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Paired belical filaments (PHFs) accumulate in
the brains of subjects affected with Alzbeimer’s
disease (AD) and certain otber neurodegenera-
tive disorders, including corticobasal degenera-
tion (CBD). Electron microscope studies bave
shown that PHFs from CBD differ from those of
AD by being wider and baving a longer periodic-
ity of the belical twist. Moreover, PHFs from CBD
bave been shown to be primarily composed of
two ratber than three bighly pbospborylated
polypeptides of tau (PHF-tau), with tbese
polypeptides expressing no exons 3 and 10. To
SJurtber explore the relationsbip between the bet-
erogeneity of PHF-tau and the appearance of
abnormal filaments, the ultrastructure and pbys-
ical parameters such as mass per unit length and
dimensions were compared in filaments from
CBD and AD using bigh resolution scanning
transmission electron microscopy (STEM). Fila-
ment-enriched fractions were isolated as Sarco-
syl-insoluble pellets and for STEM studies, sam-
ples were freeze-dried without prior fixation or
staining. Ultrastructurally, PHFs from CBD were
shown to be a beterogeneous population as dou-
ble- and single-stranded filaments could be iden-
tified based on their width and pbysical mass
per unit length expressed in kilodaltons (kd) per
nanometer (nm). Less abundant, double-
stranded filaments bad a maximal width of 29
nm and a mass per unit length of 133 kd/nm,
whereas three times more abundant single-

stranded filaments were 15 nm wide and bad a
mass per unit length of 62 kd/mm. Double-
stranded filaments also displayed a distinct ax-
ial region of less dense mass, which appeared to
divide the PHFs into two protofilament-like
strands. Furtbermore, these filaments were fre-
quently observed to physically separate along
the long axis into two single strands or to break
longitudinally. In contrast, PHFs from AD were
ultrastructurally stable and uniform both in their
width (22 nm) and pbysical mass per unit length
(104 kd/nm). The ultrastructural features indi-
cate that Silaments of CBD and AD differ both in
stability and packing of tau and that CBD fila-
ments, composed of two distinct protofilaments,
are more labile under STEM conditions. As fixed
and stained filaments from CBD bave been shown
to be stable and uniform in size by conventional
transmission electron microscopy, STEM studies
may be particularly suitable for detecting insta-
bility of unstained and unfixed filaments. The
results also suggest that molecular beterogeneity
and/or post-translational modifications of tau
may strongly influence the morpbology and sta-
bility of abnormal filaments. (Am_J Pathol 1996,
149:639-651)

In Alzheimer's disease (AD)"? and certain other neu-
rodegenerative disorders, including corticobasal de-
generation (CBD),>* progressive supranuclear
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palsy (PSP),> and Pick’s disease,”® highly phos-
phorylated tau proteins accumulate in brain tissue in
association with abnormal filaments. These filaments
are the primary component of many pathological
inclusions including neurofibrillary tangles, Pick bod-
ies, neuropil threads, and neurites in senile plaques,
which are characteristically detected in some of
these disorders.®~'® Ultrastructurally, the abnormal
tau-immunoreactive filaments have characteristics
unigue to each disease, but they can essentially be
categorized into two groups of either straight or
twisted filaments, depending on whether their width
remains constant along the length of the filament or
changes periodically. Paired helical filaments (PHFs)
of AD were the first twisted filaments described and
named by Michael Kidd in 1963.' In some of the
disorders, only one kind of filament predominates,
eg, straight filaments in PSP or twisted filaments in
AD"2 and CBD.® In others, for example, in Pick’s
disease, both straight and twisted filaments can
clearly be distinguished.'® The unique appearance
of filaments also depends on their width, which may
vary in straight filaments from 12 to 18 nm (Pick’s
disease)'®~'® or 12 to 16 nm (PSP).'® With twisted
filaments, however, the width is generally larger and
at the maximum may attain 20 to 26 nm (AD),2%-2" 24
nm (Pick’s disease),?2 or 26 to 28 nm (CBD).2 As tau
is the major component of various abnormal fila-
ments, their unique ultrastructural features may re-
sult from heterogeneity of tau isoforms and/or differ-
ential packing of the tau protein. In normal human
brain, six different isoforms of tau have been dem-
onstrated in adult subjects, which vary in the expres-
sion of exons 2, 3, and 10.2324 The expression of
these exons is developmentally regulated; in fetal
human brain, only one isoform of tau lacking expres-
sion of exons 2, 3, and 10 has been described.?42°
Additional microheterogeneity is reflected in the
phosphorylation state of tau.?® Tau with a high de-
gree of phosphorylation, resembling that of PHF-tau,
has recently been detected in biopsy samples of
human brain as well as in rodents,?” suggesting that
phosphorylation may have an important role in func-
tioning of tau as a microtubule-associated protein.?®
In AD, abnormal filaments contain three highly phos-
phorylated polypeptides of tau (PHF-tau) as demon-
strated by sodium dodecy! sulfate (SDS)-polyacryl-
amide gel electrophoresis and direct phosphate
analysis.?2° Although up to six polypeptides of PHF-
tau can be distinguished after dephosphoryla-
tion,3°3" the isoform composition of PHF-tau differs
from that of normal tau due to the greatly diminished
expression of exon 10.%2 In other neurodegenerative
disorders, the isoform composition of tau incorpo-

