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hospital because of hallucinations, erythema and bladder
disturbances. During this hospitalization, she suffered from
dry eyes, which lead to the diagnosis of SS. Association of
Hashimoto disease (autoimmune thyroiditis) was diagnosed
serologically. She was transferred to our hospital for further
evaluation. On admission, although her consciousness and
intelligence were normal, she looked apathetic and expres-
sionless, interpreted as severe depressive state of organic
origin by a psychiatric consultant. General and neurological
examinations were otherwise normal. There were no clinical
symptoms of hypothyroidism. After several weeks,. weak-
ness developed suddenly and worsened to 3/5 level in the
lower, and to 4/5 level in the upper extremities. The weak-
ness was distal-dominant without fasciculation nor atrophy.
The grip strength decreased to 8.5 kg in the right side and to
9 kg in the left side. Because of the weakness, she could
neither stand nor walk without help. Her consciousness was
alert. Extraocular movements and other cranial nerves were
normal. She developed ataxia in the extremities and bladder
disturbance. Sensory examination at that time revealed
slight diminution in touch, pain, vibration and position
sense in the lower extremities, while sensation in the area
of trigeminal nerve remained unaffected. Deep tendon
reflexes were severely diminished. The apathetic symptom
s0 progressed that she could not eat enough meal, and lost
her weight. Several antidepressants were tried with some
improvement.

Laboratory examination revealed slight anemia, increased
serum IgG (2530 mg/dl, N<1680 mg/dl), antinucleolar
antibody (X 5120), anti-DNA antibody (X 5120, speckled
pattemn), 85-A antibedy (X 64) and SS-B antibody (X 8).
Anti-thyroglobulin and anti-microsome antibodies were pos-
itive. The biochemical examinations were otherwise normal.
Schirmer test was positive, but rose bengal test was negative.
The lip biopsy revealed lymphocytic infiltrates around the
salivary glands. The cerebrospinal fluid contained 23 cells/
mm? (mononuclear cells: 18; polynuclear cells: 5) and 114
mg/dl of protein, and there was no oligoclonal bands (Fig. 1).
MRI of her brain showed severe cerebellar atrophy in
addition to global cerebral atrophy (Fig. 2). Electrophysio-
logical examinations showed normal central conduction
time, neurogenic changes in the lower extremities by needle
electromyography (EMG). Compound muscle action poten-
tial (CMAP) and sensory nerve action potential (SNAP)
were nonrecordable in the right peroneal and left sural

nerves, respectively. Questionable conduction block was
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Fig. 1. Oligoclonal bands are not detectable in her cerebrospinal fluid.

Fig. 2. T1-weighted axial MR image shows severe cerebellar atrophy in
addition to severe atrophy of cerebral cortex.

suspected In a proximal segment of the right tibial nerve.
Nerve conduction study and needle EMG were normal in the
upper extremities. These findings suggested motor-dominant
involvement of peripheral nerves in the lower extremities
with questionable conduction block. Muscle biopsy from the
left quadriceps femoris revealed scattered small-angulated
fibers. The density of myelinated fibers of the sural nerve
was markedly reduced to 451/mm? with a few myelin ovoids
and clustering of small myelinated fibers. There was neither -
evidence of vasculitis nor of infiltration of lymphocytes. We
tried corticosteroid therapy (predonisolone 60 mg/day) for
several weeks, which had no influence on these neurological
and psychiatric manifestations.

3. Characterization of autoantibody
3.1. Immunohistochemistry

Brain and liver blocks were obtained from rat, mouse or
bovine after fixation with 4% paraformaldehyde buffered by
0.1 M phosphate. After cryoprotection with 15% sucrose,
free-floating sections were obtained on freezing microtome,
Blocks were, otherwise, embedded in paraffin to obtain
conventional paraffin-embedded sections. Free-floating sec-
tions or deparaffinized sections were treated with 1% hydro-
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gen peroxide to block endogenous peroxydases. After incu-
bation with 20% normal goat serum, they were incubated
either with the patient’s serum (1:200) or cerebrospinal fluid
(1:100) for 2 days at 4 °C. The sections were then incubated
with biotinylated anti-human IgG made in goat {1:200,
Vector, Burlingame, CA). After reaction with avidin-biotin
peroxidase complex (ABC Elite, Vector), color development
was performed with diaminobenzidine enhanced by nickel

as a chromogen. After counterstrained with nuclear fast red,
the sections were photographed through Nomarski optics.
In deparaffinized section from the mouse brain, the
patient’s serumn immunolabelled neuronal nuclei of the
cortical neurons (Fig. 3A), neurons in the cerebellar cortex
(Fig. 3B) and motor neurons in the anterior horn of the spinal
cord (Fig. 3C), but not the liver tissue (Fig. 3D). Although
the patient’s CSF failed to label neuronal nuclei on deparaffi-

Fig. 3. Characterization of the autoantibody with immunobistochemistry. A: Mouse cerebral cortex (paraffin-embedded section) probed with the patient’s serum
{1:200). Nuclei of cortical neurons are immunolabetled. B: Mouse cerebellum processed and stained as A. Nuclei of cerebellar neurons are immunolabelled. C:
Mouse anterior hom processed and stained as A. Nuclei of spinal motor neurons are immunolabelled. D: Mouse liver tissue processed and stained as A. No
immunoreactivity is detectable. E: Rat cerebellum (free-floating section) probed with the patient’s CSF (1:100) Nuclei of cerebellar neurons are im-
munclabelled as B. F: Bovine anterior hom (free-floating section) probed with the patient’s CSF (1:100). Nuclei of spinal motor neurons are immunolabelled as

C (scale bar=50 pm, A-F).
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nized sections, it immunolabelled simitarly when deparaffi-
nized sections were replaced with free-floating sections (Fig.
3E,F). Replacement of the patient’s serum or CSF with
control counterpart gave no immunoreactivity.
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Fig. 4. Characterization of the autoantibody with Western blots. Lysate of
rat cerebral cortex, cerebellum, spinal cord, dorsal root ganglion {DRG) and
liver were subjected to Western blotting, probed with either serum (1:1000
dilution) (upper panel} or cercbrospinal fluid (1:125 dilution) (lower panel).
The serum or cerebrospinal fluid (CSF) from a healthy subject was served
as a control, The serum and CSF from the patient strongly reacted with an
antigen of 34 kDa represented in the spinal cord, DRG (amrow), and with
cerebellum and cerebrum, but not in the liver. There were several additional
bands of different molecular weights (asterisks) when probed with the pa-
tient's serum, sugpesting the presence of systemic autoantibodies, be-
cause these bands wete detectable not only in the nervous tissue but also
in the liver.

3.2. Western blotting

Rat cerebral cortex, cerebellum, spinal cord, dorsal root
ganglion (DRG) and liver were homogenized in lysis buffer
{20 mM Tris—HCI (pH 7.4), 0.1% SDS, 1% Triton X-100
and 1% sodium deoxycholate) and protein concentration of
the samples was determined by the Bradford method.
Samples each containing 10 ug of protein were subjected
to 11% SDS-PAGE according to Laemmli. The gel was
transferred onto a nitrocellulose filter. The blotted filter was
blocked in TBS containing 0.1% Tween 20 (TBST) and 3%
nonfat milk for 1 h at room temperature. Then it was
incubated with either the serum diluted to 1:1000 (Fig. 4,
upper panel), or cerebrospinal fluid (Fig. 4, lower panel)
diluted to 1:125 from the patient or a control subject. The
filter was washed in TBST four times and incubated in with
diluted horseradish peroxidase-conjugated goat antibody or
biotinylated goat antibody against human IgG(1:2000 dilu-
tion) for 1 h. After washing, immunoreactivities on the filter
were detected using enhanced chemiluminescence (ECL)
system or ABC systems (Vector) with 3,3-diaminobenzidine
tetrahydrochloride (DAB).

