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Corticobasal degeneration (CBD) is a neurode-
generative disorder associated with extensive
cytoskeletal abnormalities. These include tau-
positive neuropil threads and grains, ballooned
or swollen neurons, neurofibrillary tangles, and
glialinclusions. Giventhe presence of tau-positive
structures in CBD, we investigated whetber ab-
normalities in tau proteins associated with CBD
were similar to those in Alzbeimer’s disease (AD).
Fractions of abnormal tau proteins were isolated
as Sarkosyl-insoluble pellets. By electron micro-
scopic examination, the fraction from CBD con-
tained twisted filaments that differed from paired
belical filaments of AD. In CBD, filaments were
shorter in length, rarely longer than 400 nm, 10 to
20% wider in the maximum and minimum widths
(26 to 28 nm and 13 to 14 nm, respectively), and
the periodic twist (169 to 202 nm) was twice as
long as that in AD. Immunogold labeling with a
panel of tau-reactive antibodies (Alz 50, Tau 14,
AH-1, E-11, PHF-1, and Tau 46) showed no ap-
parent differences in the pattern of tau immuno-
reactivity between filaments of CBD and AD. West-
ern blots revealed that polypeptides of abnormal
tau were present in botb fractions; bowever, only
two polypeptides (68 and 64 kd) were present in
CBD as compared with three (68, 64, and 60 kd)
in AD. Both of these polypeptides were reactive
with additional antibodies (E-9, Tau-1 after de-
pbospborylation, ATS8, and NP8). Only one
polypeptide (68 kd) bound an antibody to adult-
specific tau sequence encoded by exon 2, but nei-
ther was reactive with antibodies to aduli-
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specific sequences encoded by exons 3 and 10. The
results suggest that abnormalities in the number
and beterogeneity of isoforms of tau may be one
of the factors contributing to ultrastructural dif-
Sferences in patbological filaments of CBD and
AD. (Am J Pathol 1994, 145:1496-1508)

Corticobasal degeneration (CBD) is an uncommon,
late-onset neurodegenerative disorder.  Clinical
symptoms are associated with cognitive (apraxia and
aphasia) and extrapyramidal motor dysfunction (ri-
gidity and dystonia), and moderate dementia.'-3 Al-
though original neuropathological studies empha-
sized achromatic or neurofilament-positive ballooned
neurons* in the cortex and nuclei of the extrapyra-
midal system, recent immunocytochemical studies of
CBD have demonstrated more extensive cytoskeletal
alterations, including tau-positive neuropil threads in
the white matter, tau-positive grains in the gray matter,
tau-positive glial inclusions (so called coiled bod-
ies®), and occasional neurofibrillary tangles.¢.7 The
accumulation of tau-reactive lesions suggests a simi-
larity to Alzheimer’s disease (AD) or progressive su-
pranuclear palsy (PSP)8° even though these disor-
ders are histopathologically and clinically distinct.
One major difference between AD and CBD is the
absence of senile (amyloid) plagues in CBD.25

It is well established that in AD neurofibrillary
tangles, neuropil threads, and some of the abnormal
neurites in senile plaques are composed primarily of
paired helical filaments (PHF).'°:'" A main compo-
nent of PHF has been characterized as hyperphos-
phorylated tau proteins and designated PHF-tau or
AB8.12-"8 Although ultrastructural studies of lesions in
CBD and related conditions suggest that the neuronal
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and glial inclusions contain filaments distinct from
PHF, their biochemical composition and characteriza-
tion is unknown. In particular, it is unknown whether
filaments that accumulate in CBD are composed of
hyperphosphorylated tau proteins similar to PHF-tau
from AD.

Tau proteins belong to the family of microtubule-
associated proteins, and they play an important role
in microtubule assembly/disassembly and stabil-
ity.'7:1® There are multiple isoforms of tau; in adult
human brain five to six different polypeptides of 65 to
50 kd can be distinguished by polyacrylamide SDS-
gel electrophoresis.'®-2" The heterogeneity of tau is
partially due to alternative splicing of the tau gene??
located on chromosome 17.23 Furthermore, expres-
sion of sequences encoded by exons 2, 3, and 10 is
known to be developmentally regulated.2425 Addi-
tional microheterogeneity of tau is due to post-
translational modifications such as phosphoryla-
tion.26-27 There are at least two major differences
between tau and PHF-tau of AD. By polyacrylamide
SDS-gel electrophoresis, PHF-tau contain three major
polypeptides of 68, 64, and 60 kd and the phosphate
content of PHF-tau (6 to 8 mol phosphate/mol protein)
is three to four times more than normal tau.?8-2° The
role of these differences in formation of abnormal fila-
ments is unclear inasmuch as PHF-like structures can
be polymerized in vitro from bacterially expressed
nonphosphorylated isovariant of normal human tau.3°