rated into abnormal filaments has only recently been
examined. For example, in CBD, in contrast to AD,
our studies have demonstrated the lack of expres-
sion of exons 3 and 10, whereas in PSP, exon 3 was
found to be expressed.®32 The results of these stud-
ies strongly suggest that abnormal filaments specific
for each of the disorders are composed of a unique
pattern of PHF-tau isoforms, which may be respon-
sible for the characteristic ultrastructural feature of
these filaments.

The packing arrangement of tau molecules in fil-
aments is uncertain. In particular, it is unclear
whether PHFs are formed from two or more protofila-
ments.343% PHFs of AD appear to be composed of
paired filaments twisted every 70 to 90 nm or double-
stranded twisted ribbons.2° Although the axial region
between the two strands can easily be detected with
a variety of negative and positive staining reagents,
it is uncertain whether the middle region between the
two strands represents staining artifact due to the
increased dye binding or is an integral ultrastructural
feature of PHFs representing a separation or cleft
between the two strands. Images of unstained and
unfixed PHFs obtained by either scanning transmis-
sion electron microscopy (STEM)2! or atomic force
microscopy3® or by using platinum-carbon repli-
cas®” have no distinct two-stranded appearance,
suggesting that the axial region of PHFs is an artifact
of staining and/or fixation.

PHFs in isolated preparations from CBD brains
have recently been examined by conventional EM,
and their ultrastructure was reported to differ from
that in AD.® They were not only 10 to 20% wider in
their maximal and minimal widths but also twisted at
much longer 200-nm intervals. Furthermore, uranyl-
acetate-stained filaments from CBD have a very
prominent axial region. The double-stranded ap-
pearance of these filaments is more pronounced
than that observed in AD. The filaments from CBD
have not previously been examined by STEM, and it
is uncertain whether the presence of the axial region
can be demonstrated for these filaments.

In addition to revealing at high resolution (1 to 2
nm) the ultrastructural details of various PHFs, the
STEM technique accurately determines the distribu-
tion of physical mass along the length of filaments.®®
For example, in PHF-enriched fractions from AD, our
studies have demonstrated the existence of two pop-
ulations of filaments with the distribution of mass per
unit length in the range of 107 to 120 kd/nm and 79
to 85 kd/nm.2' The differences in mass per unit
length between the two populations correlated well
with the presence or absence of certain tau epitopes
and with changes in their physical dimensions, pos-



sibly the result of proteolytic degradation of some of
the filaments in AD.3° Differences in ultrastructural
appearance of PHFs from AD and CBD as well as in
the isoform composition of PHF-tau strongly suggest
that the arrangement of tau molecules differs be-
tween the two kinds of filaments.

In the present comparative studies, the ultrastruc-
ture and physical mass per unit length of filaments
from both CBD and AD were examined by STEM. We
have found that filaments from CBD, unlike PHFs
from AD, were diverse in their ultrastructure. Two
subpopulations of either double- or single-stranded
filaments could be distinguished depending upon
mass per unit length and maximal width. Moreover,
in some of the filaments, two protofilament-like
strands were observed to partially separate and
break off, suggesting that filaments from CBD are
structurally highly unstable.

