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Table 1

Imuunolabeling pattern of 14-3-3 iseforms in four distinct inclusions
Pick body NFTs (AD) GCI and NCI
(Pick BD) [16] (MSA) [9]

14-3-3 proteins ++ ++ +

Sigma isoform +(D: +4) + SI

Zeta + ++ +

Beta + + +

Gamma + + +

Epsilon + + ¥

Eta + + NE

Tau + + NE

+: positive; ++: strongly positive; Pick BD: Pick body disease; AD:
Alzheimer's disease; MSA: multiple system atrophy; D: inclusions in gran-
ule cells in dentate gyrus; GCL: glial cytoplasmic inclusions; NCI: neuronal
cytoplasmic inclusions; SI: scarcely immunostained; NE: not examined.

Itisinteresting if different functions of 14-3-3 proteins are
related to difference in their isoforms, because cach isoform
has different functions under different conditions [6,16,17].
We then used a panel of antibodies specific for each isoform
of 14-3-3 proteins. Table 1 shows immunolabeling profile of
each isoform of four distinct inclusions. Zeta isoform is pref-
erentially accumulated in NFTs in AD brains while sigma
isoform is abundant in Pick bodies in dentate granule cells.
This difference suggests that 14-3-3 proteins and its isoforms
are differently expressed in different pathological conditions,
probably involved in different processes. It was unexpected
that Pick bodies are irnmunopositive for the sigma isoform,
because the expression of this isoform has been considered to
be limited to extraneuronal cells outside the nervous system
[3]. We were, however, successful in demonstrating in nor-
mal brain tissue a single band (Fig. 1 A) and neuronal labeling
(Fig. 2A, E and F) both immunoreactive for sigma isoform
and absorbed upon coincubation with the antigen peptide.
Preferential accumulation of 14-3-3 protein and its relation
to isoform is summarized as Table 1, Possible accumutation
of sigma isoform in pathological deposits such as Pick body
is in agreement with a previous observation by Kawamoto
et al. [9] that glial and neuronal cytoplasmic inclusions in
multiple system atrophy are scarcely positive for sigma
isoform. Further studies using isoform-specific antibodies is
necessary if isoform-specificity has pathological relevance
to deposit formation shared by these neurodencrative
conditions (Table 1). Growing body of evidence, however,
suggests that potential functions of this group of proteins are
too variable to be interpreted, at least at present, on unified
hypothesis to explain these degenerative processes.

Molecular, as well as topographical, dissection of 14-3-3
proteins and its isoforms in relation to normal and patholog-
ical functions and structures will provide us with improved
understanding of this molecule.
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In the last few years, cardiac sympathetic dysfunction in Parkinson disease (PD) has
been postulated on the basis of decreased cardiac uptake of sympathoneural imaging
tracers. However, the pathological substrate for the dysfunction remains to be estab-
lished. We examined the left ventricular anterior wall from postmortem specimens with
immunohistochemical staining for tyrosine hydroxylase (TH), neurofilament (NF) and
5-100 protein in PD patients and control subjects, and quantified the immunoreactive
areas. As TH-immunoreactive axons nearly disappeared and NF-immunoreactive axons
drastically decreased in number, the morphological degeneration of the cardiac sym-
pathetic nerves in PD was confirmed. Quantitative analysis showed that sympathetic
nerves were preferentially involved. Triple immunoflucrclabeling for NF, TH, and my-
elin basic protein showed clearly the profound involvement of sympathetic axoens in
PD. The extent of involvement of the cardiac sympathetic nerves seems likely to be
equivalent to that in the central nervous system, including the nigrostriatal dopami-
nergic system. PD affects the cardiac sympathetic nervous system profoundly as well as

nigrostriatal dopaminergic system.

INTRCDUCTION

Parkinson disease (PD) is not only a
disease of the nigrostriatal dopaminergic
system but also a disease of the autonomic
nervous system. Therefore, symptoms of
autonomic dysfunction such as constipa-
tion, orthostatic and postprandial hypoten-
sion, dyshidrosis and bladder dysfunction
occur commonly in PD (32).

Recent awareness of a decrease in car-
diac uptake of ['*I]meta-iodobenzylgua-
nidine (MIBG) on single photon emission
computed tomography (SPECT} or of 6-
[**F]flucrodopamine (GF-DA) on positron
emission tomography (PET} in PD pa-
tients is now atrracting increasing attention
because this decreased uptake is detecrable
before other autonomic disturbances are
evident (6, 24, 39). Morcover, this decrease
is of particular dlinical importance because
it is usually undetecrable in patients with
multiple system atrophy (MSA), progres-
sive supranuclear palsy (PSP) {39} or cor-
ticobasal degeneration (CBD) (23) and
could therefore be helpful in isolating PD

Brain Pathol 2005;15:29-34.

from among the various parkinsonian syn-
dromes.