Abnormal, tau-immunoreactive filaments have
been demonstrated in other neurodegenerative dis-
orders including Pick’s disease and PSP. Ultrastruc-
turally, they differ from classic PHF, which are de-
scribed as helically twisted ribbons of 20-nm
maximum and 10-nm minimum widths, with a periodic
twist of 80 nm.'%:1:31 |n Pick’s disease, two kinds of
filaments have been described: 10- to 15-nm straight
filaments and 24-nm-wide long period PHF-like fila-
ments, twisted every 130 to 160 nm.32:33 |n PSP, fila-
ments are predominantly 15- to 18-nm straight fila-
ments.8343%5 As in AD, abnormal tau proteins have
been detected in PSP by Western blotting. Unlike
PHF-tau in AD, however, the abnormal tau proteins in
PSP were composed of two polypeptides of 69 and 64
kd, and the PHF-tau polypeptide with the lowest mo-
lecular weight was absent.36

It is unclear whether the structural diversity of fila-
ments in neurodegenerative diseases is related to the
composition of PHF-tau proteins. In the present pa-
per, using ultrastructural, morphological, and bio-
chemical methodologies, we investigated whether
abnormalities of tau proteins associated with CBD are
similar to those observed in AD.
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Materials and Methods

Tissues

Brain tissue from two patients with CBD (case 1: 71-
year-old woman, 6-hour postmortem delay; and case
2: 74-year-old woman, 24-hour postmortem delay)
and a patient with AD (88-year-old woman, 8-hour
postmortem delay) were examined histopathologi-
cally at the time of autopsy and kept frozen at =70 C
until used. The diagnosis of CBD was based on
pathological findings of neuronal loss in cortex and
substantia nigra and ballooned neurons in cortex,
basal ganglia, and brainstem as well as presence of
characteristic tau-positive neuronal and glial le-
sions®7 (see below). The diagnosis of AD was based
on the modified, age-adjusted quantitative criteria of
Khachaturian®” in which neocortical neurofibrillary
tangles were required in all ages.

Isolation of PHF

PHF-enriched fractions were obtained from frontal
lobe white and gray matter as Sarcosyl-insoluble
100,000 X g pellets.2® The Sarcosyl-insoluble pellets
from 10 grams of brain tissue were suspended in 0.5
to 1 ml of 50 mmol/L 2-(N-morpholino)ethanesulfonic
acid buffer, pH 6.8, and these fractions were used in
most experiments. In other experiments, PHF-
enriched fractions were further purified on sucrose
density gradients according to previously described
procedures® and fraction A2, which sedimented in
the 1-mol/L sucrose layer, was collected.

Electron Microscopy (EM) and
Immunogold EM

Samples (25 to 50 pl) were deposited on copper grids
(200 mesh), precoated with Formvar and carbon (E.
Fullam, Latham, NY), and stained with 2% uranyl ac-
etate before or after labeling with 10-nm immuno-
gold.3®

SDS-Gel Electrophoresis and
Western Blots

Samples were subjected to electrophoresis on 10%
polyacrylamide SDS-gels according to Laemmli®
and transferred to nitrocellulose paper.*" Electroblots
were incubated with 5% fat-free milk in 10 mmol/L
Tris/HCI, pH 7.4, containing 150 mmol/L NaCl before
incubation with primary antibodies. Secondary anti-
bodies were conjugated to biotin (ABC VectaStain;
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Vector Laboratories, Burlingame, CA). Diaminoben-
zidine and hydrogen peroxide were used as peroxi-
dase substrates. Some electroblots were preincu-
bated with alkaline phosphatase (Escherichia coli, 10
IU/ml; Sigma Chemical Co., St. Louis, MO) before im-
munostaining, as previously described.?®

