in the sympathetic nervous system. De-
creased uptake of the tracers, 6GF-DA or
MIBG, was noted only in the heart, the
thyroid gland and renal cortex, and the
decrease in the heart was most prominent
(5, 6, 29, 33). Moreover, there also seem
to be differences among the parts of the
heart. The PET study revealed that 6F-DA
radioactivity was more severely decreased
in the left ventricular free-wall than in the
intervenuricular septum or the right myo-
cardium (6, 12). Thus, the left ventricular
anterjor wall was expecred to be one of
the parts where the sympathetic nerve was
most severely affected. We investigated this
part of the heart pathologically and ascer-
tained that the sympathetic nerves nearly
disappeared.

There are several reports quantifying the
TH protein content or TH activity in the
central nervous system on postmortem ex-
aminations in PD. The TH protein content
in PD decreased to 2.7% in the caudare
nucleus, 5.3% in the putamen and 16%
in substantia nigra compared with the con-
trol (17). TH activity decreased to 9.2%
to 27.4% in the caudate nucleus, 4.1% to
21.6% in the putamen, 11.9% to 35.1%
in the substantia nigra, 11.6% to 50.7% in
the globus pallidus and 13% in the locus
ceruleus (13, 16, 19). Our study revealed
that in the epicardium of the left ventricu-
lar anterior wall, TH+ axons nearly com-
pletely disappeared in PD and the TH/fas-
cicle ratio measured by quantitative analysis
decreased to 1.1% of the control. Although
there are differences in the measured object,
it can be said that the cardiac sympathetic
nerves in the left venuicular anterior wall
are affected as much as the dopaminergic
nerves in the central nervous system.

The sympathetic innervation to the ven-
tricular working myocardium is thought to
be mainly through the para-arterial route
in the epicardium (15), consistent with the
observation that the number of TH+ axons
in the subepicardial area were larger than in
the subendocardial area (11). The nerve fas-
cicles in the epicardium, therefore, presum-
ably contain sympathetic efferent axons
innervating the working myocardium from
the cervico/thoracic sympathetic ganglia.
The depletion of TH+ axons in the epicar-
dium represents the effacement of their dis-
tal axons and terminals, and therefore in-
dicates cardiac sympathetic denervation in
PD. The decreased cardiac uptake of these

tracers is assumed to result from the efface-
ment of these terminals since 6F-DA and
MIBG are taken up by and stored in the
adrenergic nerve terminals as wich catechol-
amines {1, 38).

In addition, our study showed small
number of myelinated axons in the epicar-
dium, and the triple immunofluorolabel-
ing unexpectedly demonstrated that some
of the TH+ axons, although very small in
number, were myelinated. The postgangli-
onic sympathetic axons are generally consid-
ered unmyelinated C-fiber (35). Although
the sympathetic afferent nerves consist of
unmyelinated axons, it is uncerrain and
doubtful whether they are catecholaminer-
gic. Neurotransmitters in the sympatheric
afferent nerves are presumably considered
substance P or neuropeptide K (26). As
there was a report suggesting the existence
of myelinated sympathetic postganglionic
axons in a cat (3), our observation may in-
dicate that the cardiac postganglionic sym-
pathetic nerve contains tiny numbers of
myelinated axons in humans,

In considering the pathogenesis of PD,
the cardiac sympathetic nerves have not
been emphasized as much as the central
nervous system, This may be due to clinical
absence of cardiac manifestations and the
difficulty in detecting abnormalicies. Be-
cause physiological functions of these sym-
pathetic fibers in the myocardium are not
well characterized, it is hard to predict the
ourcome after their depletion. Although di-
minished heart rate variability spectral mea-
sures of the variability have been reported
in PD (8), routine electrocardiogram or
ultrasound cardiography usually fail to
demonstrate abnormalities. Indeed, all
thirty-six PD patients in our previous study
with decreased cardiae uptake of MIBG
showed normal left ventricular function by
ultrasound cardiography and most of them
did not show serious arrhythmias and ST
changes by 24-hour Holter electrocardiog-
raphy (24). Among four PD patients in the
present study, asymptomatic second degree
A-V block of Mobitz type was the only
abnormality in cardiac function. Because
decreased cardiac uptake is not necessarily
correlated with the presence of orthostatic
hypotension nor with cardiac dysfunctions
(5, 24}, it is possible that near complete
absence of sympathetic axons, first identi-
fied in the present study, is not related 1o
clinically detectable manifestations. This is

in agreement with the observation thar left
ventricular functions of transplanted heart
under resting condition are quite normal
even before sympathetic innervation is re-
established (4). However, we should pay
attention that decreased motor activity in
PD patients may allow cardiac abnormali-
ties, even if present, to remain unnoticed.
Awareness of this sympathetic denervation,
however, may raise attention to cardiac
functions in PD patients and give clues
to identify more subtle changes of cardiac
functions so far not derectable but possibly
linked to this sympathetic denervarion.