The serum (Fig. 4, upper panel} and CSF (Fig. 4, lower
panel) from the patient reacted with a 34-kDa antigen in the
nervous system, especially in the cerebellum, spinal cord
and dorsal root ganglion, which was undetectable in the
liver. Several additional bands of higher molecular weights
(asterisks) probed by the patient’s serum were considered to
represent a presence of systematic autoantibodies associated
with SS, because these bands were detectable not only in the
nervous tissue but also in the liver and not detectable with
the patient’s CSF. '

4. Discussion
Various neurclogical manifestations have been described

in SS [1,7-10]. Among them, peripheral neuropathy is the
most common one, and it is observed from 10% to 28% of

* patients with SS [1,11,12]. Sensory nerves are preferentially

affected [11,12], but the modality and distribution of neuro-
pathy is highly variable, possibly leading to ataxic sensory
neuropathy [13,14], autonomic neuropathy, distal sensory
neuropathy, multiple motor neuropathy and trigeminal neu-
ropathy [1,7-9,15]. Because the findings of needle EMG
and nerve conduction of this patient are compatible with
neurogenic changes, the sudden-onset motor weakness
which accompanied markedly diminished reflexes and slight
sensory disturbance was diagnosed as motor neuropathy
and/or motor neuronopathy in this patient. Although
involvement of motor nerves in SS has been reported only
rarely [1,15-17], motor-dominant weakness of peripheral
nerve origin in SS as observed in our case has not yet been
desctibed. The underlying mechanisms of peripheral neuro-
pathy in SS are also highly heterogeneous, for example,
vasculitis [1], secondary ischemic changes [9,18], necrotiz-
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ing asteritis [19], inflammation without vasculitis [11] and
necrotizing dorsal root ganglionitis {11,13]. Motor-domi-
nant peuropathy in the lower extremities as seen in our
patient, however, is bard to be explained by these mecha-
nisms. Moreover, lack of specific findings in the sural nerve
biopsy specimen failed to specify neither vasculitis nor other
mechanisms mentioned above.

Involvement of the central nervous system in SS is far
more variable, presenting with aseptic meningitis {20],
epilepsy [2,21], symptoms mimicking multiple sclerosis
[4,22], or psychiatric symptoms such as psychosis and
depressive state [3,8,23,24]. Lack of lateralized symptoms
and the absence of local lesions in our patient, however, are
not compatible with localized pathelogy such as vasculitis
[9,15,16,19] or demyelinating foci [4,22]. Several autoanti-
bodies against neural tissues have been reported in SS as a
candidate to explain this kind of non-focal neurological
manifestations of SS. Reported examples are very rare and
may possibly include one that reacts with cerebellar Pur-
kinje cells [4] as anti-Hu antibody does and another against
DRG cells in a patient with severe sensory neuropathy
associated with SS [6], both of which, however, await
further characterization with more precision. In our patient,
an affinity of this autoantibody to spinal motor neurons,
which has not been reported so far, may correspond to her
motor symptoms. In addition, our patient developed ataxia

and depression, both of which are rare complications of §S..

Although ataxic symptoms could be caused by peripheral
lesions, scarcity of involvement in deep, position and
vibration sensation in her lower extremities are hard to
explain the ataxia [12-14,25]. Cerebellar atrophy shown
by brain MRI in the presence of this autoantibody, which
reacted with a 34-kDa antigen also present in cerebellar
Purkinje cells, suggests cerebellar origin of her ataxia.
Because the target antigen recognized by this autoantibody
is present also in the cerebellar Purkinje cells, it is likely that
this cerebellar ataxia and atrophy may be mediated by this
autoantibody. Although the epitope detected by this auto-
antibody remains to be identified, these restricted neurons
containing its 34-kDa target antigen correspond well to
peurological manifestations of this patient, which suggests
pathogenic role of this autoantibody. Moreover, its failure to
react with the extraneuronal tissue indicates its preferential
affinity to the nervous tissue. While it remains to be proved
whether this autoantibody is produced in the nervous
system, it is likely that the presence of this antineuronal
antibody in the cerebrospinal fluid may have facilitated the
development of these neurological manifestations. Because
of administration of corticosteroids, which usually exhibits
anti-inflammatory effects not directly related to the produc-
tion of antibodies, the lack of clinical improvement after its
administration may be explained if this autoantibody had
some pathogenic significance,

In summary, some of the autoantibodies, found occa-
sionally in SS patients, react with epitopes exclusively
represented in neuronal tissue, as we demonstrated in this

patient. In the absence of other documented pathological
processes in this patient, such as vasculitis or demyelination,
this preferential affinity of this autoantibody to nervous
tissue and its presence in the cercbrospinal fluid may be
one of the most plausible candidates to explain the neuro-
logical manifestations of this patient. Although identifica-
tion of target antigens recognized by this autoantibody is of
prime importance, removal or inactivation of this antibody
may provide a rational clinical strategy to treat a group of
SS patients with neurological manifestations linked to an
autoantibody.
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ABSTRACT  Tau2 is a phosphorylation-independent antibody that immunolabels
neurofibrillary tangles (NFTs) of Alzheimer type and microglia around ischemic foci on
formalin-fixed, paraffin-embedded sections. We found that copresence of polyethyleneg-
lycol-p-isooctylphenyl ether (Triton X-100; TX) with tau2 abolished its immunoreactivity
(IR) in these microglia but not its IR on NFTs. Tau2-immunoreactive bands, exclusively
retrieved in Tris-soluble fraction of brain homogenates from ischemic foci, normal
human and bovine brains, were of similar electrophoretic mobility, indicating that tau2
IR in these microglia is unrelated to hyperphospherylation of tau. These tau2-immuno-
reactive bands except those from bovine brain were abolished in the copresence of TX.
This was not due to washing out of tau, because similar immunoreactive bands were
detectable with another antitau antibody even under a higher concentration of TX and
because washing after TX exposure restored similar tau2 IR both on immunohistocherm-
isty and immunoblot. These findings are explained if tau, modified after ischemia,
undergoes a reversible conformational change on TX exposure. Because conformation at
Ser101 of bovine tau is crucial for its affinity to tau2, this Ser-like conformation
mimicked by its human counterpart Pro may represent pathological medification of tan
shared by microglia around ischemic foci and NFTs. Relative resistance of tau2 epitope
in NFTs to TX exposure suggests that tau woven into NFTs confers additional stability
to this pathological modification on tau2 epitope. Susceptibility of tau2 epitope to TX,
seen in these microglia, is shared with glial cytoplasmic inclusions and will show its
conformational state to be different from that in NFTs. o 2003 Wiley-Liss, Inc.

INTRODUCTION

Ischemic insults to the brain tissue trigger a variety
of cascades leading to cell death and glial proliferation.
Although these are usually acute reactions, molecules
participating in these processes and their changes are
partly shared with chronic neurodegenerative disor-
ders. One example is the appearance of tau-like immu-
noreactivity (IR) in glial and in neuronal cells, Unmod-
ified tau proteins in normal brain tissue, which are
easily detectable with immunoblot, are hardly visual-
ized with immunohistochemistry on fixed brain tissue.
It is therefore speculated that some modification of tau,

© 2003 Wiley-Liss, Ine,

for example, pathological phosphorylation as seen in
degenerative tauopathies (Lee et al., 2001), is a prereq-
uisite for immunohistochemical visualization of tau on
fixed brain tissue (Pollock and Wood, 1988; Matsuo et
al., 1994), but its precise molecular mechanism re-
mains to be clarified. It has been reported that a vari-
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MICROGLIAL TAU MODIFIED BY ISCHEMIA

TABLE 1. Summary of Clinical Data
Age at death

Number of

case®* (years) Sex Time® Diagnosis
2(3) 45-89 3M6F  8days Infarction
to 11
months
6 (4) 66-84 2MAF 4-16 AD
years
8 (4) 53-90 5MAF Normal

=Number of cases used for immunchlot in parentheses.
bTime from onset of ischemic attack or A} to death,

ety of cells are immunostained by limited antitaun an-
tibodies after brain ischemia, whereas the epitopes
visualized and cell types vary according to different
experimental conditions (Dewar et al., 1993; Geddes et
al., 1994; Dewar and Dawson, 1995; Odawara et al.,
1995; Uchihara et al., 1995, 2000; Irving et al., 1996,
1997). Moreover, it remains to be settled whether the
appearance of tau-immunopositive glial cells in human
brain after ischemic insult is related to pathological
hyperphosphorylation of tau. We therefore attempted
to characterize these tau-positive glial cells in human
brains with ischemia by using immunchistochemistry
and immunoblotting with a panel of antitau antibodies
and compared the findings with those obtained on
brains with Alzheimer’s disease (AD). Immunchisto-
chemical screening with a panel of antitau antibodies
clarified that microglial cells around ischemic foci, ir-
respective of the interval after the relevant ischemic
attack, were selectively immunopositive for tau2, one
of the phosphorylation-independent antibodies raised
against bovine tau (Papasozomenos and Binder, 1287),
as reported by different groups (Papasozomenos and
Binder, 1987; Odawara et al,, 1995; Uchihara et al.,
2000), We later became aware that this tau2 IR in
microglia was abolished when the sections were incu-
bated with tau2 diluted in a buffer containing polyoxy-
lethyleneglycol-p-isooctylphenyl ether (Triton X-100;
TX) as we reported on glial cytoplasmic inclusions
{GClIs) seen in multiple-system atrophy (Shibuya et al.,
2003). It is then possible that modification of tau in
glial cells, possibly shared between microglia around
ischemic focus and GCls, may be different from neuro-
fibrillary tangles {(NFTs) in neurons. In the present
study, we examined this tau2 IR and possible influ-
ences of TX. Influence of TX on tau2 IR may represent
its possible conformational change, characteristic of
glial cells in brain ischemia.