Antibodies

Monoclonal antibodies and antisera that recognize
distinct regions of the tau molecule (Figure 1) in-
cluded Alz 50,4243 NP8 and NP18,44.45 PHF-1,2146
Tau-147 (provided by Lester Binder), Tau 14 and Tau
4647 (provided by Virginia Lee University of Pennsyl-
vania, Philadelphia, PA), antiserum AH-122 from Ge-
nentech (San Francisco, CA), and AT848 from Inno-
genetics (Ghent, Belgium). A monoclonal antibody
ADb39, raised to Alzheimer neurofibrillary tangles, rec-
ognizes a conformational epitope unique to PHF and
straight filaments in PSP“® and does not bind to PHF-
tau on Western blots.5° Antisera E-2, E-3, E-9,51:52
and E-1138 were raised to synthetic peptides corre-
sponding to tau sequences encoded by exons 2, 3,
9, and 11, respectively. Antiserum E-10 was raised in
rabbits (Immunodynamics, La Jolla, CA) to a 15-mer
synthetic peptide of tau according to the procedure
described earlier.3® For Western blotting, antibodies
were diluted 1:1 (Alz 50), 1:5 (Tau 14), 1:10 (Tau-1,
E-10, and E-11), 1:50 (E-3), 1:100 (NP-8 and E-2),
1:200 (PHF-1, AT8, AH-1, and E-9), and 1:2000 (Tau
46). For immunogold EM, antibodies were diluted 5-
to 10-fold more than for Western blotting. Amyloid was
detected with a rabbit polyclonal antiserum to [beta]-
amyloid synthetic peptide which has been charac-
terized previously.®3 Oligodendroglia were detected
with Leu7, a monoclonal antibody commercially avail-
able from Becton Dickinson (Mountain View, CA).

Histochemistry and Immunocytochemistry

Brain tissue obtained at the time of autopsy was im-
mersion fixed for 12 to 16 hours in 4% paraformal-
dehyde, stored in 30% sucrose, and subsequently
sectioned with a vibratome at a thickness of 50 p. For
immunostaining, sections were preincubated with
0.3% peroxide to block endogenous peroxidase and
5% nonfat milk to block nonspecific antibody binding
and then incubated with primary and secondary an-
tibodies as described before.5° Primary monoclonal
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Figure 1. Schematic diagram of the longest isoform of tau with 441
amino acid residues>® and location of epitopes for antibodies used
in the present study. Asterisks denote antibodies to epitopes that are
phosphorylated in AD. The microtubule-binding domain of tau bas
Jfour repeats, each containing a variable (white rectangle) and a
constant (black rectangle) region. Exons encoding different regions
of tau are numbered 1 to 13 and regions that are adult specific are
marked (arrows).

antibodies (NP 18, Ab39, and Alz 50) were diluted 1:5
or 1:10 (Leu7), the antibody to [beta]-amyloid was
diluted 1:250 to 1:400. Antibody binding was de-
tected with peroxidase-conjugated, isotype-specific
secondary antibodies. Paraffin sections (7 p thick)
were stained with hematoxylin and eosin (H&E), Luxol
fast blue stain for myelin, and Bodian'’s silver stain for
neurofilaments.

Results
Neuropathology

H&E-stained sections of cortex, including the parietal
cortex, of both CBD cases revealed ballooned achro-
matic neurons that are one of the hallmarks of the
disease (not shown). Other characteristic features
such as neuronal loss, gliosis, and neurons with basal
bodies were also detected in the substantia nigra
(Figure 2A). The ballooned neurons were positive with
antibody NP18 for phosphorylated neurofilament.*€
A characteristic type of neuritic plague, composed of
clusters of grain-like neurites,® was present in the cor-
tex of CBD. The neurites in CBD could be immunos-
tained with a PHF-specific antibody, Ab39 (Figure
2B). Neuritic changes in the cortex were also stained
with Alz 50 (Figure 2C), suggesting their relationship
to abnormal tau. In contrast to AD, however, immuno-
staining with an antibody to [beta]-amyloid was com-
pletely negative in the cortex (Figure 2D). In the CBD
cases, white matter changes were more pronounced
than in most cases of AD. In the white matter, Luxol
fast blue staining revealed depletion of myelinated
fibers that was also detected with Bodian's stain (not