This study demonstrated pathologically
profound involvementr in the cardiac sym-
pathetic nervous system, which is catechol-
aminergic in common with the nigrostriatal
nervous system. This may afford 2 new clue
to clucidating the pathogenesis of PD.
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Abstract Tau2 antibody recognizes a phosphorylation-
independent epitope that is pathologically modified as
tau protein is phosphorylated to form neurofibrillary
tangles of Alzheimer’s disease (AD). Similar modifica-
tion of tau2 epitope can be induced even in the absence
phosphorylation of tau, as we first demonstrated in
ischemic foci and in glial cytoplasmic inclusions (GClIs)
of multiple system atrophy. This modification of tau2
epitope is distinguishable from those observed in
degenerative tauopathies because (1) it is a conforma-
tional change, which is reversible upon exposure to a
detergent; (2) it shows an absence of fibrils composed of
phosphorylated tau protein; and (3) it is characterized by
the lack of immunohistochemical labeling by anti-tau
antibodies other than tau2. In this study, we expanded
this observation to inflammatory foci of different
pathologies (human immunodeficiency virus encepha-
lopathy, progressive multifocal leukoencephalopathy or
multiple sclerosis) by examining formalin-fixed, paraffin-
embedded sections immunostained with a panel of anti-
tau antibodies. It was found that tau2 was the only anti-
tau antibody that immunolabeled microglia/macro-
phages in these lesions, and this immunoreactivity was
reversibly diminished upon exposure to a detergent.
Exclusive apparition of tau2 immunoreactivity in
these cells without neurofibrillary pathology may be a-
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secondary event shared with ischemic foci and GClIs. It
is, however, related to a unique conformational state of
tau, possibly grouped under the name of “tautwopathy™,
that may represent an initial stage of tau deposition
distinct from degenerative tauopathies characterized by
fibrils composed of phosphorylated tau protein.

Keywords Tauopathy - Tautwopathy - Multiple
sclerosis + Progressive multifocal leukoencephalopathy -
HIV encephalopathy

Introduction

Tau deposition is one of the major neuropathological
kallmarks for a variety of neuradegenerative disorders,
grouped under the name of tauopathy. In our previous
immunohistochemical studies on human brains with
cerebral infarction, obtained at autopsy, we reported the
presence of Alz-50 [22] and tau2 immunoreactivity (IR)
[24] in neurons and microglia/macrophages, respectively,
and demonstrated that tau deposition was not a specific
phenomenon restricted to degenerative tauopathies.
Subsequent studies on human brains demonstrated that
tau protein in ischemic foci was not phosphorylated, and
the tau2 IR was reversibly abolished upon exposure to a
detergent [28]. Interestingly, similar changes were
observed for glial cytoplasmic inclusions (GCls) of
multiple system atrophy (MSA) [21]. The absence of
neurofibrillary changes in these tau2-immunopositive
cells in ischemic foci and GCls indicates that tau depo-
sition, by itself, does not necessarily lead to neurofi-
brillary changes in human brains, Because modification
of tau protein is a prerequisite for immunohistochemical
visualization on formalin-fixed, paraffin-embedded sec-
tions [12, 18], identification of specific changes in these
non-fibrillary tau deposits will potentially clarify differ-
ences among a variety of tau deposits. In the present
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study, we expanded this observation by examining tau-
immunostained sections in the vicinity of inflammatory
foci of different pathologies. This is the first study
demonstrating that induction of tau2 IR in activated
microglia/macrophages, which is distinct from neurofi-
britlary changes, is a phenomenon shared by a variety of
inflammatory processes as well as by ischemia and GCls
of MSA.

Materials and methods

Five cases with human immunodeficiency virus (HIV)
encephalopathy (age at death: 2342 years), four cases
with progressive multifocal leukoencephalopathy (PML)
(age at death: 35-85 years) and six cases with multiple
sclerosis (MS) (age at death: 30-57 years) were enrolled
in this study. Formalin-fixed, paraffin-embedded blocks
containing active foci with glial reactions were obtained.
Deparaffinized sections were treated with 1% Hy0, for
20 min followed by blocking with 5% normal serum.
The sections were immunostained with one of the
anti-tau antibodies (tau2 [16, 17], 1:1,000, Sigma,
Saint Louis, MO; AT8 [13], 1:10,000, Innogenetics,
Zwinjndrecht, Belgium; anti-human tau (pool 2) [5),
1:10,000, a generous gift from Prof. H. Mori, Osaka City
University; tau-1 [17], 1:10,000, Boehringer, Manheim,
Germany; or Alz-50, 1:200, a generous gift from Prof. P.
Davies [30]) using the avidin-biotin-peroxidase complex
(ABC) method with diaminobenzidine and mickel
ammonium sulfate as chromogen, which yielded a
deep purple reaction product. Specificity of tau2 IR
was established previously both on immunoblot and
histological sections from human brains [21, 28]
Preabsorption of tau2 antibody with a synthetic
peptide corresponding to the tau2 epitope (AGI-
GDTSNLEDQAA [29] 1 pg/ml) or with the same con-
centration (1 pg/ml) of Fc fragment of human IgG
(Athens Rescarch & Technol Inc, Athens, GA) was
performed in parallel. Omission of the primary antibody
served as negative control to see whether secondary
antibodies (biotinylated anti-mouse IgG or biotinylated
anti-human IgG, Vector) yielded nonspecific labeling
mediated, for example, through Fc receptors possibly
present on microglial cells. The influence of detergent on
tau? IR wag examined, as reported previously on human
brains with infarction, AD [28], Down’s syndrome and
MSA [21], by incubating the sections with tau2 antibody
diluted in phosphate-buffered saline (PBS) with or
without 0.03% polyoxylethyleneglycol-p-isooctylphenyl
ether (Triton X-100, TX). In parallel, preincubation with
PBS containing 0.03% TX was followed by washing
with PBS not containing TX before tau2 immunostain-
ing.