MATERIALS AND METHODS

Autopsied brains from nine patients with cerebral
infarction, six patients with AD, and eight patients
without neurological disorders were enrolled in this
study as shown in Table 1. The time from the onset of
the disease to death was determined from the clinical
records.

181

Immunohistochemistry

Formalin-fixed, paraffin-embedded blocks including
both the area of ischemic necrosis and the surrounding
nonnecrotic area were obtained, Blocks from the tem-
poral lobe were sampled from AD brains. Ten-micron-
thick sections were deparaffinized and treated with 1%
hydrogen peroxide for 15 min, After being incubated
with phosphate-buffered saline (PBS) containing 5%
normal horse serum, the sections were incubated with
one of the following antibodies: tau2 (1:500; Sigma, St.
Louis, MO) (Papasozomencs and Binder, 1987), anti-
human tau (pool2; 1;10,000; a generous gift from Pro-
fessor Y. Thara, University of Tokyo) (Endoh et al.,
1993), Alz-50 (1:200; a generous gift from Professor P.
Davies, Albert Einstein University) (Welozin et al.,
1986), or antipaired helical filaments {(anti-PHF; ATS;
1:10,000; Innogenetics, Zwijndrecht, Belgium) (Mer-
cken et al., 1992) diluted in PBS containing different
concentrations of TX at room temperature for 1 h. The
sections were then incubated with a biotinylated sec-
ondary antibody (1:500; Vector, Burlingame, CA) for
1 h at room temperature. They were then incubated
with avidin-biotin-peroxidase complex (1:500; ABC
Elite, Vector) and the labeling was visualized with
diaminobenzidine and nickel ammonium chloride as a
chromogen.

Disappearance of tau2 IR on exposure to TX and its
reappearance were assessed in two ways on histologi-
cal sections. Deparaffinized sections from ischemic foci,
treated with 1% hydrogen peroxide, were incubated
with 0.1% TX-PBS for 1 h before immunchistochemis-
try and subsequently washed in PBS for 1-3 h. They
were then incubated with tau2 in the absence of TX
and similarly processed as described above. Separate
sections were incubated with tau2 either in the absence
[TX(-) or in the presence of TX in parallel. Otherwise,
deparaffinized sections, treated with 1% hydrogen per-
oxide, were first incubated with tau?2 in the absence of
TX and then exposed to different concentrations of TX
(0-0.3%) for 3 h. Subsequent steps were performed
similarly in the absence of TX to visualize the remain-
ing tau2.

Fractionation of Frozen Brains

Affected areas of cerebral cortices were sampled from
frozen brains of cerebral infarction or of AD. Cerebral
cortices from normal bovine or autopsied human brains
without neurological disorders were also sampled.
These samples were homogenized in serial solutions
with increasing solubilization capacity as indicated be-
low, which made it possible to investigate an entire
spectrum of tau from normal to a highly aggregated
form (Endoh et al., 1993; Arai et al., 2001). In order to
minimize nonspecific proteolysis of tau, buffers were
routinely prepared to contain 0.5 mM di-isopropyl flu-
orophosphate, 0.5 mM phenylmethylsulfonyl fluoride,
1 pg/ml antipain, 0.1 pg/ml pepstatin, and 1 pg/ml
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Fig, 1. Tau2 immunolabeled neurofibrillary tangles (A) and microglial cells around an ischemic focus
(B). Tau2 immunolabeling was abolished on incubating the sections (C and D) with tau2 diluted in buffer
containing the specific blocking peptide (bar = 50 um).

leupeptin. Approximately 1 g of brain tissue was ho-
mogenized and fractionated sequentially with 2 ml of
Tris-buffered saline (TS; 50 mM Tris, pH 7.6, 150 mM
NaCl), with the same volume of 1% sarkosyl/TS, 2%
sodium dodecyl sulfate (SDSY¥TS, and then formic acid
(> 99%). Scoluble and insoluble fractions were sepa-
rated by centrifugation (200,000 g for 20 min) at 4°C for
TS and sarkosyl/TS or at room temperature for SDS/TS
and formic acid. PHF fraction was prepared from AD
brains as described previously (Greenberg and Davies,
1990; Goedert et al., 1992).

Immunoblotting

The supernatant of each fraction (10 ul for each lane)
was treated with SDS sample buffer, boiled for 5 min,
then subjected to 10% SDS-PAGE. Proteins in the gel
were electronically transblotted onto a nitrocellulose
filter (BioRad, Hercules, CA). The filters were incu-
bated with Tris-buffered saline (TBS; 20 mM Tris, pH
7.6, NaCl 150 mM)/5% nonfat milk. They were then
incubated for 1 h at rocom temperature with tau2 (1:
2,000) diluted in TBS/5% nonfat milk containing differ-
ent concentrations of TX. After being washed for 10
min three times, the filters were incubated with HRP-
tagged antimouse IgG (1:4,000; Kirkegaard and Perry,

Gaithersburg, MD) for 1 h and tau2-immunoreactive
bands were visualized with electrochemiluminescence
(ECL; Amersham, U.K.). Peroxidase activity remaining
on the filter was then inactivated by incubating it for
20 min with 2% hydrogen peroxide in TBS. After being
blocked with TBS/5% nonfat milk, the filter was re-
probed with an anti-human tau antibody (pool2,
1:100,000) diluted in TBS containing 0.1% TX for 24 h.
The filter was incubated with HRP-tagged antirabbit
IgG (1:5,000; Pierce, Rockford, IL) for 2 h and subjected
to ECL. Disappearance of tau2 IR on exposure to TX
and its reappearance were assessed also on immuno-
blot. The blotted filters were incubated with 0.06%
TX-TBS for 1 h before immunodetection and subse-
quently washed in TBS for 3 h. They were then incu-
bated with tau2 in the absence of TX and were pro-
cessed similarly to the process described above.
Separate filters were incubated with tau2 either in the
absence or in the presence of TX in parallel.

RESULTS

Tau2 immunolabeled NFTs of AD brains (Fig. 1A), as
well as microglial cells around ischemic foci (Fig. 1B) in-
the absence of TX. Other antitau antibodies (antihu-
man tau pool2; 1:10,600) (Endoh et al., 1993), Alz-50
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Fig. 2. Influence of Triton X-100 on tau2 immunclabeling. Sections
from AD brain (A, C, and E; bars = 100 pm) and around ischemic
focus (B, D, and F; bars = 50 pm) were immunolabeled with tau2
diluted in PBS containing 0% (A and B}, 0.01% (C and D}, or 0.03% (E

(1:200) (Wolozin et al., 1986), and anti-PHF tau (ATE;
1:10,000) (Mercken et al., 1992) immunolabeled NFTs
but failed to immunolabel these microglial cells around
ischemie foci and normal bovine brain even in the ab-
sence of TX (data not shown). This tau2 IR was com-
pletely abolished (Fig. 1C and D) when the histological
sections were incubated with tan2 and a synthetic pep-
tide (AGIGDTS*NLEDQAA), which corresponded to
the tau2 epitope of bovine tau (Watanabe et al., 1992).
When tau2 was diluted with PBS containing TX, a
reduction in tau?2 IR in these microglial cells was ap-
parent and it was dependent on the concentration of TX
(Fig. 2B, D, and F), but this TX-dependent reduction in

and F) TX, Tau? immunolabeling on microglial cells (B) decreased
with increasing concentrations of TX (D and F), whereas that on NFTs
remained stable (C and E).