The decreased cardiac uptake of these
sympathoneural radiotracers may repre-
sent dysfunction of the cardiac sympathetic
system in PD (6). Indeed, our recent im-
munohistochemical study demonstrated
a marked decrease in tyrosine hydroxylase
(TH)-immunoreactive+ axons in the epi-
cardium of the left ventricular anterior
wall in PD patients (22, 23). This patho-
logical finding was considered to represent
the involvement of the cardiac sympathetic
nerves in PD and presumably accounts for
the decreased cardiac uptake of the rracers.
However, it remains to be clarified whether
morphological depletion of the sympathetic
nerves and denervation occurs or whether
they are merely functionally involved, and
whether TH+ axons are selectively affected.

In this case-control study, we observed
neurofilament (NF}-immunoreactive axons
coupled with TH+ axons, and quantified
the frequency of TH+ axons relative to
NE+ axons. In addition, we investigated
their relation to myelin and Schwann cells.

Triple immunofluorolabeling for NF, TH
and myelin basic protein (MBP) demon-
strated clearly the profound involvement of
TH+ axons in PD patients.

MATERIALS AND METHODS

Subjects. Cardiac tissue samples obtained
at autopsy from four PD patientsand 5 con-
trol subjects were used in this study. Clinical
diagnosis of PD> was based on dopa-respon-
sive parkinsonian symptoms (tremor, mus-
cle rigidity, akinesia and postural instabil-
ity). The postmortem examination revealed
marked neuronal loss and numerous Lewy
bodies in the substantia nigra, locus ceru-
leus and dorsal vagal nucleus. Five control
subjects without parkinsonian symptoms
and signs, primary heart disease, diabetes
mellitus and peripheral neuropathy, were
enrolled. The postmortem examinations
confirmed the absence of Lewy bodies in
the central nervous system. There was no
statistical difference in age between the PD
patients and control subjects. (Table 1)

Immunobistochemical  staining. The
heart tissue was fixed in formalin at autopsy
within 48 hours after death. Specimens
were obtained from the left ventricular an-
terior wall and embedded in paraffin. The
left ventricular wall was considered prefer-
able for this study because PET or SPECT
studies in healthy subjects show uniformly
high radioactivity there. Four-micrometer
thick sections sliced axially were deparaf-
fAnized and stained with hematoxylin and
eosin (H&E).

We used the following primary anti-
bodies for immunohistochemical staining;
anti-NF  (SMI-31, mouse monoclonal,
1:10000 SMI, Baltimore, Md) as a marker
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Figure 1. Procedure for measuringimmunoreactiveareas. A.On an 8-bit gray scale (O:black-255:white) image, several areas with the mostintense immunoreactivity
were circled and the mean value of these areas was calibrated to 50 on the 8-hit gray scale, B. In the same way, the mean value of several unstained areas
was calibrated to 255. €. Based on these 2 calibration points, the entire image was transformed linearly into an 8-bit gray scale. D. On the transformed image,
immunostained axonal areas were arbitrarily selected and their average value (AV) and standard deviation value (SD) were calculated. E, The entire image was
then binarized with the threshold defined as the AV 4 SD. F. Areas with a pixel value below the threshold were judged immunoreactive areas. Extracted areas
were therefore considered reasonable as immunoreactive areas compared with the original digitalized image.

Age at Duration Hoehn and

Case death Gender | ofdisease Yahr stage Cause of death
{years)

PD1 70 Male 10 5 Bronchitis
FD2 82 Female 10 4 Colon cancer, ileus, sepsis
PD3 83 Female >3 5 Pneumonia
PD4 91 Female 15 4 Pneumaonia, chronic lymphocytic leukernia
Control 1 86 Fermale - Colon cancer
Controt 2 89 Male - - Esophageal cancer, pneumonia
Control 3 a1 Female - - Colon cancer, peritonitis
Control 4 93 Male - - Acute respiratory failure, tracheitis
Control 5 N Female - - Acute respiratory failure, emphysermna