Figure 2. Neuropathological changes in neurons and the white matter from CBD. A: Neuronal loss, gliosis, and swollen neurons (basal bodies,
arrow), one of the ballmarks of CBD, in the substantia nigra (HSE stain). B: Cluster of neurites in the cortex immunostained with Ab39. C: Neu-

ritic changes in the cortex immunostained with Alz 50. D: In the cortex, »

immuno ing with an antibody to [betaj-amyloid. In the white

matter, abnormal profiles in processes and glia (arrow) detected with antibody Ab39 (E) and Alz 50 (F).
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Figure 3. Electron micrographs of filaments isolated from brain from CBD (A and B) or AD (C and D) and stained with uranyl acetate. A and C:
white matter; B and D: gray matter. In CBD, filaments were dispersed and short in length, rarely longer than two twists, with a periodic twist every
169 to 202 nm (arrows). Filaments were more numerous in white than gray matter and aggregates were not observed. In AD, PHF were longer,
four twists or more, with a periodic twist every 85 to 93 nm (arrowbeads), and they were more numerous in gray than white matter. A variable
number of bundles and aggregates of filaments was detected (not shown3®). Scale bars correspond to 100 nm.

shown). In addition, abnormal argyrophilic inclusions
in glia that were demonstrated with Bodian’s stain
were also positive with Ab39 and Alz 50 (Figure 2E,
F, respectively). The white matter inclusions stained
with tau and PHF markers were double stained with
Leu?, a marker for oligodendroglia (unpublished ob-
servation).

Ultrastructure of PHF

In both cases of CBD studied, Sarcosyl-insoluble pel-
lets of frontal lobe white and gray matter contained
abnormal, twisted filaments with some similarities to
PHF of AD (Figure 3). Although some of the appear-
ance could be due to the effects of isolation proce-
dure, the filaments were usually short, rarely longer
than two twists, and less aggregated than filaments
from AD.38 Ultrastructural examination of unfixed
preparations revealed differences from PHF of AD.
Whereas PHF in AD had maximum and minimum
widths of 22 to 24 nm and 11 to 12 nm, respectively,
and periodic twists every 85 to 93 nm, filaments in
CBD had the maximum and minimum widths of 26 to
28 nm and 13 to 14 nm, respectively, and their peri-

odic twist was 169 to 202 nm apart (Table 1). Thus,
filaments in CBD were wider by 10-20% and their pe-
riodic twists were twice as long. In both disorders,
filaments tended to be wider by 5-10% in white matter
than in gray matter, although the difference in width
was not statistically significant (Student’s t-test).

Immunogold Labeling

In CBD, filaments from both white and gray matter
were immunolabeled with anti-tau antibodies that rec-
ognize N-terminal epitopes of tau (Alz 50 and Tau 14),
microtubule binding domain (E-11 and AH-1), and ei-
ther phosphorylated (PHF-1) or nonphosphorylated
(Tau 46) C-terminal epitopes of tau (Figures 4 and 5).
The intensity and pattern of immunogold decoration
were similar in filaments from both diseases regard-
less of whether they were obtained from gray or white
matter. The similarity was evident in both the marked
labeling with antibodies to N- or C-terminal epitopes
and in less intense and polar labeling with antibodies
to the microtubule-binding domain. The polar pattern
of labeling has been observed previously in PHF of
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Table 1. Comparison of Physical Dimensions of PHF from CBD and AD

Dimensions (nm)*

Source of PHF Maximum Width Minimum Width Periodic Twist
CBD
White matter 28 + 41 (37) 14 = 3t (49) 202 + 42% (17)
Gray matter 26 + 3% (11) 13 = 2t (16) 169 + 8+ (3)
D
White matter 24 * 4 (13) 12 £ 2(14) 85+ 7(6)
Gray matter 22 + 3(30) 11 £ 2(835) 93 + 12 (25)
* Values are means * SD for the number of measurements in the parentheses. Note that in CBD, periodic twist of filaments is twice as long
as that in AD.
P <0.01.

* P < 0.001 as compared with respective values in AD (Student's t-test).

3

Figure 4. Immunogold EM of filaments from CBD (A and C) and AD (B and D) with antibodies to N-terminal tau epitopes, Alz 50 (in A and B)
and Tau 14 (in C and D). In both disorders, a beavy immunodecoration was detected along the entire length of filaments. Scale bars correspond

to 100 nm.

AD.38 This pattern has been attributed to the limited
access of the microtubule-binding domain to anti-
body binding in nonaggregated and nondigested fila-
ments. As tested with various dilutions, the distinct
pattern and low intensity of labeling of filaments were
not due to the antibodly titer.