tau2 IR was not apparent on NFTs with the concentra-
tion of TX up to 0.06% (Fig. 2A, C, and E). Pretreat-
ment with TX (0.1% for 1 h) abolished tau2 IR (Fig. 3B).
But subsequent washing with PBS not containing TX
for up to 3 h restored this tau2 IR on these microglial
cells (Fig. 3C and D). Exposure of sections to TX after
incubation with tau2 (in the absence of TX) reduced its
IR with increasing concentrations of TX (Fig. 4).
Tau2-immunoreactive bands were detected in the
TS-soluble fraction of normal control brains and of
ischemie focus (Fig. 5, column a). In AD brains, they
were retrieved in the SDS-soluble fraction (Fig. 5, col-
umn ¢) and PHF fraction (Fig. 5, column e) and were of
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Fig. 8. Disappearance of tau2 immunolabeling on exposure to TX
and its restoration after washing. Serial sections around an ischemie
focus (A-D; bar = 50 pm) were stained with tau? in the absence (A}

or presence (B) of 0.1% TX. Reduced tau2 immunolabeling on expo-
sure to TX (0.1% for 1 h; B} was restored progressively after washing
for 1 (C) and 3 h (I}) prior to immunodetection.

Fig. 4. Dissociation of tau2 binding on exposure to TX. Serial sec-
tions around an ischemic focus (A-~D; bar = 50 um) were first incu-
bated with tau2 in the absence of TX. They were then washed with
PBS containing different concentrations of TX (A, 0%; B, 0.003%; C,

abcde abcd abecd

0.03%; I, 0.3%) for 3 h and the remaining tau2 was visualized in the
ahsence of TX. Bound tau2 (A) dissociated on exposure to TX, which is
dependent on the concentration of TX (B-D).

" - | [ H
> ='~= ﬂ ‘_ *._._.:_.g N tau2
- Sy s -
B | ' pool2
2 . W
AD Infarct Narmal

Fig. 5. Fractions serially separated (a, Tris-soluble; b, sarkosy-
soluble; ¢, SDS-soluble; d, formic acid-extracted; e, PHF fractions)
from brain homogenate (Infarct: cerebral infarction; Normal: normal
control) were subjected to 10% SDS-PAGE and were probed with tau2
{(upper line). The same blotted filters were reprobed with pool2 (lower
line). Upper arrowhead, 68 kDa; lower arrowhead, 50 kDa, Tau?2-

higher molecular weight than those observed in normal
control brain and in ischemic focus. Sarkosyl-soluble
(Fig. 5, column ¢) and formic acid-extracted (Fig. 5,
column d) fractions did not exhibit tau2-immunoreac-
tive bands. These tau2-immunoreactive bands were
similarly visualized when the same filters were subse-

immunoreactive bands were similarly probed with pool2. Tau-immu-
noreactive bands from brain with cerebral infarction were retrieved in
TS-soluble fraction and exhibited an electrophoretic mobility similar
to those from normal brain, SDS-soluble fraction (c) from AD brain
contained tau species with a decreased electrophoretic mobility equiv-
alent to PHF tau (e).

quently probed with another antihuman tau antibody
(pocl2; Fig. 5, lower line). These tau2-immunoreactive
bands were absorbed by coincubation with the same
synthetic peptide (AGIGDTS*NLEDQAA) as we dem-
onstrated on histological secticns (data not shown).
Tau2 IR in the TS fraction from bovine brain was so
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Fig. 6. Tris-zoluble fractions from bovine brain diluted to 1:300 (a)
or 1:1,000 (b) were subjected to 10% SDS-PAGE and probed with tau2
in the absence [TX(-)] or the presence [TX(0.06%)] of TX. Tau2-
immunoreactive bands retained their intensity even in the presence of
TX. Their intensity, partially decreased on exposure to TX, was re-
stored to normal after washing (T&wash). Upper arrowhead, 68
kDa; lower arrowhead, 50 kDa.

intense that this fraction should be diluted to 1:300
(Fig. 6, column a) to 1:1,000 (Fig. 6, column b) to give
tau2 IR equivalent to those observed with fractions
_originating in human brains [Fig. 6, TX{(—)] (Watanabe
et al., 1992). When the blotted filter was incubated with
tau2 in TBS containing more than 0.06% of TX [Fig. 7,
TX(0.06%)], these tau2-immunoreactive bands in any
fraction from human brains [Fig. 7, TX(-), column a:
SDS-soluble fraction from AD; column b: PHF fraction
from AD; column c¢: Tris-soluble fraction from infare-
tion; and column d: Tris-soluble fraction from normal
control] were not detectable, regardless of the disease,
while those from bovine brain remained tau2-immuno-
reactive even in the presence of 0.06% TX [Fig. 6,
TX(0.06%)]. Extensive washing with TBS (for 3 h) after
pretreatment with TX (0.06% for 1 h) restored this tau2
IR on these bands (Figs. 6 and 7, TX&wash). Reprobing
the same filter, which failed to exhibit tau-2-immuno-
reactive bands in the presence of TX [Fig. 7,
TX(0.06%)], with another antihuman tau antibody
{(pool2) visualized similar tau-positive bands, even in
the presence of 0.1% TX [Fig. 7, TX(0.1%)).

DISCUSSION

It has been reported previously that brain ischemia
is associated with the appearance of tau2-positive mi-
croglial cells (Odawara et al,, 1995; Uchihara et al,
2000) in human autopsied samples. Although both mi-
croglial cells around ischemic foci and NFTs were sim-
ilarly immunolabeled with tau2 on fixed histological
sections, this study distinguished the two conditions by
demonstrating that homogenate from ischemie foci con-
tained tau2-immunoreactive bands with an electro-
phoretic mobility indistinguishable from that of normal
tau; that coincubation of tau2 with TX abolished the
tau2 IR on microglial cells in a reversible fashion,
whereas tau2 IR on NFTs was less affected; and that
other antitau antibodies immunclabeled NFTs but not
these microglial cells. These characteristics of micro-
glial cells around ischemic foci are identical to what we
demonstrated on GCIs (Shibuya et al., 2003).
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Immunoblot of the brain homogenates demonstrated
that tau2-immunoreactive bands from ischemic foci
were detected exclusively in the TS fraction. Because it
was the only fraction that contained tau-immunoreac-
tive bands (Fig. 5, infarct, column a), tau2 IR observed
in microglial cells around ischemic foci corresponded to
these tau2-immunoreactive bands, even though they
were indistinguishable from those observed in normal
brain tissue (Fig. 5, normal, column a). The specificity
of this tau2 immunolabeling was established by the
reduction in tau2 IR when the sections or immunoblot-
ted filters were incubated with tau2 and the peptide
corresponding to its putative epitope. Because histolog-
ical sections from normal bovine brain, even containing
tau with an extremely high affinity [nearly 1,000-fold;
Fig. 6, TX(-), column b} for tau2 on immunoblot, failed
to exhibit apparent immunohistochemical labeling
with tau2, immunohistochemical visualization of tau2
epitope is dependent on some pathological modifica-
tions of tau proteins (Pollock and Wood, 1988; Papaso-
zomenos and Su, 1991; Matsuo et al., 1994) rather than
on their quantity. Indeed, the relative intensity of tau-
immunoreactive bands, detected either with tau2 or
pool2, was similar in the TS fraction from ischemic foci
to that from normal brain (Fig. 5). Experimental data
on cultured cells or animal models have demonstrated
that tau proteins are transiently dephosphorylated but
never hyperphosphorylated during ischemia and reper-
fusion or similar experimental conditions (Dewar and
Dawson, 1995; Shackelford and Nelson, 1296;
Burkhart et al., 1998; Shackelford and Yeh, 1998). It is
therefore probable that tau protein in ischemic foci
undergoes some pathological modifications to be visu-
alized on immunochistochemistry, although these mod-
ifications are not necessarily related to phosphoryla-
tion and are indistinguishable from unmodified human
tau protein on routine immunocblot, as we demon-
strated on GCIs (Shibuya et al., 2003).