Table 1. Characteristics of patients and control subjects,

for all axons, anti-TH (mouse monoclo-
nal, 1:3000 SIGMA, Saint Louis, Mo)
as a marker for catecholaminergic axons,
anti-8-100 prorein (mouse monoclonal,
1:1500 IBL, Gunma, Japan) as 2 marker for
Schwann cells and anti-MBP (rabbit poly-
clonal, 1:1000 IBL) as a marker for myelin,
An indirect immunofluorescence proce-
dure using the avidin-biotin technique
was employed. The deparaffinized sections
were treated in a microwave oven with ci-
trate buffer 3 times for 6 minutes, treated
with 1% hydrogen peroxide for 30 min-
utes and then incubated with the primary
antibody dilured with phosphate-buffered
saline containing 0.03% Triton-X100 and
the corresponding blocking serum. In order
to reduce background stain and achieve op-
timal signal 1o noise ratio, we usually take
2 days or longer at 4°C for primary anti-
body incubation with higher dilution. The

sections were then incubated for 2 hours
with the biotinylated secondary antibody
(anti-rabbit or anti-mouse, 1:1000, Vecror,
Burlingame, Calif), followed by avidin-
biotin-peroxidase complex (1:1000 ABC
Elite, Vecror). ‘The peroxidase labeling was
visualized with diaminobenzidine-nickel as
chromogen, and then the stained sections
were lightly stained with fast nuclear red
solution.

Quantification procedure. Relatively large
(diameter >50 pm) and round (maximum
diameter/minimum diameter <2} nerve
fascicles in the epicardium were all selected
to quantify the immunareactive areas. This
elimination of oval fascicles (maximum di-
ameter/minimum diameter 22) allowed us
to avoid quantifying tangentially oriented
axons. The selected fascicles were caprured
by a digital camera (D1, Nikon, Tokyo, Ja-
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pan} connected to a microscope (BX-50,
Olympus, Tokyo, Japan) with an objective
x40. The contour of the endoneurium was
traced on a digirizer coupled with a liquid
crystal display (PL-400, Wacom, Saitama,
Japan). On the digitalized 8-bit RGB im-
age of each endoneurium, the area of the
entire endoneurium (fascicle area), TH+
area and NF+ area were measured using a
standardized procedure on sofrware (Adobe
Photoshop 5.5 and NIH-image 1.62) as
shown in Figure 1. Firstly, each digitalized
image was transformed into an 8-bit gray
scale (O:black-255:white) as follows. Several
areas with the most intense imrnunoreac-
tivity were selected and the mean value of
these areas was calibrated to 50 on the 8-bit
gray scale. In the same way, the mean value
of several unstained areas was calibrated to
255. Based on these 2 calibration points, the
entire image was transformed linearly into
an 8-bit gray scale. This procedure enabled
us to minimize the difference of bright-
ness among the original digitalized images.
Based on this transformed image, the aver-
age value (AV) and standard deviation value
(SD) of stained axonal areas, which were
arbitrarily selected, were calculated, The
entire image was then binarized with the
threshold defined as AV+SD. Areas with a
pixel value below the threshold were judged
to be immunoreactive areas. Finally the ex-
tracted areas were considered reasonable as
immunoreactive areas comparcd with the
original digitalized image.




Quantified values from several nerve fas-
cicles from each subject were summed ro
yield the total fascicle area, toral TH+ area
and total NF+ area. The ratios of the roral
TH or NF+ area to the total fascicle area
(TH/fascicle of NF/fascicle), the ratio of
the total TH+ area to the total NF+ area
(TH/NF) and the difference berween the
total TH+ areas and the total NF+ areas
(NF-TH) were calculated for each subject.
Differences in these calculated values be-
tween the PD and control groups were ana-
lyzed with the Mann-Whitney U test,

Triple immunofluorolabeling. Deparaf-
finized sections from a patient and 2 con-
trol subject were treated in a microwave
oven with citrate buffer 3 times for 6 min-
utes, and then with 2% hydrogen peroxide
for 30 minutes. Firstly, they were incubated
with the anti-MBP antibody (diluted to
1:9000, which is detectable after catalyzed
reporter deposition amplification) at 4°C
for 2 days. They were incubated with anti-
rabbit IgG made from goat conjugated
to horseradish peroxidase (HRP, 1:1000;
Pierce, Rockford, Ill). The HRTP signal
was amplified with bictinylated tyramide
{1:1000; Perkin-Elmer, Boston, Mass) and
then visualized with Cy-5 conjugated to
streptavidin - (1:200;  Kirkegaard & Perry,
Gaithersberg, Md). Subsequently, sections
were incubated with a mixture of the anti-
NF mouse monoclonal antibody (1:1000)
and the and-TH rabbic polyclonal anti-
body (1:100) at 4°C for another 2 days in
the dark. These 2 antibodies were visualized
with a mixrure of anti-mouse IeG made
from sheep conjugated with rhodamine
(1:200, Jackson ImmunoResearch, West
Grove, Pa) and anti-rabbit IgG made from
goat conjugated with FITC (1:200, Vec-
tor), which could selectively visualize the
anti-TH antibody because of insufficient
sensitivity to the diluted anti-MBP anti-
body (20, 34).