Western Blotting: CBD

Western blotting of filament-enriched fractions from
CBD white and gray matter revealed the presence of
abnormal tau-immunoreactive proteins. In contrast to

PHF-tau of AD, however, only two polypeptides of 68
and 64 kd were consistently detected (Figure 6A, B).
The third polypeptide of 60 kd, usually present in AD
samples, could not be demonstrated with most of the
antibodies. With antibody Tau 46, however, a weakly
reactive band of 60 kd was noticed in some prepa-
rations, suggesting that the third polypeptide of ab-
normal tau may be present in trace quantities. Alter-
natively, the Tau 46-reactive 60-kd polypeptide could
represent a degradation product of 68- or 64-kd
polypeptides. As detected with a panel of well char-
acterized, tau-reactive antibodies, both 68- and
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Figure 5. immunogold EM of filaments from CBD (A, C, E, and G) and AD (B, D, F, and H) with antibodies to microtubule-binding domain,

AH-1 (A and B) and E-11 (C and D), and C-terminal tau epitopes, PHF-1 (E and F) and Tau 46 (G and H). Immunodecoration with AH-1 and
E-11 was sparce, mostly at the ends of filaments (arrows in A to D). Heavy immunodecoration with PHF-1 and Tau 46 was found along the entire

length of filaments. Scale bars correspond to 100 nm.

64-kd polypeptides contained multiple epitopes from
N- and C-termini of tau and the microtubule-binding
domain. The common epitopes included nonphos-
phorylated (Alz 50 and Tau 46) as well as phospho-
rylated (AT8, PHF-1, and NP8) epitopes and epitopes
blocked by phosphorylation (Tau-1). Both polypep-
tides also contained the E-9 epitope, which has re-

cently been reported to be phosphorylated in some
PHF-tau from AD.52 Two epitopes, E-3 and E-10,
could not be detected in either polypeptide. Another
epitope, E-2, was demonstrated only in the 68-kd
polypeptide. The binding of the E-2 antibody to the
68-kd polypeptide was marginally improved after
phosphatase treatment suggesting a partial phos-
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Figure 6. Immunoblots of filament-enriched fraction from white
matter (A) or gray matter (B) of CBD and white matter of AD (C)
with a panel of tau antibodies. Asterisk (*) denotes blots treated with
alkaline phosphatase. In both fractions from CBD (A and B), two
polypeptides of 68 and 64 kd (arrows) were detected with most anti-
bodies, one polypeptide (68 kd) was immunoreactive with E-2, but
none with E-3. By comparison, in white matter from AD (C) three
polypeptides of PHF-tau (68, 64, and GO kd, arrows) were detected
with most antibodies, two polypeptides (68 and 64 kd) were recog-
nized by E-2 and only one polypeptide (68 kd, arrowbead) was rec-
ognized by E-3. The staining of polypeptides migrating at 120 kd and
70 to 75 kd in all blots (marked with dots in lane Alz 50) and the
58-kd polypeptide in a blot with E-3 (marked with a dot in C) are
considered nonspecific. Amount of protein used for immunoblotting:
(A), 23 ug, (B), 50 ug, and (C) 20 ug per lane.
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phorylation of this polypeptide in CBD as in AD.5' The
overall results of immunoblotting suggested that the
abnormal polypeptides closely resembled PHF-tau
from AD.

The CBD fractions contained a polypeptide of 120
kd and a doublet at 70 to 75 kd, which were detected
with all antibodies with the avidin-biotin system (see
Materials and Methods). The staining of these
polypeptides was considered nonspecific because it
was observed after the omission of the primary anti-
bodies. Most likely, the staining was due to the bind-
ing of the secondary antibody (avidin-peroxidase) to
those proteins that contain the covalently bound bi-
otin, eg, carboxylases.?*

In CBD, more immunoreactive PHF-tau polypep-
tides per gram tissue was detected in the white matter
than in the gray matter fractions. This was demon-
strated by the fact that the PHF-tau immunoreactivity,
observed in samples of white matter equivalent to 20
mg of tissue (23 pg protein/lane), was similar to that
seen in samples of gray matter equivalent to 40 mg
of tissue (50 pg protein/lane Figure 6A, B). The results
of immunoblotting together with neuropathological
findings indicate that abnormalities in tau proteins in
CBD are present in both white and gray matter. The
results suggest also that tau abnormalities are pos-
sibly more pronounced in white matter than gray mat-
ter.