It is interesting that the two antibodies, Alz50 and
tau?2, both dependent on conformation of tau {Carmel
et al., 1996), immunolabel tau around the ischemic
area. Although both antibodies recognize PHF-tau in
AD brains (Wolozin et al., 1986; Papasozomenos, 1989;
Lee et al,, 1991; Watanabe et al., 1992), the appearance
of Alz50-positive neurons (Uchihara et al., 1995) and of
tau2-positive microglia (Uchihara et al., 2000) around
the ischemic area even in the absence of phosphory-
lated tau indicates that the conformational changes in
tau induced by ischemia mimic PHF-tau at the tau2
epitope but are not extended to other epitopes. Because
tau2 was initially raised against bovine tau, it is rea-
sonable that this antibody exhibits higher affinity for
bovine tau than for human tau (Fig. 6) (Papasozomenos
and Binder, 1987). Ser101 of bovine tau, at the center
of this synthetic peptide (AGIGDTS*NLEDQAA) as
indicated by the asterisk, was reported to be crucial for
its affinity for tau2, and this Ser-like conformation,
mimicked by its human counterpart Pro, represents
pathological conformation of the tau2 epitope inte-
grated in NFTs (Watanabe et al., 1992). Replacement
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Fig. 7. Fractions containing tau-immunoreactive bands (a, SDS-
soluble fraction frem AD; b, PHF fraction from AD; ¢, Tris-soluble
fraction from infarction; d, Tris-soluble fraction from "normal control)
were subjected to 10% SDS-PAGE and probed with tau2 or pool2.
Tau2-immunoreactive bands, detectable when incubated with tau2 in

of this Ser with Pro, as seen in the corresponding
sequence of human tau, is associated with a change in
the conformation of this fragment detectable on CD
spectra (Lang and Otvos, 1992) and in its reduced
affinity for tau2 (Watanabe et al., 1992). Higher affin-
ity of PHF-tau for tau? is explained if human tau
protein undergoes conformational change centered at
this Pro to mimic Ser-like conformation (Watanabe et
al., 1992; Carmel et al., 1996). Because the antigen
peptide mimicking this Ser-like conformation reduced
the tau2 IR not only in NFTs but also in microglial cells
around ischemic foci, tau proteins in these pathological
structures share this conformational change. This in-
dicates again that this conformational change in the
tau2 epitope, seen in microglial cells around ischemic
foci and in GCIs (Shibuya et al., 2003), is not necessar-
ily linked to phosphorylation of tau or PHF formation.

The copresence of TX with tau2 abolished these tau2-
immunoreactive bands in a reversible fashion on brain
homogenates from human brains regardless of the di-
agnoses, whereas affinity of tau2 for bovine tau was
less affected, probably because its original Ser101 con-
formation is retained. This relative resistance to TX
was shared with NFTs only when observed on fixed
histological sections, suggesting that the organization
of tau into PHF confers some stability on this tau2
epitope. Because this relative resistance to TX was
observed neither on solubilized PHF-tau subjected to
SDS-PAGE nor on tau from ischemic foci devoid of a
fibrillary structure, it is probably related to the fibril-
lary structure remaining as NFTs on fixed sections,
which, however, should have been destroyed during
solubilization for SDS-PAGE.

Although this modification of tau2 epitope is shared
by GCIs (Shibuya et al., 2003), NFTs of AD, and mi-
croglial cells around ischemic foci, immunohistochem-
ical visualization with other antitau antibodies, which
immunoclabel NFTs without exception, was unsuccess-
ful on these microglial cells and GCIs (Shibuya et al,,
2003). This suggests that the modified portion of tau
after ischemic insults is not sufficiently extended to
involve other tau epitopes, as was seen on GCIs
(Shibuya et al., 2003). It is therefore interesting if this
modification of tau2 epitope seen in microglia is similar
to early stage of NFT formation not associated with

the absence of TX [TX(-)], disappeared when incubated with tau2 in
the presence of 0.06% TX [TX(0.06%)]. Suppressed tau2-immunoreac-
tive bands were restored after washing (TX&wash) and were visual-
ized with pool2 even in the presence of TX at a higher concentration
[TX(0.1%)]. Upper arrowhead, 68 kDa; lower arrowhead, 50 kDa.

fibril formation or with immunohistochemical visual-
ization of other tau epitopes (Benzing and Mufson,
1995). Moreover, exclusive visualization of tau2, but
not other tau epitopes, on histological sections has been
described in some cases with a degenerative process
characterized by ubiquitin-positive neuronal inclusions
(Kertesz et al., 2000; Forno et al., 2002). It remains to
be proved, however, whether selective immunohisto-
chemical visualization of tau2 epitope reported in these
degenerative processes (Kertesz et al., 2000; Forno et
al., 2002) is just a nonspecific reaction of tau2 or rep-
resents a specific IR as we confirmed on microglial cells
around ischemic foci and on GCIs (Shibuya et al.,
2003). Nevertheless, we are reluctant to apply the term
“tauopathy” to describe tau deposition seen in ischemic
foci, even though tau deposition is extensive, because
immunochistochemical visualization of tau2 epitope is
apparently secondary to ischemic insult and because
tau deposits are not organized into fibrils or more solid
inclusions. It is therefore supposed that further steps
or distinct cascades of tau modification will be neces-
sary to generate fibrillary structures like NFTs.

Although simple immunohistochemical visualization
of tau is not enough to distinguish different types of tau
deposits, selective modification of tau2 epitope and the
susceptibility of tau2 epitope to TX, as we demon-
strated in this study, will provide an additional feature
in characterizing tau deposition in glial cells, which is
commeon to microglia in ischemia and GCIs in oligoden-
droglia. Further studies to clarify the molecular basis
to explain possible conformational changes in the tau2
epitope induced by ischemia and its characteristic fea-
tures distinet from other degenerative taunopathies will
be necessary to disclose modifications of tau protein
specific for each pathological process.
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Triple Inmunofluorolabeling with Two Rabbit Polyclonal
Antibodies and a Mouse Monoclonal Antibody Allowing
Three-dimensional Analysis of Cotton Wool Plaques

in Alzheimer Disease
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SUMMARY We established a triple-labeling method with two rabbit polyclonal antibod-
ies and a mouse monoclonal antibody and examined autopsied brain tissue with cotton
wool plagues (CWPs). One of the polyclonal antibodies was so diluted (anti-AB42 or anti-
AB40/1:30,000 or anti-von Willebrand factor/1:1000) that its visualization was possible only
after amplification with the catalyzed reporter deposition {CARD) method. The other poly-
clonal antibody (anti-AR40 or anti-Ap42/1:1000) was visualized with a flucrochrome conju-
gated to an anti-rabbit antibody that specifically visualized the latter polyclonal antibody
because of its lower sensitivity. A monoclonal antibody, AT8, was superimposed to yield tri-
ple immunofluorolabeling. Serial optical sections with an interval of 0.3 um were recon-
structed to allow three-dimensional (3D) cbservation of these three epitopes. AR40 was lo-
calized to core-like structures, mainly in layers I-ll, and was sometimes in contact with the

KEY WORDS
triple immunofluorescence
three dimensions

vascular wall, both without neuritic reactions. CWPs, present in layers 1-VI, were labeled reconstruction

with anti-ApA42 and were accompanied by neuritic reactions. These differences suggest that laser confocal microscopy
mechanisms of AR deposition and its relation to neuritic reactions or to blood vessels differ amyloid

according to the lesion, even in the same microscopic field. Apa2

(J Histochem Cytochem 51:1201-1206, 2003) cotton wool plaques

THE ¢OTTON WOOL PLAQUE (CWP) is a peculiar type
of senile plaque seen in brains of some patients with
familial Alzheimer disease (AD) and in those of spo-
radic AD, CWPs are characterized by robust deposi-
tion of amyloid B protein (AB), AB42 (Crook et al.
1998; Le et al. 2001; Steiner et al. 2001; Verkkoniemi
et al. 2001; Tabira et al. 2002), a longer molecular
species of AB, possibly involved in early phase of AR
deposition (Iwatsubo et al. 1994). Although its shorter
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counterpart Ap40 is also another major constituent of
senile plaques, the spatial relationship between these
AP species and other components is of particular in-
terest because deposition of each AP species is consid-
ered to occur at different stages of senile plaque for-
mation (Iwatsubo et al. 1994). By immunizing rabbits,
one of the authors (HM) has generated anti-AB anti-
bodies, each of which specifically reacts with either
AB42 or AR40 (Akiyama et al. 1997}, We wanted to
examine the spatial relationship between these two
epitopes specifically detectable with these antibodies
by using multi-labeling immunochistochemistry (Van
der Loos et al. 1989; Uchihara et al. 1995,2000).