When necessary, the tau2-immunostained sections
were subsequently subjected to the second cycle im-
munostaining with either anti-ferritin (rabbit poly-
clonal, 1:1,000, DAKO, Glostrup, Denmark) or anti-
glial fibrillary acidic protein (GFAP; rabbit polyclonal,

1:10,000, DAKO) antibedy. Omission of nickel
ammonium sulfate from the chromogen yielded a
brown reaction product for these second-cycle anti-
bodies. Double immunostaining with two different
monoclonal antibodies (anti-gp24 against HIV, DAKO
and tau?) was performed as follows [9, 15, 27]. Tau2
antibody was diluted 1:10,000, and was probed by an
anti-mouse IgG conjugated with horseradish peroxidase
(HRP; 1:1,000, Kirkegaard Perry, Gaithersburg, MD}.
The HRP signal was amplified using biotinylated tyra-
mide (1:1,000) in the presence of 0.01% H,0, [1]. After
incubation with streptavidin-conjugated HRFP (1:200,
Vector, Burlingame, CA), color development was per-
formed with diaminobenzidine and nickel ammonium
sulfate to yield a deep purple reaction product. These
tau2-immunostained sections were then subjected to the
second-cycle immunostaining with another mouse
monoclonal antibody against gp24 using the ABC
method. The amplification performed with biotinylated
tyramide in the first cycle was so sensitive that the
primary antibody tau2 could be diluted to 1:10,000;
however, the ABC method used in the second cycle was
not sensitive enough to detect this dilution (1:10,000) of
tau2 antibody, and exclusively visualized the gp24 epi-
tope. Omission of nickel ammonium sulfate from the
chromogen yielded a brown reaction product for the
gp24 epitope.

Resufts

Microglia/macrophages, major components in these
inflammatory processes of these brains, contained tau2
IR in all the sections examined, regardless of the diag-
nosis (Fig. 1A PML, D MS, G HIV encephalopathy).
Tau2 IR in these cells was abolished when the primary
antibody was diluted in PBS containing 0.03%TX
(Fig. 1B, E, H). Disappearance of tau2 IR upon expo-
sure to TX was reversed when the sections, preincubated
with 0.03%TX, were washed with PBS not containing
TX before immunostaining (Fig. 1C, F, J). This tau2 IR
(Fig. 2A, at the periphery of a demyelinating focus of
MS) was abolished when the antibody was co-incubated
with the synthetic peptide corresponding to its target
epitope [29] (Fig. 2B, the same area as Fig. 2A). Co-
incubation of the Fc fragment of human IgG with tau2
failed to eliminate this tau2 IR (data not shown).
Preincubation of the section with an excess amount
(10 pg/ml) of the Fc fragment also failed to eliminate
tan2 IR (data not shown). Finally, direct probing of the
section either with biotinylated anti-mouse IgG or bio-
tinylated anti-human IgG, followed by ABC method,
visualized no IR (data not shown). These data indicate
that immunoreaction with tau2 is specific for the tau2
epitope and is not due to nonspecific reactions, for
example, mediated by the Fc receptor potentially
expressed on the surface of microglial cells. These tau2-
immunoreactive cells were not co-labeled with anti-
GFAP (Fig. 2C, a lesion of PML), and double labeling



Fig. 1 Tau2-immunoreactive cells in PML (A-C), MS (D-F) and
HIV encephalopathy (G-I). Tau2 IR (A PML, D MS, G HIV) is
abolished when the primary antibody is diluted in buffer containing
0.03% TX (B PML, E MS, H HIV). This abolished tau2 IR upon
exposure to TX (B, E, H) is restored after washing (C, F, T) [PML
progressive multifocal leukoencephalopathy, M.S multiple sclerosis,
HIV human immuncdecficiency virus, JR immunoreactivity, TX
Triton X-100 (polyoxylethyleneglycol-p-isooctylphenyl ether)). Bar
50 pm '

immunochistochemistry with tau2 and anti-ferritin anti-
body demonstrated the colocalization of these two epi-
topes (Fig. 2D, HIV encephalopathy), confirming the
microglial origin of these tau2-immunopositive cells. In
brains with HIV encephalopathy, perivascular aggre-
gates of microglia/macrophages (Fig. 2D) and giant
multinucleated cells (Fig. 2E, arrow) contained tau2 IR.
Double labeling with tau2 (deep purple) and anti-gp24
(brown) demonstrated that these epitopes were colocal-
ized to microglia/macrophages (Fig. 2E). Modified oli-
godendrocytes found in PML brains did not exhibit tau2
IR (Fig. 2F, arrow). The panel of anti-tau antibodies
other than tau2 failed to immunostain these microglia/
macrophages. Neurofibrillary changes were absent on
sections stained with the Gallyas silver impregnation
method.