Western Blotting: AD

For comparisons with CBD, PHF-enriched fractions
were prepared from white and gray matter of AD
brain. In both fractions, three PHF-tau polypeptides of
68, 64, and 60 kd were detected as illustrated for
white matter (Figure 6C). The immunoreactivity of
PHF-tau polypeptides with tau-reactive antibodies
was similar to that reported elsewhere.6:19:42.51.55 |
summary (Table 2), all three polypeptides were im-
munoreactive with antibodies to nonphosphorylated
(Alz 50 and Tau 46) and phosphorylated (AT8, PHF-1,
and NP8) epitopes. They were also immunoreactive
with antibody E-9, which has recently been reported
to recognize an epitope phosphorylated in less than
50% of the PHF-tau.52 As previously demonstrated,
the Tau-1 epitope was blocked by phosphorylation
but could be detected after phosphatase treatment
(Figure 6C, Tau-1*). From the triplet PHF-tau, only two
polypeptides of 68 and 64 kd were immunoreactive
with E-2 and E-10 (Figures 6C and 7, respectively).
The immunoreactivity of these polypeptides with E-2
improved after phosphatase treatment indicating that
the epitope was phosphorylated in some of the PHF-
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Table 2. Summary of Immunoreactivities of Individual Polypeptides of Abnormal Tau in CBD and AD

CBD AD
Antibody Epitope 68 kd 64 kd 68 kd 64 kd 60 kd
Alz 50 2-10 +* + + + +
E-2f 44-55 + 0 + + 0
E-3 75-86 0 0 + 0 0
Tau-1t 192-199 + + + + +
AT8* 202 + + + + +
E-9f 226-240 + + + + +
E-10 274-283 0 0 + + 0
PHF-1# 389-402 + + + + +
NP8* 235/3967 + + + + +
Tau 46 404-441 + + + + +

* Presence (+) or absence (0) of epitopes was based on Western blotting (Figures 6 and 7). Antibodies that were used only for immuno-
cytochemistry or in EM immunogold studies are not listed. Positions of the epitopes are referred to the longest variant of human tau of 441

amino acid residues.5¢

t Antibodies to epitopes that are phosphorylated in all or some of abnormal tau polypeptides in CBD or AD.

* Antibodies to phosphorylated epitopes.
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Figure 7. Immunoblots of filament-enriched fractions from wbite
matter (CBD) or gray matter (AD) with tau antibodies ATS, E-10,
and Tau 46. Two polypeptides (68 and 64 kd) in CBD and three
polypeptides (68, 64, and 6O kd) in AD were detected with both ATS
and Tau 46 (arrows). Note that E-10 recognized PHF-tau of 68 and
64 kd in AD, but not these in CBD. In addition to PHF-tau triplet, AD
samples also contained N-terminal degradation products of PHF-tau
(66, 62, and 58 kd) that were positive with ATS or E-10 but not Tau
46. Their presence was apparently due to the C-terminal proteolysis of
samples. Nonspecific staining of bands at 70 to 75 kd and 120 kd
(marked with dots in lane AT8) was observed in most blots.

tau as reported previously.®>' Consistent with the pre-
vious studies,®' antibody E-3 was immunoreactive
with only one of the triplet PHF-tau, the 68-kd polypep-
tide (Figure 6C, arrowhead). It is interesting to note
that the immunoreactivity of the 68-kd polypeptide
with E-8 was much less intense in white matter than
in gray matter with similar amounts of protein loaded
per lane (20 and 28 ug/lane, respectively). Also, in
comparison with other antibodies (eg, E-2), the im-
munoreactivity of the 68-kd polypeptide with E-3
appeared to be much lower in white matter than gray
matter.

In addition to the 68-kd polypeptide, antibody E-3
demonstrated immunoreactivity with a polypeptide of
58 kd present in both white and gray matter fractions.
This polypeptide is probably unrelated to PHF-tau,
since it was not recognized by other anti-tau antibod-
ies. As demonstrated in previous studies with this an-
tibody, the immunoreactivity of the 58-kd polypeptide
is not detected with E-3 preadsorbed with the E-3
peptide®! and is considered nonspecific.