Materials and Methods

Tissues

Brain tissue from two subjects with CBD, two sub-
jects with AD, and one aborted fetus were used for
our studies. The brain tissue from both CBD subjects
has also been used in our previous studies®; case 1
was a 71-year-old woman (6-hour postmortem de-
lay), and case 2 was a 74-year-old woman (24-hour
postmortem delay). 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. AD subjects
included case 3, an 80-year-old man (8-hour post-
mortem delay), and case 4, a 74-year-old woman
(5-hour postmortem delay). The diagnosis of AD was
based on modified, age-adjusted criteria of Khacha-
turian.*® The number of neurofibrillary tangles in fron-
tal and temporal lobes ranged between 2 and 6 per
40X objective field. Fetal brain was obtained snap-
frozen in liquid nitrogen from a 19-week-old gesta-
tion age fetus. Brain tissue was stored at —80°C until
used.

Isolation of PHFs

PHF-enriched fractions were obtained from frontal
and temporal lobes (AD) or parietal and occipital
lobes (CBD) by the procedure described previous-
ly.2 In that procedure, Sarcosyl-insoluble 100,000 x
g pellets were obtained and either used directly for
most of the experiments or were subjected to addi-
tional purification on sucrose density gradient.23° A
1 mol/L sucrose gradient fraction, which contained
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an abundance of short and dispersed filaments, was
collected.

Normal and Recombinant Tau

Normal tau preparation was obtained from fetal hu-
man brain using heat and perchloric acid treatments
according to previously described procedures.?®
Recombinant human tau protein was expressed in
Escherichia coli BL21 (DE3 cells) using an expression
plasmid pRK172 containing a tau cDNA (clone
htau40) encoding the longest tau isoform of 441
amino acid residues.?324

Antibodles

Alz 50 and PHF-1, two monoclonal tau antibodies
that bind to amino- and carboxyl-terminal epitopes of
human tau,*'*? respectively, were kindly provided
by Dr. Peter Davies. PHF-1 but not Alz 50 recognizes
a phosphorylated epitope. Two antibodies, Ab304
and Ab189, were generated in rabbits using tau
synthetic peptides from sequences encoded by
exon 2 or exon 3, respectively. These antibodies, a
generous gift from Dr. Michel Goedert, have been
characterized previously.3"43 Tau-3 is an antibody
raised in our laboratory in rabbits against a tau syn-
thetic peptide (EGAPGKQAAAQPHT), correspond-
ing to amino acid sequence 82 to 95 encoded by
exon 3. The amino-terminal cysteine residue was
added for conjugation purposes, and keyhole limpet
hemocyanin was used as a protein carrier. AT100 is
a monoclonal antibody kindly donated by Innogenet-
ics (Ghent, Belgium), raised to a PHF-enriched frac-
tion from AD and recognizing a yet unknown phos-
phorylated epitope in tau.4

Gel Electrophoresis and Immunoblotting

Various PHF and tau preparations were subjected to
electrophoresis on 10% polyacrylamide-SDS gels
and transferred to nitrocellulose paper. Western blot-
ting was performed according to previously de-
scribed procedures using the ABC Vectastain kit
(Vector Laboratories, Burlingame, CA).3°