Discussion

In previous immunochistochemical studies on human
brains with cerebral infarction, we reported that tau
epitopes were induced differently in neurons and glial
cells after an ischemic insult, where microglia/macro-
phages exhibited tau2 IR [24], while neurons contained
Alz-50-positive granules in the cytoplasm [22]. In a sub-
sequent study, we demonstrated that the modification of
tau, linked to its immunohistochemical visualization
around ischemic foci, was not necessarily related to its
pathological phosphorylation [28]. In the present study,
we wanted to expand this observation by examining
sections from inflammatory processes of different etiol-
ogies to see whether tau2 IR is also induced in microglia/
macrophages. Among the panel of anti-tau antibodies,
tau2 was the only antibody that visualized the tau epi-
tope in these inflammatory processes. The presence of the
tau2 epitope exclusively in microglia/macrophages lack-
ing neurofibrillary changes indicates that the modifica-
tion of tau2 epitope in these inflammatory processes is
similar to that reported for cerebral infarction [24, 28]
and GCIs of MSA [21]. It is, therefore, not plausible that
visualization of tau2 epitope represents an excessive
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Fig. 2 A Tau2-immunoreactive glial cells at the periphery of a
demyelinating focus (MS) in the internal capsule. B Co-incubation
of tau? with a synthetic peptide mimicking tau2 epitope abolishes
the IR (the same area of the same case as A). C Double
immunostaining with tau2 (purple) and an anti-GFAP antibody
(brown) in a lesion of PML. Tau2 and GFAP epitopes are
expressed in different cells without overlap. D Double immuno-
staining with tau2 (purple) and an anti-ferritin antibody (brown) in
the white matter of the brain with HIV encephalopathy. Perivas-
cular cells are immunopositive for both tau2 and ferritin, indicating
that perivascular microglia/macrophages exhibit tau2 IR. E Double
immunostaining with tau2 (violef) and gp24 (brown) in the white
matter of the brain with HIV encephalopathy. Glial cells
immunopositive for gp24, including multinucleated giant cells
{arrow), exhibit tau2 IR. F Tau2 immunostain (frown) counter-
stained lightly with hematoxylin in the white matter of the brain
with PML. Numerous phagosomes of macrophages are surrounded
by tau2 IR, while this IR is not detectable in modified oligoden~
drocytes {arrow) (GFAP glial fibrillary acidic protein). Bars A-E

50 pm, F 25 pm

accumulation of tau. It rather indicates that modification
of the tau epitope is too limited to involve the entire
extent of the tau protein. Moreover, tau2 IR was re-
stricted to the cytoplasm without extracellular deposits,
which suggests its endogenous origin. Several tau
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epitopes, including tau2, are usually detectable on im-
munoblots of normal brain extract. Their immunohis-
tochemical visualization is, however, usually difficult on
sections from normal brains fixed with formalin. Tau2
antibody, however, immunolabels neurofibrillary tangles
(NFTs) even after fixation with formalin [16, 17]. This
discrepancy between immunoblot and immunohisto-
chemistry is explainable if these tau epitopes in brain
tissue remain active after fixation only when tau mole-
cules are modified into a pathological state [8, 12, 18, 22,
28]. Immunochistochemical visualization of tau2 epitope
is dependent on proline’® of human tau, which was re-
ported to be transformed into a serine-like conformation
when tau protein is integrated into paired helical fila-
ments of AD after pathological phosphorylation [11, 16,
17, 29]. One might, then, suppose that some pathological
events involving tau2 epitope, not necessarily linked to
phosphorylation, are responsible for its immunohisto-
chemical visualization on formalin-fixed tissue. Indeed,
this was proved to be the case in our previous studies on
ischemia [28] and GCIs [21].