One of the obstacles was that the antibodies to be
applied on the same sections were from the same spe-
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cies, which usually hampers multilabeling. Several
procedures have been proposed to circumvent this dif-
ficulty, with some success. For example, conjugation
of enzyme, biotin, or fluorochrome to one of the pri-
mary antibodies allows separate detection of the two
antibodies, but it requires a relatively large amount of
the antibody and the conjugation procedure can be
cumbersome (Van der Loos et al. 1989; Uchihara et
al. 1995). Another approach is to wash out the bound
antibodies with glycine buffer at very low pH after the
first cycle of immunodetection (Nakane 1968). Treat-
ment in a microwave oven after the color development
of the first primary antibody has been reported to be
effective in avoiding crossreaction (Lan et al. 1995).
Although these sequential procedures are generally
successful in detecting non-co-localizing epitopes, they
are not applicable for multiple immunofluorescence la-
beling.

A previous study demonstrated that double immu-
nofluorolabeling with two antibodies from the same
species was possible with extensive blockade with
F(ab’'); fragment {Lewis—Car! et al. 1993) between the
two primary antibodies. However, double labeling
with this method was associated with a significant de-
crease in the sensitivity of one of the primary antibod-
ies applied after this extensive blocking. This trade-off
of double labeling with decreased sensitivity was cir-
cumvented when one of the antibodies was amplified
(Hunyady et al. 1996) with the catalyzed reporter am-
plification method (CARD). CARD amplification is
mediated by the horseradish peroxidase (HRP) on the
secondary antibody that catalyzes the activation of ty-
rosine bound to biotin (Bobrow et al. 1989). The acti-
vated tyrosine becomes attached to proteins in the
tissue section at the site of the antigen-antibody reac-
tion. Biotin bound to tyrosine can then be visualized
(Adams 1992). With this method, discrimination of
the two epitopes is possible based on the different
sensitivity of the immunodetection systems either
with or without the amplification. The first antibody
to be used must be diluted below the level detectable
with standard secondary antibody labeled with fluo-
rochrome, but above the level detectable with CARD
amplification {Hunyady et al. 1996). In the present
study we used two different polyclonal antibodies
produced in rabbits to visualize two different epitopes
possibly co-localizing with each other on the same
structure, AB40/AR42, and AP40/ivon Willebrand
factor (a specific marker for vascular endothelial
cells}. The third antibody, AT8, 2 mouse monoclonal
antibody (MAb) against paired helical filaments (PHFs),
major components of neurofibrillary tangles and
neurites {Mercken et al. 1992), can be combined by
using a differently labeled secondary antibody spe-
cific for mouse IgG without danger of crossreaction
with these polyclonal antibodies.

Uchibara, Nakamura, Nakayama, Arvima, Ishizuka, Mori, Mizushima

In observing structures, such as senile plaques,
that exceed the thickness (5-10 wm) of routine histo-
logical sections, we are not sure whether or not pos-
tions included in the section under observation repre-
sent the entire structure. We therefore obtained serial
optical sections under a laser scanning confocal mi-
croscope to be reconstructed for 3D observation.
Three-dimensional reconstruction of triple-labeled
sections, as we established in this study, can provide
an opportunity to observe the entire structure of
CWPs and the spatial relationship between the rele-
vant structures.

Materials and Methods

A dementia patient with a familial background of Alzheimer
disease was diagnosed with AD based on the presence of
many senile plaques and neurofibrillary tangles. Senile
plaques in this case were not clearly detectable with the Bo-
dian method, but hematoxylin and eosin staining visualized
the cotron wool feature of the plaques without a core. In ad-
dition, a core-like structure and perivascular deposits of AR
were observed (Nakayama et al. 2001; Tabira et al, 2002),
The genetic abnormality associated with this phenotype re-
mains to be clarified.

We first undertook experiments to establish the optimal
concentrations of the antibodies for the methods used, es-
pecially the dilution of the primary antibodies visualized
with the CARD method but undetectable by the standard
method without CARD amplification. The list of primary
antibodies is provided in Table 1. Three-pm-thick mirror
sections were obtained from formalin-fixed, paraffin-
embedded blocks from the occipital lobe of this patient.
Deparaffinized sections were treated with formic acid
{>99%) for § min to enhance AB-like immunoreactivity
(Kitamoto et al. 1987). After being treated with 2% H,0;
and incubation with 5% bovine serum albumin in PBS, sec-
tions were incubated ar 4C for 2 days with different concen-
trations (1:1000-1:100,000) of anti-AB40 or anti-AB42 an-
tibody (Akiyama et al. 1997). One of the mirror sections
was visualized after amplification with CARD as previously
described (Bobrow et al. 1989; Adams 1992; Uchihara et al,
2000). Briefly, after application of an anti-rabbit IgG made
in goat conjugated to horseradish peroxidase (HRP, 1:500;
Pierce, Rockford, IL}, the HRP signal was amplified with bi-
otinylated tyramide (1:1000; Perkin-Elmer, Boston, MA)
and was finally visualized with FITC conjugated to strepta-
vidin {1:200; Vector, Burlingame, CA; Uchihara et al. 2000),
The counterpart of the mirror section was visualized with
anti-rabbit IgG made in goat conjugated with FITC (1:200;
Vector).

For triple immunofluorolabeling, deparaffinized sections
were similarly subjected to immunolabeling with CARD am-
plification with one of the polyclonal antibodies made in
rabbits (anti-AB42 1:30,000; anti-AB40 1:30,000; or anti-
von Willebrand factor 1:1000; DAKO, Glostrup, Denmark)
as described above and finally visualized to CyS conjugated
to streptavidin (1:200; Kirkegaard & Perry, Gaithersburg,
MD). von Willebrand factor is 2 marker for vascular endo-
thelial cells and the anti-von Willebrand factor antibody im-
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Table 1 Antibodies and optimal dilutions used in this study

Designation  Dilution Species
Epitope or clone  (CARD+/-)? {class) Source
AR4D Apaoe 30,000/1000 Rabbit (lgG) H. Mori
ARA2 Ap4z2s 30,00011000 Rabbit (laG) H. Mori
PHF-tau AT8® -11000 Mouse {IgG) Innogenetics
von Willebrand A082 1000/~ Rabbit {IgG} DAKO
factor

ACARD+/—, optimal dilution of the antibody with/without CARD amplifica-
tion.

bAkiyama et al. 1997,

‘Mercken et al. 1992,

munoiabels blood vessels (Uchihara et al. 1995). The sec-
tions were then incubated with a mixture of ATS (1:1000;
mouse monoclonal antibody against PHFs; Innogenetics,
Zwijndrecht, Belgium) and another polyclonal antibody
(anti-AB40 or anti-ABR42 1:1000) at 4C for another 2 days
in the dark. These two antibodies were visualized with a
mixture of anti-mouse IgG made in sheep conjugated with
rhodamine (1:200; Jackson ImmunoResearch, West Grove,
PA} and anti-rabbit IgG made in goat conjugated with FITC
{1:200; Vector), respectively.

For 3D observation, formalin-fixed blocks were washed
in PBS and cryoprotected by being soaked in 20% sucrose
buffered with 0.1 M phosphate. Thick floating sections {50~
100-pm in thickness) were obtained on a freezing micro-
tome. They were subjected to the triple-immunolabeling
method as above with prolonged incubation {up to 7 days}
with the primary antibody. Sections were mounted with
90% glycerol in 0.1 M phosphate buffer containing 0.1% of
p-phenylenediamine and were observed under a confocal la-
ser scanning microscope {Leica TCS/SP; Heidelberg, Ger-
many). Excitation of the fluorochromes and their maximal
detection wavelength are summarized in Table 2. Serial opti-
cal sections were obtained and reconstructed for 3D analysis
on software (TRI/3D; Ratoe System, Tokyo, Japan).