In AD, white matter fractions contained approxi-
mately one half the PHF-tau immunoreactivity com-
pared with gray matter even though the amount of
protein loaded per lane was similar (20 and 28 ug
protein/lane, respectively) and equivalent to 20 mg of
each tissue. These results suggest that in AD tau ab-
normalities are more pronounced in gray matter than
white matter.

PHF-tau in CBD versus AD

When run side by side, the electrophoretic mobilities
of two polypeptides from CBD were identical to the
polypeptides from AD and corresponded to the mo-
lecular weight of 68 and 64 kd (Figure 7). We were
interested to determine whether tau immunoreactivi-
ties of these co-migrating polypeptides were also
identical. In Table 2, we compared the pattern of im-
munoreactivity of all polypeptides from CBD and AD
with a panel of tau antibodies. We focused on adult-
specific epitopes E-2, E-3, and E-10 because their
presence or absence could distinguish individual tau
isoforms. From this comparison, it is apparent that
CBD polypeptides are not identical to similarly sized
polypeptides from AD. Instead, they have closer simi-
larity to the 64- and 60-kd polypeptides, respectively.
In particular, the CBD polypeptide of 68 kd resembled
the AD polypeptide of 64 kd by the presence of one



adult epitope (E-2) but differed by the absence of an-
other adult-specific epitope (E-10). The polypeptide
of 64 kd from CBD was identical to the polypeptide of
60 kd from AD by the absence of all three adult-
specific tau epitopes.

Discussion

These results have demonstrated that brain tissue of
patients with CBD display cytoskeletal changes simi-
lar to, but not identical to, those in AD. These abnor-
malities were present in both white and gray matter
and consisted of changes in neurons and glia. Neu-
ronal changes included neurofilament protein-
positive swollen perikarya and tau-positive neuritic
processes (grains and europil threads). Glial
changes consisted of tau-positive filamentous inclu-
sions. Only a small number of neurofibrillary tangles
were detected in cortex and hippocampus. Although
most of the neuronal and glial changes in CBD were
immunoreactive with antibodies to tau, they were mor-
phologically distinct from neuronal alterations that
characterize AD. Moreover, they were observed in the
absence of immunoreactivity with a [beta]-amyloid
antibody. Therefore, the neurofibrillary degeneration
in CBD supports the hypothesis that widespread
cytoskeletal changes are not necessarily directly re-
lated to amyloid formation as was postulated for AD.57

Fractions isolated from brain tissue of CBD patients
contained twisted PHF-like filaments, which were less
abundant than in most cases with AD. The abnormal,
ultrastructurally similar filaments were present in frac-
tions from both white or gray matter. Although effects
of isolation procedure could not be discerned, the
obtained filaments were short, rarely longer than two
twists in length (approximately 400 nm) and dis-
persed. At their maximum width, the filaments were 26
to 28 nm wide. They narrowed to 13 to 14 nm at their
minimum width every 169 to 202 nm. These dimen-
sions differed from those of a population of nonag-
gregated PHF from AD by a 10 to 20% increase in
width and longer periodicity. Moreover, the filaments
from CBD shared only limited morphological resem-
blance to those found in other neurodegenerative dis-
orders. For instance, filaments in PSP and posten-
cephalitic Parkinson’s disease are mostly straight 15-
to 18-nm filaments.8-34:35 Occasional 15- to 22-nm
twisted filaments found in both disorders have vari-
able periodicity®® and the similarity with filaments in
CBD is limited. There is strong possibility, however,
that some of the reported differences may be due to
examination of fixed tissues compared with isolated
filament fractions. Nevertheless, ultrastructurally,
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CBD filaments showed the most similarity with the
twisted 24-nm filaments found in Pick’s disease.3?
The twisted 24-nm filaments, which coexist with
straight 10- to 15-nm filaments in Pick’s bodies, have
overall dimensions nearly identical to that in CBD.
They are 12 nm wide at the minimum width and have
a periodic narrowing every 130 to 160 nm.

Although the ultrastructure of filaments in CBD dif-
fered from those in AD, the pattern of immunogold
labeling with a panel of tau-reactive antibodies was
indistinguishable. Intense labeling was observed with
antibodies directed to either N- or C-termini of tau,
including antibodies to phosphorylated epitopes.
Moreover, a distinct polar pattern of immunodecora-
tion was observed with antibodies to the microtubule-
binding domain (eg, AH-1). This pattern was consis-
tent with a domain buried in the core of filament and
inaccessible to the antibody binding except for the
ends. It was not due to low antibody titer. Polar bind-
ing of antibodies to filaments has previously been de-
scribed for nonaggregated and nondigested PHF in
AD,®® suggesting that the arrangement of tau mol-
ecules is similar in both kinds of filaments.