In contrast to neurofibrillary changes seen in AD
brains, the Alz-50 IR in the cytoplasm of neurons around



the ischemic focus is granular, without fibrillary structure
or argyrophilia [4, 22], as observed in pretangle neurons
of the hippocampus of AD brains [3]. Tau2-immunore-
active microglia/macrophages seen in inflammatory or
ischemic foci also failed to exhibit argyrophilic fibrillary
features, suggesting that possible conformational chan-
ges of the tau molecule involved in these conditions are
different from those of AD. Moreover, exposure to TX
abolished tau2 IR in these microglia/macrophages, as
observed around ischemic foci [28] and GCIs [21].
Because tau2 IR on NFTs of AD are more resistant to
TX exposure [28], relative sensitivity of tau2 IR to TX
shared among microglia/macrophages in ischemic foci,
inflammatory processes and in GClIs is another charac-
teristic feature of these tau2 deposits. Tau2 deposition is
not a primary event in these processes. Modification of
tau, with special reference to tau2 epitope, as we dem-
onstrated in ischemia, inflammation and GCls, is dis-
tinguishable from so-called “degenerative tauopathies™.
This distinction is based on a conformational change of
the tau? epitope that is reversible upon exposure to a
detergent, the absence of fibrils composed of phosphor-
ylated tau protein, and is characterized by the lack of
immunohistochemical labeling by anti-tau antibodies
other than tau2. We therefore propose the term
“tautwopathy™, to draw attention to these characteristics
that are distinct from “‘degenerative tauopathies”. If one
is not aware of this distinction, immunohistochemical
visualization of tau2 epitope could be confounded with
degenerative tanopathy [6, 10].

We do not yet know, however, the underlying
mechanisms that potentially differentiate these two dis-
tinct types of tau deposition. One possibility is that
tantwopathy represents an early phase of tau deposition
before fibril formation. The lack of fibrillary structure is
compatible with the relative sensitivity to TX. If
tautwopathy was a prelude to “degencrative tauopa-
thy”, tau deposition might precede phosphorylation.
Another interpretation is that modification of tau2 epi-
tope could be totally independent of tau phosphoryla-
tion seen in degenerative tauopathies. Preferential
involvement of glial cell in tautwopathy supports this
hypothesis. These two interpretations are, however, not
mutually exclusive and tautwopathic processes may oc-
cur during degenerative tauopathies. Even if tau
expression is a ubiquitous phenomenon irrespective of
the cell type, there are still differences in tau epitopes
visualized, and in the conformational states, that depend
on the cell type and the disease process [23, 25, 26]. In
addition, we do not know how these differences in tau
deposition are brought about. Modification of or dif-
ference in the tan molecule itself (for example phos-
phorylation or truncation) [20], its association of other
molecules [2, 7, 14, 19] or other environmental factors
are possible candidates to explain these differences.
Although tautwopathy is a secondary phenomenon,
awareness of it will improve the understanding of the
deposition of any kind tau, by providing another refer-
ence distinct from degenerative tauopathies.
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Abstract Possible differences in silver-staining profiles and their relation to tau-like
immunoreactivity were investigated on cortical sections from corticobasal degeneration
(CBD), progressive supranuclear palsy (PSP), Down's syndrome (DS} and Alzheimer’s
disease (AD). Pairs of mirror sections were double-fluorolabeled with an anti-PHF tau (AT8)
antibody and thiazin red (TR), a flucrochrome that labels fibrillary structures such as
neurofibrillary tangles (NFTs). Subsequently, one of the pair was stained with Gallyas
method (GAL), and the other with Campbell-Switzer method (CS). Identification of the same
structure on the corresponding microscopic fields enabled a comparison of four different
profiles of each structure: AT8 immunoreactivity, and affinity to TR, GAL and CS. NFTs of
DS/AD, containing three- and four-repeat tau, were positive for TR, GAL and CS. AT8-
immunoreactive structures of CBD/PSP, containing mainly four-repeat tau, were positive for
GAL, but negative for CS and TR. This discrepancy is explainable if the argyrophilia with
GAL is related to deposits containing four-repeat tau, while that with CS is linked to those
containing three-repeat tau. The lack of CS labeling may also be related to poor TR staining,
possibly representing scarcity of fibrillary structure in CBD/PSP. The absence of CS staining
is characteristic of tau-positive structures of CBD/PSP, which is readily distinguishable from
NFTs of DS/AD, hence is of potential pathological and diagnostic relevance.
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Introduction

Deposition of tau is a hallmark for degenerative tauopathies, currently classified according to
the difference in molecular species (three-repeat or four-repeat) of pathologically
phosphorylated tau [26]. In spite of this biochemical difference, it is still difficult to
differentiate them based on the immunostaining profiles of tau-positive deposits [5, 6, 10, 21,
37]. Another way to identify these deposits in tauopathies is silver staining. Early
observations on neurofibrillary tangles (NFTs) and senile plaques (SPs) were based on silver-
staining methods. They have been used for diagnosis of these tauopathies and Alzheimer 's
disease (AD), and are still being improved [/, 2, 7, 9, 13, 16, 17, 23, 35). Further
improvements of silver-staining methods [3, 4, 79, 27] have been claimed based on enhanced
sensitivity with less background and easier standardization of the procedure. The Gallyas
method (GAL) [13] and its modification [4] is one of the successful examples in clearly
visualizing tau- or synuclein-containing deposits. Up to now, various silver-staining methods
have been compared for their sensitivity in detecting AD-related deposits [8, 12,20, 24, 32,
33, 34, 36]. Among them, GAL was found to be very sensitive in detecting NFTs of AD [20,
24, 33). The Campbell-Switzer method (CS) is also similarly sensitive [7, 24]. In the present
study, we applied GAL and CS to brains diagnosed as corticobasal degeneration (CBD) or
progressive supranuclear palsy (PSP), and found a clear-cut discrepancy between GAL and
CS. Although little is known about how these argyrophilic properties are engendered [/,
18}, “argyrophilia” is now found dependent not only on the sensitivity of each staining
procedure but also on the disease process, and, therefore, is of potential importance in
differential diagnosis of tauopathies. Moreover, this difference in argyrophilic property may
possibly represent different architecture or molecular composition of the deposits.