RESULTS

HE and immunobistochemical staining
(Figure 2). H&E staining of the sections re-
vealed several nerve fascicles, mostly trans-
verse-sectional, in the epicardium. There
was no apparent difference in the number
and size of those nerve fascicles between the
control and PD groups.
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Figure 2. H&E and immunohistochemical staining. A. In the PD patient (PD 1), neurcfilament {NF)-
immunoreactive axons (Left) were sparse and tyrosine hydroxylase (TH)-immunoreactive axons (Right)
were nedrly absent. B. The control subject {control 4) showed numerous NF-immunoreactive axons
{Left) and TH-immunoreactive axons [Right). €. Representative nerve fascicle in each patient or control
subject (control 4) were shown. In all patients, NF-immunoreactive axons and TH-immunoreactive
axons drastically decreased in number whereas S-100 protein-immunoreactive structures were equally
preserved. A few miyelin basic protein (MBP)-immunoreactive structures were seen in the fascicles of the
epicardium and the number was smaller in patients than in control subjects. Scale bar=100 um.

ous, whereas MBP+ structures were com-
paratively sparse.

In the PD patients, NF+ axons were
sparse and TH+ axons were nearly absent.
A few MBP+ structures were seen, but the

In the control subjects, numerous NF+
axons were shown in the fascicle. Many
TH+ axons were also seen, although they
were smaller in number than NF+ axons,
S-100 protein+ structures were also numer-

Profound Cardiac Sympathetic Denervation Occurs in Parkinson Disease—Aminoetal 3%
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Figure 3. Results of quantification for

immunoreactive areas. Mann-Whitney U tests
were used for the statistical analysis between the
patient (PD} and control group(Control).

number was smaller than in the control
subjects. S-100 protein+ strucrures were
numerous and equally preserved compared
with those in the control subjects.

Quantitative analysis (Figure 3). In
the control subjects, the ratios of TH/NE,
which were in the range of 47% to 97%,
revealed that most of the axons in the nerve
fascicles in the epicardium were immuno-
reactive to TH. Both ratios of TH/fascicle
and NF/fascicle obviously and significantly
decreased in the PD group. The ratio of
TH/NF also significantly decreased in the
PD group. On the other hand, the differ-
ence of NF-TH showed a tendency to be
smaller in the PD group, although it did

not reach statistical significance,

Triple immunofluorolabeling (Figure 4).
In the control subject (Figure 4B), numer-
ous NF+ axons (red) were observed in nerve
fascicles and most were immunoreactive to
TH {green). MBP+ structures (blue) were
* sparse, and some surrounded TH+ axons
as well as TH- axons. In the PD patient
(Figure 4A), a fairly small number of NF+
axons and fewer MBP+ structures were rec-
ognized but TH+ axons were absent.

DISCUSSION

In the last few years, cardiac sympathetic
dysfunction in PD has been revealed by
the decreased cardiac uptake of sympatho-
neural tracers detected in SPECT or PET
studies. We recently reported a marked de-
crease in TH+ axons in PD patients based
on histological examination of the epicar-
dium ef the left ventricular anterior wall.
Furthermore, in this case-control study, we
expanded this observation by quantifying
TH+ axons and NF+ axons in a series of
patients with or without PD.

Figure 4. The nerve fascicles in the epicardial spaces immunofluorolabeled with anti-NF (red), anti-TH (green)
and anti-MBP (blue) antibodies. A. PD patient. B. Control subject, In PD (A), TH-immunoreactive nerve
fibers almost disappeared, and NF-immunoreactive nerve fibers and MBP-immunoreactive structure
were markedly decreased. In the control subject (B), most NF-immunoreactive nerve fibers were also
immunereactive to TH (yellow), and, some were surrounded by MBP-immunoreactive structures (arrow
in B). Scale bar=50 pum.