The present data, as well as recent studies from
several laboratories,4-16:31:36.59 indicate that fila-
ments from various neurodegenerative disorders,
having different ultrastructural appearances, have a
common structural component, hyperphosphory-
lated tau. Variability in tau may be one of the factors
that lead to the ultrastructural heterogeneity of fila-
ments. At present, the heterogeneity of abnormal tau
has been recognized by differences in the number of
isoforms with different electrophoretic mobility on
SDS-gels. Among the diseases, this number varies
from two to three polypeptides of 60 to 70 kd. In CBD,
with arelatively homogeneous population of Sarkosyl-
insoluble filaments, we have demonstrated the pres-
ence of two polypeptides of abnormal tau. Although
these polypeptides migrated at 68 and 64 kd, their
immunoreactivity more closely resembled the 64- and
60-kd PHF-tau polypeptides of AD when probed with
antibodies recognizing adult-specific sequences of
tau. These results suggest that electrophoretic mo-
bility alone is not sufficient to distinguish among tau
isoforms and that isoform-specific antibodies are
needed to define more accurately the nature of tau
abnormalities in these disorders.

Judging from the retardation on SDS-gels, the ab-
normal polypeptides from CBD may be phosphory-
lated to a higher degree than those in AD.28:2° The
degree to which tau proteins are phosphorylated is
likely to be an additional important factor contributing
to the diversity of tau and ultrastructural features of
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filaments in neurodegenerative disorders. Further
studies that include direct phosphate analysis are
needed to confirm such a hypothesis. Alternatively,
other post-translational modifications may also be in-
volved in the alterations of tau in CBD. Ubiquitination,
which has been demonstrated in neurofibrillary de-
generation in AD®° and other disorders, could be an-
other such modification. The glial and neuronal le-
sions in CBD are indeed positive with ubiquitin
immunocytochemistry.®?

In the present paper, abnormal tau proteins from
CBD have been found to be phosphorylated at sev-
eral sites. These phosphorylation sites have been de-
tected with the following antibodies: Tau-1, AT8, NP8/
NP18, and PHF-1. Phosphorylation of tau in CBD is
similar to that described previously for PHF-tau from
AD.3844.46.48 Moreover, similar phosphorylation sites
have been reported in abnormal tau proteins in other
disorders.®2 Interestingly, some of these sites have
been demonstrated to be phosphorylated in fetal but
not adult tau,4863 suggesting that developmentally
specific kinases responsible for phosphorylation of
fetal tau may be expressed in neurodegenerative dis-
eases.

The content of tau proteins in gray matter of normal
brains has been reported to be similar,® higher,° or
lower®* than in white matter; however, variability in the
number of tau isoforms has not been described with
respect to gray and white matter.'® There are indica-
tions, however, that in gray matter, more tau proteins
are phosphorylated at the Tau-1 site than in white mat-
ter.%5:%¢ |n the present study of CBD and AD, we found
no significant differences between white and gray
matter in terms of heterogeneity of tau on Western
blots, as well as pattern of immunogold labeling and
ultrastructure of filaments. White matter in CBD, how-
ever, contained approximately twice as much abnor-
mal tau immunoreactivity as did the gray matter.
Moreover, this ratio was reversed in AD, in agreement
with other studies.®® The comparison on the protein
level supports the conclusion on the basis of immu-
nocytochemical observations of intense involvement
of white matter in CBD. It is possible that distinct pat-
terns of tau abnormalities in CBD, AD, and other neu-
rodegenerative disorders may be related to the de-
generative process affecting different populations of
cells.

Note Added in Proof

Since submission of this paper other published re-
ports have emphasized the presence of widespread
cytoskeletal changes in CBD, eg, Wakabayashi K,

Oyanagi K, Makifuchi T, Ikuta F, Honna A, Honna Y,
Horikawa Y, Tokiguchi S: Corticobasal degeneration:
etiopathological significance of the cytoskeletal alter-
ations. Acta Neuropathol (Berl) 1994, 87:545-553.
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