Materials and methods

Five cases of PSP and three cases of CBD were enrolled in this study. Pathological diagnosis
of PSP and that of CBD were based on the published criteria [/, 135]. Additional cases of
Down'’s syndrome (DS) and of AD were used for positive control for GAL and CS.
Demographic data on these cases are shown in the Table 1. Coronal slices of cerebral
hemispheres were fixed in formalin and embedded in paraffin. Large hemispheric sections
were pretreated with potassium permanganate (0.3% for 10 min) followed by oxalic acid (1%
for 5 min) [27], then stained with the GAL [4), and cortical areas rich in GAL-positive
structures were sampled for subsequent studies. Neighboring sections from the cortical area
rich in GAL-positive structures were stained either with GAL or CS [7], and the
corresponding argyrophilic structures were compared. Mirror-section pairs (4 um thick) from
these areas were subjected to subsequent studies to identify possible relation between
argyrophilia and tau-like immunoreactivity. Pairs of mirror sections were first incubated at 4°
C for 2 days with an anti-PHF tau antibody (ATS, 1:10,000, Zwijndrecht, Belgium [22]) and
the target epitope was visualized with an anti-mouse IgG conjugated with Alexa 488 (1:500,
Molecular Probe, Eugene, OR). Sections were then incubated with thiazin red (TR, 1:30,000,
Wako, Tokyo, Japan) for 15 min. After being observed under a confocal microscope (Leica
TSC/SP, Heidelberg, Germany), one of the section pair was stained with GAL and the other
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with CS to compare argyrophilic properties of each AT8- or TR-positive structure.
Identification of the same microscopic field on the fluorescence images (AT8 and TR) and on
the corresponding silver-stained (GAL and CS) pair-wise images allowed us to compare
staining profiles of each structure based on four different properties; AT8 immunoreactivity,
affinity to TR, argyrophilia with GAL and that with CS.

Table 1 Demographic data of the cases (PSP progressive supranuclear palsy, CBD corticobasal
degeneration, DS Down’s syndrome, AD Alzheimer’s disease)

|Age at death |Durati0n|
Gender

(years) || (years)

PSP PSP ll64 G 1

[PSP PSP |67 |8 M |

[PSP PSP —le8 flo M|

[pSP |Psp 2 7 F |

PSP PSP 76 10

CBD [PSP 49 5

[cBD PSP [61 |

[CBD |lcBD 67 1

IDS DS ll65 ]

[aD JaD 70 ]

Pathological diagnosis|Cllinical diagnosis

Il
il

Bl

T

Results

On sections from DS/AD brains (Fig. 1), GAL visualized NFTs and neuropil threads (NTs)
(Fig. 1A, C). On the neighboring section, CS also visualized NTFs and NTs to an equivalent
extent (Fig. 1B, D). In addition, innumerable SPs were visualized with CS, while SPs stained
with GAL were limited to those with neuritic reactions. On sections from PSP (Fig. 2A, C)
and those from CBD, GAL-positive neurons (Fig. 2A, double arrowhead) and GAL-positive
glial structures (Fig. 2A, arrows) were abundant. In contrast, CS, performed on the
neighboring section (Fig. 2B,D), failed to visualize any of these GAL-positive structures.
Large spherical structures, stained with both GAL (Fig. 2A, arrow) and CS (Fig. 2B, arrow),
may be a neuritic plaque probably related to aging process, similar to AD. Plaque-like
structure, identified on GAL-stained sections from CBD (Fig. 3A, rectangle; C) and some
neurons (Fig. 3A, arrow) were not detectable on the neighboring section stained with CS
(Fig. 3B, D).
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Fig. 1 Tempora! cortex from an autopsied patient with DS. NFTs and neuropi! threads are
widespread to an equivalent extent in both GAL (A, C: higher magnification of rectangle in A) and CS-
stained sections (B, D: higher magpnification of rectangle in B). In addition, numerous senile plaques
are detectable on CS-stained sections. Asterisks indicate the same blood vessels identified on the
neighboring sections (DS Down’s syndrome, NFTs neurofibrillary tangles, GAL Gallyas staining, CS
Campbell-Switzer staining). Bars A, B100 pm; C, D 25 pm
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Fig. 2 Neocortex from a patient at autopsy with PSP. In GAL-stained sections (A, C: higher
magnification of rectangle in A) GAL-positive neuronal (double amrowhead in A) and glial (arrows in A)
components are numerous. In the same area on the neighboring section stained with CS (B),
argyrophilic structures are limited to a larger senile plaque (A, B, arrowhead) probably related to
aging process. Neither glial nor neuronal deposits, identified on GAL-stained sections, are detected
even after CS staining is prolonged to the extent that some normal axons can be detected (D).
Asterisks indicate the same blood vessels identified on neighboring sections (PSP progressive
supranuclear palsy). Bars A, B 100 ym; C, D 25 pm
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Fig. 3 Neocortex from & patient with CBD. In GAL-stained sections (A, C: higher magnification of
rectangle in A), astrocytic plaques (rectangle in A, C) and some neurons (arrow in A) are detectable.
Neither of these deposits are detected on the neighboring sections stained with CS (B, D: higher
magnification of rectangle in B). Asterisks indicate the same pial surface on neighboring sections
(CBD corticobasal degeneration). Bars A, B 100 pm; C, D 25 pm