Immunohistochemical staining revealed
that the nerve fascicle in the epicardium
contains a large number of TH+ axons in
normal individuals. The high proportion of
TH/NF in quantitative analysis indicated
that TH+ axons occupy more than half of
all axons in each fascicle. This TH+ domi-
nant proportion is consistent with the pre-
viously reported ratio of catecholaminergic
axons to cholinergic axons in the ventricu-
lar myocardium (2, 11). TH is a rate-limit-
ing enzyme in catecholamine synthesis. The
presence of TH in an axon is considered to
indicarte that the axon is catecholaminergic,
and it has been used as 2 marker for locat-
ing presumptive sympathetic neural rissue
{(18). Recent studies demonstrated that TH
could be also present in non-sympatheric
tissue, such as the cranial parasympathetic
ganglia of rat (9) or human cardiac ganglia
(31}, while its funcrional relevance in re-
lation to the nature of the axons remains
speculative. The existence of TH, therefore,
is unable to prove conclusively by itself thac
the tissue is sympathetic. However, in the
myocardium, noradrenalin is the dominant
species among catecholamines (21, 28) and
its tissue concenrration is drastically reduced
after stellectomy in rats (14, 27) and guinea
pigs (7). This suggests that TH+ axons in
the epicardium of the left ventricle presum-
ably represent sympathetic axons, mainly
noradrenergic axons originating from the
cervico/thoracic sympathetic ganglia. The
disappearance of TH+ axons in wansplant-
ed human hearts (30, 37) also indicates that
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TH+ axons are extrinsic, and is compatible
with this interpretation.

‘The immunchistochemical staining for
NF and TH showed a drastic decrease of
NF+ axons and a more profound decrease
of TH+ axons in PD. This finding indicat-
ed not merely the loss of the catechelamine
synthesis enzyme, TH, but also the deple-
tion of the sympathetic axons themselves.
It means that the cardiac sympathetic
nerves are morphologically degenerated.
This offered new morphological evidence
for the involvement of the cardiac sympa-
thetic nerves in addition to the functional
evidence that had been shown by PET or
SPECT studies,

The near complete disappearance of
TH+ axons and significant decrease in TH/
NF in the PD group show that the sym-
patheric nerves were profoundly and pref-
erentially involved in PD patients. On the
other hand, NF-TH, that represents TH-
axons, tended to be less frequent in PD,
although the difference was not staristically
significant, It is therefore possible that TH-
axons are not invelved. The PD relared-
depletion of TH- axons, if present, could
have been overlooked because of the small
number of TH- axons, leaving the possibil-
ity that the non-catecholaminergic axon is
also involved in PD. Although the origin
and nature of these non-catecholaminergic
axons remain speculative, they may be from
intrinsic neurons where Lewy bodies were
previously found (10, 36).

According to PET or SPECT study, the

extent of involvement in PD seems to vary




in the sympathetic nervous system. De-
creased uptake of the tracers, 6F-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
o be differences among the parts of the
heart. The PET study revealed that 6GF-DA
radioactivity was more severely decreased
in the left ventricular free-wall than in the
interventricular septum or the right myo-
cardium (6, 12). Thus, the left ventricular
anterior wall was expected to be one of
the parts where the sympathetic nerve was
most severely affected. We investigated this
patt 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 caudate
nucleus, 5.3% in the putamen and 16%
in substantia nigra compared with the con-
trol (17). TH activity decreased to 9.2%
t0 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 ventricular 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 conrtain 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 sympathertic 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 with carechol-
amines (1, 38),

In additon, 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 uncertain and
doubtful whether they are catecholaminer-
gic. Neurotransmirters in the sympathetic
afferent netves 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 netves 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 abnormalities. Be-
cause physiological functions of these sym-
pathetic fibers in the myocardium are not
well characterized, it is hard to predict the
outcome after their depletion. Although di-
minished heart rate variability spectral mea-
sures of the variabilicy 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 cardiac uptake of MIBG
showed normal left ventricular function by
ultrasound cardiography and most of them
did not show serious arthythmias 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 Mobirz 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 to
clinically detectable manifestations. This is

in agreement with the observation that 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 atrention to cardiac
functions in PD patients and give clues
to identify more subtle changes of cardiac
functions so far not detectable but possibly
linked to this sympatheric denervation.

