlated with the disease
duration, was characteristics of the motor cortex
(Fig. 6). It is suggested that some mechanisms to pro-
mote Ub accumulation along with disappearance of aS
IR are at work in the advanced stage of this disease. We
are, however, still puzzled with this paradox, because
lesions of motor cortex in MSA usually remain mild,
while GCIs in this area are characterized by the abun-
dance of aS-Ub+ GClIs, a feature representative of
advanced stage. If the abundance of Ub represents a
mechanism that may counteract degenerative process of
MSA, it is plausible that its robust expression is related
to mild degencration as seen in the motor cortex.

This progressive decrease in «S IR in GCIs is ex-
plained if the target epitope of LB509, that is located to
amino acid residues 121/122 of oS [20] is modified or
truncated out. Biochemical studies suggest that the fil-
ament core of aS (NAC region) has a diameter of 9-
10 nm composed of amino acid residues 31-109 of oS
[22], whereas GCIs in human brains are composed dif-
ferently of amorphous material-coated filaments up to
30 nm in diameter. These material-coated filaments
consist of 10-nm core fibrils that exhibit a preferential
affinity to the antibody against N-terminal 11-26 amino
acid residues of «S [9]. It has been reported that formic
acid treatment and proteinase K treatment enhance or
retrieve LB509 IR in GCIs as well as in aggregated re-
combinant «S [5, 9, 22]. It is then plausible that pro-
gressive accumulation of amorphous material during
formation of GCls may mask some of the aS epitopes.
This masking is compatible with the progressive disap-
pearance of oS IR and possibly with progressive accu-
mulation of Ub in GClIs, as we documented in the
present study. Otherwise, progressive disappearance of
«S may be related to modification of S itself, possibly
different between GCls and LBs. Immunolabeling with
LB509 and some other antibodies against C-terminal

423

| | —
asS + + - - + o+ - - + + - -
Ub - + + - - 4+ 4+ - - 4+ -
cerebellar
putamen white matter motor cortex

and N-terminal epitopes of «S, outside the NAC region,
is fainter in GClIs than in LBs [5]. Nitration and phos-
phorylation seem to be more extensive in GCls than in
LBs [12, 14, 28, 33], although S in both PD and MSA
brains is similarly phosphorylated at Ser-129 and tar-
geted to mono- and di-ubiquitination [7, 13, 25]. Gomez-
Tortosa et al. [12] reported that 3-nitrotyrosine (3-NT),
a marker of protein nitration through oxidative mech-
anisms, colocalized with both LBs and GCIs almost
equally. Absence of the 3-NT epitope in pale bodies, and
nuclear cytoplasmic inclusions in pontine neurons, both
recognized by a monoclonal antibody H3C against the C
terminus of oS, indicate that nitration is not a pre-
requisite for oS deposition. We do not yet know, how-
ever, whether possible differences between LBs and
GClIs detected as some difference in epitope represen-
tation of S or in the extent of nitration suggest distinct
cascades for LB and GCI formations or not. Until now,
distinction between LBs and GClIs on these immuno-
histochemical stainings was hardly successful.

In conclusion, multi-labeling of GCIs for «S, Ub, TR
and Gallyas silver stain led us to identify a staining
profile («S—~Ub +), possibly related to both the duration
of disease and to regional preference (a high prevalence
of this profile in motor cortex). This is in contrast with
cerebellar white matter, where oS + Ub+ GCls are most
prevalent. The relevance of GCIs to degeneration re-
mains still obscure. However, identification of these
profiles dependent on the area and the disease duration
will provide a new cutting edge that may place GCls and
their evolution in a unified framework of degenerative
process of MSA.
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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/DId2p]) 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/DId2p, 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/DId2p also allowed us to quantify the total protein content of pick bodies. Thus, use of oligomeric Aip2p/Dld2p 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/DI1d2p; Protein conformation unfolding activity; Laser-microdissection; Inclusion bodies; Pick bodies; Phosphorylated tau
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ic level, immunoblot analysis has been indispensable in  under the microscope, although the recent development
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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/DI1d2p isolated from Saccharo-
myces cerevisiae as exhibiting robust protein conformation
unfolding activity [11]. Oligomeric Aip2p/Dld2p 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 1mM 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/DId2p
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.

Y 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-buflered 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/DId2p antibody was raised against the synthetic pep-
tide corresponding to the C-terminal 15 amino acid residues
of Aip2p (VHYDPNGILNPYKYI) 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 pm 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 NaCl,
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
182,000g for 30 min at 4 °C and then suspended in 50 mM
Tris—chloride (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) i0 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/DId2p, 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
1 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/Dld2p 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 1ng 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 Y337F

Urea

TBH (ug) PBs Gdn-HCI ~ SDS

kDa 40 10 500

81
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55
41

28

Lanes 1 2 3

S0 T GO B G

5 6 7

Fig. 1. Immunological analyses of laser-microdissected pick bodies (PBs). (A) Left panel: 5-um-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 um. (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-HCI, 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).



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

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/DI1d2p 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/DId2p
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
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without oligomeric Aip2p/DIld2p 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/DId2p 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/DId2p 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 Y337F Y337 F
PBs PBs+Aip2p/Dld2p Aip2p/Dld2p PBs+Aip2p/Dld2p
500 50 10 5 3 1 alone 50 10 5 3 1

kD

o

: m SR |
55 e ﬂ‘” % b s
Lanes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Y332 F Y332 T Y337 F
PBs+Aip2p/Dld2p  PBs+Aip2p/Dld2p PBs+Aip2p/Dld2p
0 106 S5 3 S0 10 S5 3 1 5 1
kDa
81 - , :
Ssudat ‘ﬁ%ﬁﬁ 4 X
28 s

Lanes1 2 3 4 5 6 7 8

9 10 11 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/DIld2p
pretreatment, whereas lanes 4 to 8 and lanes 12 to 16 represent samples with oligomeric Aip2p/DId2p 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/DIid2p and

stained with anti-tau AT8 (1:1000) and AT100 (1:1000).
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PBs+Aip2p/Dld2p
40 60 (min)

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/Dld2p 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 um.

average diameter of pick bodies decreased markedly, from
10 to 15 pm to less than 1 pm, 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/Dld2p 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 pum (Y332) and
15 um (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/DId2p (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/
DId2p 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/DI1d2p 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/DId2p 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/Dld2p 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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