This contrast was further confirmed on mirror-section pairs. Fluorolabeling of a mirror-
section pair from AD/DS brain with AT8 and TR visualized NFTs and NTs (Fig. 4a—d), that
were clearly stained with TR (red, Fig. 4c, d, asterisk) or both TR and ATS (yellow, Fig. 4c,
d, arrowhead), dependent of their evolutionary stage [29]. One of the section pair was
subsequently stained with GAL (Fig. 4A, C), and the other with CS (Fig. 4B, D). Each of the
GAL-positive structures was identifiable on the corresponding mirror section stained with
CS, and vice versa. Structures positive for CS and GAL were also positive for TR or for both
TR and ATS, (red or yellow, respectively, Fig. 4a—d). Another section pair from PSP brain,
initially fluorolabeled (Fig. 4e~h) and subsequently silver-stained either with GAL (Fig. 4E,
G) or CS (Fig. 4F, H), demonstrated that each of AT8-positive neurons (Fig. 4g, h, asterisk)
was stained with GAL (Fig. 4G, asterisk). CS visualized lipofuscin granules (Fig. 41,
arrowhead) but none of the AT8-positive neurons (Fig. 4H, asterisk). Separation of
fluorescence signals (AT8/green and TR/red) demonstrated that affinity to TR was evident
(Fig. 4, cTR) in AT8-positive neurons (Fig. 4, cAT8) from DS brain. In contrast, it was
absent or at most weak (Fig. 4, hTR) in AT8-positive neurons (Fig. 4, hATS) from PSP.
Astrocytic plaques from a CBD brain were immunoreactive to AT8 (Fig. 4i, j: green,
asterisk) and similarly stained with GAL (Fig, 41, asterisk) but not stained with CS (Fig. 4],
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asterisk).

Fig. 4 Mirror-section pairs initially fluorolabeled and subsequently silver-stained. A, a, b, B A mirror
section pair of the cortex from a DS patient. The same blood vessel is indicated at the top {asterisk).
C, ¢, d, D Higher magnification of rectangfes indicated in A, a, b and B, respectively. Initially double
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stained (a—d) with AT8 (green) and thiazin red (TR, red) and subsequently stained with GAL (A, C) or
CS (B, D). NFTs are stained with TR (red, asterisk, ¢, d) or with both TR and AT8 (yellow, arrowhead,
¢, d). Each of them are labeled with both GAL (A, C) or with CS (B, D). E, e, f, F A mirror-section pair
of the cortex from a PSP patient. The same blood vessel is indicated at the top (asterisk). G, g, h, H
Higher magnification of rectangles indicated in E, e, f, F, respectively. Each of AT8-positive neurons
(green, asterisk, g, h) is stained with GAL (G). CS labeled lipofuscin (arrowhead, H) but failed to labe!
any of these AT8-positive neurons (H, asterisk) in PSP. Separation of fluorescence signals from ¢
(Down’s syndrome) into AT8 (cAT8) and TR (cTR), or those from h (PSP) into AT8 (hAT8) and TR
(hTR). Affinity of AT8-reactive neurons to TR is evident on the section from Down’s syndrome (cTR).
Itis absent or at most weak on the section from PSP (hTR). I, 1, j, J A mirror-section pair of the cortex
from a CBD patient. A plaque-like structure, positive for AT8 (green, asterisk, I, J) is stained with GAL
(asterisk, 1) but not with CS (asterisk, J). Bars A, a, B, b, E, e, F, f 100 pm; C,c,d, D, G, g h H