This study demonstrated pathologically
profound involvement 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 elucidating 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 tau? epitope can be induced even in the absence
phosphorylation of tau, as we first demonstrated in
ischemic foci and in glial cytoplasmic inclusions (GCls)
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 immunodeficicncy 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 GCls. 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 tan 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
hallmarks for a variety of neurodegenerative 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 homan 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-
brillary 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% H-0; 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; ATS [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; ot Alz-50, 1:200, a generous gift from Prof. P.
Davies [30]) using the avidin-biotin-peroxidase complex
{ABC) method with diaminobenzidine and nickel
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] | ug/ml) or with the same con-
centration (1 pg/ml) of Fc fragment of human IgG
(Athens Resecarch & Technol Inc, Athens, GA) was
performed in parallel. Omission of the primary antibody
served as negative control to sec whether secondary
antibodies (biotinylated anti-mouse IgG or biotinylated
anti-human IgG, Vector) yielded nonspecific labeling
mediated, for example, throngh Fc receptors possibly
present on microglial cells. The influence of detergent on
tau2 IR was 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-
clenal, 1:1,000, DAKO, Glostrup, Denmark) or anti-
ghial fibrillary acidic protein (GFAP; rabbit polyclonal,

1:10,000, DAKO) antibody. 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 tau2) 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 HRP (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.

Results

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).
Tauw2 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 arca as Fig. 2A). Co-
incubation of the Fe fragment of human IgG with tau?2
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
tau2 IR (data not shown). Finally, direct probing of the
section e¢ither 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
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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, I) [PML
progressive multifocal leukoencephalopathy, MS multiple sclerosis,
HIV human immunodeficiency virus, /R immunoreactivity, TX
Triton X-100 (polyoxylethyleneglycol-p-isooctylpheny! ether)]. Bar

50 pm

immunohistochemistry 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 immunohistochemical 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 GCTs of MSA [21]. Tt 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 tau2 with a synthetic peptide mimicking tau2 epitope abolishes
the IR (the same area of the same c¢ase as A). € 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 (violer) 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 (brown) counter-
stained lightly with hematoxylin in the white matter of the brain
with PML. Numerous phagosomes of macrophagss 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

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, kowever, 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). Immunohistochemical 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 immunochisto-
chemical visualization on formalin-fixed tissue. Indeed,
this was proved to be the case in our previous studies on
ischemia [28] and GClIs [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 GClIs [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 GCls 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 GClIs, is dis-
tinguishable from so-called *‘degenerative tauopathies”.
This distinction is based on a conformational change of
the tau2 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 tavopathies”. If one
18 not aware of this distinction, immunohistochemical
visnalization of tau2 epitope could be confounded with
degenerative tauopathy [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
tautwopathy 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 seem 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 tauopathics. Even if tau
expression is a ubjquitous phenomenon irrespective of
the cell type, there are still differences in tau epitopes
visunalized, 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 tau 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 tanopathies.
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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 fluorochrome 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 [1, 2, 7, 9, 13, 16, 17, 23, 35]. Further
improvements of silver-staining methods {3, 4, 19, 27] have been claimed based on enhanced
sensitivity with less background and easier standardization of the procedure. The Gallyas
method (GAL) [73] 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 [/4,
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 [77, /5]. 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 pm 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 (AT8, 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)

Pathological diagnosis||Cllinical diagnosis [Age at death|Duration) .
(years) || (years)

IPSP PSP 64 I8 [F

[PsP PSP 67 8 M

[PSP PSP [68 10 M ]
[psp _|ipsp 2 7 F_ ]
[psp [Psp |76 10 M ]
CBD PSP 149 |I5 M

CBD PSP 61 Y
[cBD CBD [7 |

IDS DS

67
s s
lAD AD 70 |

1

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).

http://www.springerlink.com/media/E3D054FUYNCTXWANSH2M/Contributions/F... 2005/03/25



10.1007/s00401-004-0947-7 4/13 R—

T

T T

Ca——
L

T

g T

e

L

P

Fig. 1 Temporal cortex from an autopsied patient with DS. NFTs and neuropil 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 magnification of rectangle in B). In addition, numerous senile plagues
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, B160 ym; C, D 25 ym
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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 arrowhead 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 ym
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Fig. 3 Neocortex from a 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 um; 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. 4H,
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, hAT8) from PSP.
Astrocytic plaques from a CBD brain were immunoreactive to AT8 (Fig. 4i, j: green,
asterisk) and similarly stained with GAL (Fig. 4, asterisk) but not stained with CS (Fig. 47,
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asterisk).

Fig. 4 Mirror-section pairs initially fluorclabeled 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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