Results

Serial dilution of one of the polyclonal antibodies
(anti-AP40) demonstrated that the usual immunofluo-
rescence method without CARD amplification (Fig-
ures 1A, 1C, 1E, and 1G) requires a high concentra-
tion of the antibody (1:1000) to obtain maximal
labeling (Figure 1C). However, CARD amplification
{Figures 1B, 1D, 1F, and 1H) enabled us to use the an-
tibody at lower concentrations (up to 1:30,000) to ob-
tain a clear fluorescent signal of an equivalent in-
tensity with little background staining (Figure 1F).

Tahle 2 Fluorescent dyes and their link to epitopes

Detected
Excited between Conjugated Target  Displayed
Dye at (nm) (nm} molecule epitope as
FITC 488 500-530 Anti-rabbit IgG Ap40(AR42) Green
Rhodamine 568 590630 Anti-mouse lgG ATS Red
CyS 648  700-750 Streptavidin APA2(AR40) Blue
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Figure 1 Immunolabeling of mirror-section pairs from cerebral
cortex with anti-Ap40 at dilution 1:1000 (A,B), 1:10,000 (C,D),
1:30,000 (E,F), and 1:100,000 {G,H) visualized without (A,C.E,G) and
with (B,D,F,H) CARD amplification. At dilution 1:30,000, labeling
after CARD amplification visualized AR40 deposits (F), but that
without the amplification failed to exhibit labeling (E). Bar =
100 um.

Omission of either primary antibody, secondary anti-
body, or biotinylated tyramide completely eliminated
the immunofluorescent signal. Similar results were ob-
tained with the anti-AB42 antibody (data not shown).

Therefore, we first performed CARD-amplified im-
munofluorolabeling with anti-AB40 (Figures 2A-2C),
which was visualized with Cy5, shown as blue. Subse-
quent double labeling with AT8 (1:1000; Figures 2A-
2C, red) and with anti-AB42 {1:1000; Figures 2A and
2C, green) antibody was visualized with the mixture
of anti-mouse IgG conjugated with rhodamine and
anti-rabbit IgG conjugated with FITC. As shown in
Figure 2, no crossreaction between the two rabbit
polyclonal antibodies (anti-AR40 and anti-AB42) was
detectable. Moreover, it is noteworthy that reverse ex-
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Figure 2 (A) Cerebral cortex (pial surface, right upper corner; white matter, left lower corner) immunofluorolabeled with anti-A342
(green), anti-AB40 (blue), and anti-PHF (red). Large deposits of AB42 are scattered without specific laminar distribution. (B) The same field
as A. Immunolabeling with anti-AB42 is deleted from A. Laminar distribution of neurofibrillary tangles is evident. Deposits of AB40 are rare
in the deep layers (asterisk), where deposits of AB42 are numerous (A). Bars = 500 pm. (C} Higher magnification of A. Core-like structures
(arfowheads) are positive for both AB40 and AB42, whereas large cotton wool plagues are mainly positive for AR42 (arrows). Bar = 250 pm.

Figure 3 Triple immunofluorolabeling of the cerebral cortex with anti-AB42 (blue), anti-AB40 (green), and anti-PHF tau (red). Cotton woo!
plaques (asterisks) are positive mainly for AB42, and participation of AB40 is not detectable. Core-like structures {arrowheads) and blood
vessel (arrow) are positive for AB40 and for AB42 to a lesser extent. Reactive neurites are slender and are clustered around CWPs but are not
detectable around AB40-positive structures. Bar = 100 um.

Figure 4 A total of 114 optical sections {X-Y with the interval of 0.3 um along Z-axis) were obtained from a triple-labeled thick floating
section (green, AB40; red, PHF-tau; blue, von Willebrand factor for bload vessels) from the cerebral cortex. Three-dimensional reconstruc-
tion was performed on the software. (A) Stacked image of the 114 optical sections (X-Y). Core-like structures (AB40) were clustered along
the blood vessel. (B} One of the optical sections (X-Y) at the depth indicated with white lines in € and D. (C) Cross-sectional Y-Z image along
the yellow lines indicated in B and D. (D) Cross-sectional X-Z image along the red line indicated in B and C. (E) Cross-sectional image along
the blood vessel indicated with a white arbitrary line in A with two extremities marked as arrowhead and asterisk, Focal deposition of AB4Q
in the vessel wall was occasionally in continuity with core-like structures around the vessel wall, Bar = 50 pm.

periments, anti-AR42 with amplification followed by
anti-AR40, gave essentially the same results (Figure 3).

Most of the CWPs were homogeneously labeled
with the anti-AB42 antibody [green in Figure 2 (ar-
rows) and blue in Figure 3], and participation of AB40
was partial on these CWPs (blue in Figure 2 and green
in Figure 3). In contrast, AB40 was deposited as core-

like structures {arrowheads in Figures 2C and 3),
which were rare in deeper layers of the cerebral corti-
ces (asterisk in Figure 2B, blue) and contained also
AB42 (arrowheads in Figure 2C), Three-dimensional
analysis demonstrated that these core-like structures
positive for AB40 (Figure 4, green) were sometimes
clustered along the blood vessel (arrowhead in Figure
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4A). The AB40 epitope was sometimes co-localized to
the vessel wall, with an occasional continuity to these
core-like structures. Neuritic reactions, detected with
AT8/thodamine, were present around CWPs (asterisks
in Figure 3, red), but they were rarely observed
around the core-like structures (arrowheads in Figure
3) or the vessel wall (arrow in Figure 3).

As suggested by the stacked view of the 114 optical
sections (Figure 4A), some of the core-like structures
were occasionally clustered around blood vessels.
Three-dimensional observation with the software en-
abled us to examine a simultaneous stereoscopic view
of these three epitopes (A840, PHF-tau, and blood
vessel). Finally, a cross-sectional view along an arbi-
trary cutting line on the blood vessel (from arrowhead
to asterisk in Figure 4) showed that AR40 accumu-
lated around the blood vessel either in a linear or a
spherical fashion (Figure 4E).

Discussion

We successfully performed triple immunofluorolabel-
ing with two antibodies raised in rabbits and another
mouse MAD. Single immunofluorolabeling with differ-
ent concentrations of the anti-Ap40 antibody clarified
that the optimal dilution of the anti-AB antibodies
without CARD amplification was 1:1000, whereas
equivalent labeling was obtained at a dilution of
1:30,000 after amplification with CARD. One of
the theoretical bases for discriminating two distinct
epitopes with antibodies raised in the same species de-
pends on this difference in the optimal concentration
of the antibody for immunofluorescence study (Hun-
yady et al. 1996). The anti-Ap40 antibody in the first
cycle was so diluted (1:30,000) that the corresponding
epitope could be visualized only after the amplifica-
tion, but visualization without amplification, as used
in the second cycle, was not sensitive enough to detect
this anti-AR40 antibody diluted further to another 30-
fold below the detection threshold. It is possible that
the anti-rabbit antibody used in the first cycle before
CARD amplification could be a source of crossreac-
tion because it has an affinity for the other polyclonal
antibody produced also in rabbit used in the second
cycle. Practically, this reaction was found to be less
than the detection threshold, as demonstrated in Fig-
ure 2, which showed definite separation of the signals
from AB40 and AB42 epitopes. Specific labelings were
perfectly interchangeable when the two antibodies,
anti-AB40 and anti-AB42, were replaced with each
other (Figure 3), which provided additional evidence
that crossreaction between the two epitopes was negli-
gible. The absence of crossreaction may be explained
by the low concentration of the first primary anti-
body, which attracts, if any, a very tiny amount of the
anti-rabbit antibody. This amount of the anti-rabbit
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antibody should be far below the detection threshold
even if the second polyclonal antibody is attached to
it, Wide separation of the emission signals from FITC
and from Cy5 made it possible to insert another emis-
sion signal from rhodamine without crosstalk between
them (Table 2), because rhodamine was designed to
label another monoclonal antbody, ATS, through
anti-mouse [gG, which never crossreacts with the

~ other two polyclonal antibodies produced in rabbits.