30 pm; 1§, j, J 50 pm

Discussion

Various methods of silver staining have been introduced to identify pathological structures,
related to neurodegenerative processes, and some of them are currently in diagnostic use [/,
2,7,9,13,16,17, 23, 35]. In spite of their utility, little is known about how the argyrophilic
property is engendered [14, 18, 19, 25]. Moreover, it is open to question whether argyrophilic
properties in different staining methods represent similar processes or features in common, or
whether they are different dependent on staining methods [12, 30, 31 ]. In the present study,
we have shown that argyrophilic profiles of tau-positive structures differ according to
diseases. Each NFT of AD/DS was silver-stained with both GAL and CS. In contrast, tau-
positive neocortical neurons and glial components of CBD/PSP were similarly stained with
GAL but not with CS. The lack of CS labeling in tau-positive structures in CBD/PSP is in
agreement with our previous study that demonstrated a similar paucity of argyrophilia using
the Bodian method (BOD) in CBD, while NFTs of AD were, in contrast, stained with BOD
[28]. Because the number of tau-positive deposits visualized with BOD is smaller than that
with GAL [20)], it is possible that a lower sensitivity of BOD in detecting AD-related deposits
is exaggerated in detecting PSP/CBD deposits. CS was initially introduced to label AD-
related deposits, especially SPs [7]. In this study, comparison of mirror-section pairs stained
either with GAL or CS showed that each NFT was equally stained with GAL or CS (Fig. 4),
indicating that CS is as sensitive as GAL in detecting NFT. The complete lack of CS labeling
in PSP/CBD brains is, therefore, not due to difference in sensitivity between GAL and CS.
Procedures for CS and GAL are more easily standardized than other silver-stainting methods
[3, 41. This excludes the possibility that the complete lack of CS staining in CBD/PSP-related
deposits was due to a technical failure. Indeed, all these sections from different diseases were
processed simultaneously. Moreover, identification of SPs, probably related to the aging
process (Fig. 2), in sections from PSP brains confirmed successful CS staining. CS was
therefore found to be useful in distinguishing SPs that may occur on the background of robust
tau-related glial pathology in PSP/CBD.

In spite of this sharp contrast either exhibiting (GAL) or not exhibiting (CS) argyrophilia on
tau-positive deposits of CBD/PSP, the staining procedure for GAL f4] and that for CS [7] are
quite similar. Alkaline silver jodide is used after pretreatment with lanthanum nitrate for
GAL [4], while pyridine-silver is the initial step without pretreatment for CS. Because
subsequent steps to develop silver particle are essentially identical for GAL and CS, itis
likely that the difference in these silver reagents (alkaline silver iodide vs pyridine-silver) is
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one of the major factors responsible for this contrast. Its precise mechanism at the molecular
level, however, remains to be clarified. One of the current classifications of degenerative
tauopathies is based on the biochemical features of tau protein according to three- and four-
repeat tau isoforms. It is known that tau-positive deposits of AD/DS are composed of the
three- and four-repeat isoforms, while those of CBD/PSP are of predominantly four-repeat
isoform [26). Because positive GAL labeling is shared between AD/DS and CBD/PSP, GAL
may have an affinity to deposits containing four-repeat tau. Conversely, the lack of CS
staining in CBD/PSP is explainable if CS has an affinity to deposits containing three-repeat
tau. Indeed, this assumption is compatible because deposits containing both three- and four-
repeat isoforms, as in AD/DS, are stained with both CS and GAL. Comparison between
AD/DS and CBD/PSP clarified a clear distinction based on silver-staining profile. However,
we do not yet know whether this distinction is based directly on difference in tau isoforms or
related to more complex composition after tau deposition.

In addition to this complete lack of CS staining, tau-positive deposits in CBD/PSP are
characterized by the paucity of TR staining. This possibly represents a relative scarcity of
fibrillary composition or different fibrillary composition, as we demonstrated in our previous
study [30]. The lack of CS staining with abundant GAL staining in cortical neurons of
CBD/PSP may be related to this difference. It is then probable that more solid deposition of
tau, as seen in AD/DS, is a mixture of three- and four-repeat tau, recognized as NFTs [29]. In
contrast, deposition of four-repeat tau not accompanied by its three-repeat counterpart is
organized into different, probably less fibrillary, structures that escape detection with TR or
CS. Our previous study demonstrated that Pick bodies, consisting of predominantly three-
repeat isoform of tau, are preferentially stained with BOD but not with GAL [37]. This is the
reversal of preferential GAL staining seen in CBD/PSP, consisting of predominantly four-
repeat isoform of tau. Taken together, each method of silver staining has a preferential
affinity to different tau deposits. Although correlation of four-repeat tau deposits to GAL and
three-repeat tau deposits to BOD or CS seems consistent, it remains to be determined how
each staining method exhibits preferential affinity to corresponding tau deposits in isoform-
dependent fashion. Otherwise, this preferential affinity may be dependent on specific
deposits, formed in an isoform-dependent manner. Although molecular mechanism to explain
how specific argyrophilic properties are engendered still remains to be clarified, these
differences will provide with a unique viewpoint to easily recognize specific pathological
cascade probably distinct from each other. At present, it is worth being aware of this
distinction in search of potential pathological relevance and diagnostic value to be examined
in more detail in future studies.
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