EM

Aliquots of PHF samples (25 to 50 ul) were depos-
ited for 5 minutes on copper grids (200 mesh) pre-
coated with Formvar and carbon (E. Fullam, Latham,
NY). Grids were washed briefly in phosphate-buff-
ered saline, drained on filter paper, and stained for 5
minutes in a freshly made solution of 2% uranyl ac-
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Figure 1. Immunoreactivity of PHF-enriched fractions from CBD and AD and normal tau with tau antibodies: Western blotting. Tau fraction from
buman fetal brain (3-tepeat tau), recombinant tau of the longest isoform (4-repeat tau), and PHF-enriched fraction from AD or CBD were
immunoblotted with Alz 50, Ab304, Ab189, Tau-3, AT100, or PHF-1 as indicated. Note that only Alz 50 recognized an epitope common to all isoforms
of tau (marked with arrows) including the 55-kd polypeptide expressed in fetal brain, G8-kd recombinant tau, three polypeptides of PHF-tau in AD,
and two polypeptides of PHF-tau in CBD. Other antibodies show selective binding to those isoforms of normal tau that express exons 2 and 3
sequences; they recognize recombinant tau but do not bind to fetal tau. In PHF-enriched fractions, Ab304 recognizes only 64- and 68-kd polypeptide
of PHF-tau from AD and 68-kd polypeptide from CBD, whereas Ab189 and Tau-3 recognize only 68-kd polypeptide from AD and none in CBD. In
comparison, PHF-1 and AT100 bind to all polypeptides of PHF-tau in both AD and CBD. Dots mark the polypeptide of 70 kd, which shows nonspecific

staining in most blots.

etate in distilled water. After a brief, 1- to 2-second
wash in distilled water, grids were air dried and
examined by EM using JEOL 100 CX or JEOL 100S.

STEM: Mass and Dimensions

Analyses were performed at the Brookhaven Na-
tional Laboratory (Upton, NY) using a STEM micro-
scope, essentially as previously described.?"38
Briefly, grids were thin carbon-coated and either not
treated or treated briefly with 0.01 to 0.05% SDS to
reduce background and then washed extensively.
Grids were precoated with an internal mass stan-
dard, tobacco mosaic virus, characterized by a
mass per unit length of 131 kd/nm. Samples in solu-
tions were then applied on grids. Grids were exten-
sively washed 10 to 20 times with 20 mmol/L ammo-
nium acetate, pH 7.0, and freeze-dried. The digital
STEM images were recorded through a VAX com-
puter system. The mass of the filaments in reference
to the tobacco mosaic virus was determined by a
computerized program developed at the
Brookhaven National Laboratory. Determination of
mass was performed along the length of the filament
and included both regions of minimal and maximal
widths. Maximal width of filaments was measured on
STEM micrographs using a 10X measuring micro-
scope (Ted Pella, Redding, CA). Statistical analysis
of the mass per unit length and dimension measure-
ments was performed using linear regression, corre-
lation coefficient, and Student’s t-test.*®

Results

Characterization of Filaments by Western
Blotting

Filament-enriched fractions from CBD and AD brain
tissue were obtained as Sarcosyl-insoluble pellets
and subjected to Western blotting analysis with tau-
reactive antibodies. For comparison, fractions of nor-
mal tau proteins obtained from human fetal brain and
recombinant tau of the longest (adult) human tau
isoform were also analyzed by Western blotting. Im-
munoblotting was performed with Alz 50, Ab304, and
Ab189, three well characterized antibodies, which
recognize epitopes encoded by exons 1, 2, and 3,
respectively, and Tau-3, another antibody generated
with a synthetic peptide for tau exon 3. Alz 50 was
found to recognize all isoforms of tau and PHF-tau in
the fractions examined, including the 55-kd polypep-
tide of tau (F-tau) expressed in fetal brain, the 68-kd
polypeptide of recombinant tau, three PHF-tau
polypeptides of 60, 64, and 68 kd from AD brain and
two PHF-tau polypeptides of 64 and 68 kd from CBD
brain (Figure 1). The pattern of immunostaining with
Alz 50 was consistent with that previously demon-
strated for the respective tau fractions.®4' In con-
trast, other antibodies were selective in their immu-
noreactivity and recognized some but not all tau
proteins. For example, Ab304 displayed immunore-
activity with recombinant tau, two (64- and 68-kd) of
three PHF-tau polypeptides from AD and the 68-kd



but not the 64-kd polypeptide of PHF-tau from CBD,
and did not recognize F-tau. Ab189 and Tau-3 la-
beled only recombinant tau and the 68-kd polypep-
tide of PHF-tau from AD and displayed either minimal
or no immunoreactivity with PHF-tau polypeptides
from CBD and F-tau. Judging from the pattern of
immunoreactivity, the antibodies specific for exon 3
sequences, Ab189 and Tau-3, demonstrate a similar
selectivity toward tau isoforms. The pattern of immu-
noreactivity of tau was consistent with that previously
demonstrated, including lack of expression of exons
2 and 3 in tau from fetal brain,*® a low level or no
expression of exon 3 in PHF-tau from CBD,%%2 and
the expression of these sequences in PHF-tau from
AD.®"3243 The results of immunoblotting confirmed
that, in comparison with AD, abnormal tau from CBD
consists of only two rather than three polypeptides of
PHF-tau and that these polypeptides express very
little if any of exon 3.