These triple-labeled sections demonstrated that
most of the CWPs were homogeneously stained with
the anti-AB42 antibody (Croock et al. 1998; Le et al.
2001; Steiner et al. 2001; Verkkoniemi et al. 2001;
Tabira et al. 2002). One of the intriguing findings was
that core-like structures were intensely labeled with
the anti-ApP40 antibody. These core-like structures
were rare in deeper cortical layers of the cerebral cor-
tex (Figure 2B) and were not necessarily associated
with deposits of AB42. Although a possible spatial re-
lationship of these core-like structures to blood vessels
was suspected even with two-dimensional observation
(Figure 3), 3D reconstruction confirmed that they
were sometimes in continuity with blood vessels simi-
larly labeled with the anti-AB40 antibody (Figure 4).
Furthermore, this reconstruction enabled us to ob-
serve cross-sectional images not only along the X, Y,
or Z axis but also along an arbitrary line tracing the
target structure, e.g., blood vessels as shown in Figure
4E. No similar relationship to blood vessels was evi-
dent with AB42-positive CWPs. Simultaneous labeling
with AT8/rthodamine demonstrated that AT8-positive
neurites were slender, without focal swelling, and were
abundant around CWPs but rarely associated with the
core-like structures. Furthermore, AT8-positive struc-
tures were uniformly scattered throughout the entire
thickness of the sections, providing proof that this triple
immunofluorolabeling reliably and homogeneously
detected the structures in question under the present
experimental conditions applied to the thick sections.
Morphology, immunohistochemical features, and as-
sociation of tau-positive neurites were found to be dif-
ferent in AR42-positive CWPs from those in AB40-
positive core-like structures and blood vessels. These
differences suggest that mechanisms involved in AR
deposition may be different in these structures found
in the same microscopic field.

In summary, we established a triple-immunofluoro-
labeling method with two rabbit polyclonal antibodies
and a mouse monoclonal antibody, which simulta-
neously visualized AB40, AR42, or von Willebrand
factor and PHF-tau epitopes. Application of this triple
immunofluorclabeling enabled thick sections to be
analyzed on a 3D basis. Immunohistochemical fea-
tures and distribution were found to be different be-
tween AR42-positive deposits and their AB40-positive
counterparts. This suggests that the mechanism of AR
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deposition for CWPs is different from that of other Ap
deposits, such as core-like structures. This triple-label-
ing method will expand the applicability and precision
of multiple immunoflurolabeling, which is advanta-
geous in a wide range of research and diagnosis,
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Summary of Clinical Data

Case

No. (n) Age, y* Sex Time** Ischemic Lesion™* Diagnosis
1 a3 F &d LtF Infarction
2 69 M &d Rt MCA Infarction
3 89 F 1d RtP, O Infarction
4 68 F 13d LtF P Infarction
5 66 F 14 d Rt F Infarction
6t 85 F 45m Rt MCA Infarction
7t 66 M 5m Rt F Infarction
8 49 M im RtF, P Infarction
9 77 F 10m RtF,P, 0 Infarction
10-15 {6} 66-84 2M/4F 416y F/T AD
16-23 {8} 53-80 5M/3F FT Normal

"Age at death; *"time from onset of ischemic attack or Alzheimer disease {AD) to death; ***major
focus of ischemia corresponding to the fatal ischemic attack; tcases used for Western blot analysis.
Lt indicates left; F, frontal lobe; Rt, right; MCA, middte cerebral artery; P, parietal lobe; 0, occipital

lobe.

Cellular localization of ApoE epitope was examined on double-
labeled sections with the following combinations of probes: anti-
carbindin?! (1:3000; anti-spot 35, rabbit polyclonal antibody; gener-
ous gift from Dr Yamakuni, Tohoku University) as a marker for
neurons/ApoEABS47; anti-glial fibrillary acidic protein (1:1000;
mouse monoclonal antibody; DAKO) as a marker for astrocytes/
ApoEC; or bictinylated Ricinus communis agglutinin {1:1000; RCA-
120; Seikagakukougyou) as a marker for microglia/ApoEC. After
one of the probes (antibody or lectin) was visualized with diamino-
benzidine and nickel ammonium sulfate as purple, the scctions were
subjected to second-cycle immunostaining with the other probe.
They were then treated similarly except that diaminobenzidine was
used without nickel ammonium sulfate to yield brown reaction
products.

To localize ApoE-like immunoreactivity in relation to axons,
double immunolabeling with ApoEC and anti-neurofilament
(SMI31; Sternberger Monoclonal) was performed. Deparaffinized
sections were incubated with SMI31 (1:1000), and the epitope was
then immunofiucrolabeled by FITC-conjugated anti-mouse IgG
(1:200; Cappel). The FITC signal was observed under the fluores-
cence microscope combined with a laser confocal system (TCS-SP;
Leica), and the images were captured and recorded on magneto-
optical disks. The same section was subjected to second-cycle
immunostaining with ApoEC (1:2000), visualized with the ABC
method. The already photographed axons were identified with the
use of various structures such as lipofuscin granules or blood vessels
as landmarks. The relationship between ApoE-like immunoreactivity
and neurofilaments was assessed on the same field.

Cell Culture, Cell Stimulation, and Protein Extraction

The human nevroblastoma cell line GOTO?? was cultured in RPMi
1640 medium supplemented with 20% fetal bovine serum. At 3 days
in culture, the incubation medium was replaced with RPMI 1640
without fetal bovine serum. Hydrogen peroxide was added directly to
the medinm to produce a final concentration of 0.2 mmol/L and
incubated for appropriate times. At fixed intervals (4, 24, and 48
hours) after the challenge with hydrogen peroxide, the incubation
medium was rapidly aspirated, and the cells were washed twice with
ice-cold PBS and fixed by 10% trichloroacetic acid for 30 minutes at
4°C. After the dishes were scraped with a rubber policeman, the
lysate was centrifuged at 15 000g for 5 minutes, and the supernatant
was discarded. Then each pellet of GOTO cell, at different intervals
after the exposure to hydrogen peroxide, was resuspended by
sonication in a sample buffer containing 9 mol/L urea, 2% Triton X,
and 5% 2-mercaptoethanocl. Then one fifth volume of 10% lithium
dodecyl sulfate solution and approximately 2 nl of 1 mol/L Tris

solution were added to the sample buffer, and the samples were
sonicated again.

Each human brain homogenate from the autopsied brains (2 AD
brains, 2 brains with infarction, and 4 control brains) was also fixed
by 10% trichloroacetic acid, and extracted protein was treated in the
same way as the GOTO cell.

Western Blot Analyses

Lysates containing equal amounts of protein (GOTQ, 10 ug; autopsy
brains, 10 ug) were subjected to 10% sodium dodecy! sulfate—poly-
acrylamide gel electrophoresis. Proteins were then transferred to a
polyvinylidene difluoride membrane. The blots were blocked with
10% (wt/vol) skim milk and 0.1% Tween 20 in Tris-buffered saline
(TBS) at room temperature for 1 hour and washed in 1% (wtfvol)
bovine serum albumin/TBS at room temperature for 10 minutes.
Then the blots were probed with ApoEC (1:4000) or ApcEAB947
(1:4000) in 1% bovine serum albumin/TBS solution at 4°C for 3
days. After 3 washes with 1% (wt/vol) skim milk and 0.1% Tween
20 in TBS at room temperature for 30 minutes, the blots were
incubated with horseradish peroxidase~coupled goat anti-rabbit IgG
secondary antibody (Pierce) diluted to 1:2000 with 1% skim milk/
TBS at room temperature for 2 hours. Then the blots were washed 3
times with 0.1% Tween 20/TBS and visualized with the use of an
enhanced chemiluminescence system (Amersham). The same blots
were reprobed with anti-B-actin (1:40 000; Sigma) and visualized
with horseradish peroxidase-coupled anti-mouse IgG secondary
antibody (Kirkegaard and Perry Laboratory Inc). ApoE-
immunoreactive bands were digitally captured, and their relative
intensities were quantified with NIH Image (version 1.62). Because
the number of the samples was not very large, quantified data were
analyzed not only with ANOVA and the Fisher protected least
significant difference test but also with the nonparametric rank
method of Kruskal-Wallis.

Results

Immunolocalization of ApoE in Human Brains

Neurens exhibited an intense ApoE-like immunoreactivity at
the periphery of ischemic focus (Figure 1A). This ApoE-like
immunoreactivity was completely abolished throughout the
adjacent section when ApoEC was coincubated with the
antigen peptide (Figure 1B, the same area as Figure 1A),
which confirmed the specificity of ApoE-like immunoreac-
tivity with ApoEC. ApoEAB947 gave essentially the same