In both disorders, all polypeptides of PHF-tau con-
tained similar phosphorylated epitopes as demon-
strated with two phosphate-dependent antibodies
AT100 and PHF-1 in these studies (Figure 1) and
other antibodies, eg, AT8 or Tau-1 after phosphatase
treatment, in our previous report.® Except for the
unknown location of the AT100 binding site, most of
the phosphorylated epitopes are found in conserved
regions of tau.

Characterization of Filaments by STEM
Axial Region

As examined by STEM, the filament-enriched frac-
tions from CBD displayed PHF-like filaments (Figure
2, A-F). Most of the filaments were twisted and short
in length, rarely exceeding two to three twists de-
fined as a region of minimal width. The average
distance measured between two twists, correspond-
ing to one-half of the helical twist was approximately
130 to 150 nm, thus double the length observed in
AD, which is approximately 70 to 80 nm (Figure 2,
G-K). Aggregated clumps of filaments were sparse.
These observations are consistent with our previous
EM studies of filaments stained with uranyl acetate
before examination by a conventional transmission
EM.3

Closer examination by STEM revealed that some
of the CBD filaments exhibit a very prominent axial
region, which was detected as an area of a less
dense mass. Cleft of the axial region seemingly di-
vided the filament into two protofilament-like strands
and produced a very distinct double-stranded ap-
pearance (Figure 2, A and C, and Figure 3A). Ultra-
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structurally, the filaments appeared labile. For in-
stance, filaments were observed in which a short
segment of the protofilament was partially broken off
(Figure 3B), whereas in others, the protofilaments
had physically separated along the long axis into two
individual strands, still attached at one end (Figure 3,
C and D). As can be readily seen in Figure 3D, these
filaments (or protofilaments) remained twisted, al-
though with other single-stranded filaments, the
twisting was less noticeable (Figure 2, D and F). In
rare cases, entire filaments were broken transversely
along the short axis into two partially detached
pieces (Figure 3C). In parallel examinations, sam-
ples of PHF from AD, although displaying what ap-
peared to be transversely broken filaments (Figure
2K), were devoid of longitudinally separated fila-
ments, suggesting that these filaments were struc-
turally more stable. It was possible that the structural
lability of CBD filaments may have resulted from
exposure either to Sarcosyl during the isolation pro-
cedure, 20 mmol/L ammonium acetate used to wash
STEM samples on grids, or the freeze-drying proce-
dure per se. As these factors had no effect on the

" stability of PHF from AD, however, the structural

lability was apparently inherent to filaments from
CBD.

Physical Mass and Width

STEM examination revealed that, in CBD samples,
both individual filaments and frequently distinct re-
gions of the individual filaments appeared to notice-
ably vary in both the maximal thickness and the
physical mass per unit length estimated in kilodal-
tons per nanometer (Figures 2 and 3). As illustrated
in the histogram pooled from two cases (Figure 4A),
of a total of 73 filaments examined, two subpopula-
tions of filaments could clearly be distinguished. One
subpopulation consisted of 12- to 16-nm-wide fila-
ments, which were observed more frequently (n =
28) than filaments from another subpopulation,
which was composed primarily of 28- to 32-nm-wide
filaments (n = 12). Filaments wider than 32 nm or
thinner than 12 nm and those of intermediate sizes
were also observed, albeit less frequently. In these
studies, only the maximal width of filaments was
considered since regions of the minimal width, es-
pecially in single-stranded filaments, were often too
ambiguous or too rare an occurrence to perform a
reliable statistical analysis. In double-stranded fila-
ments, the minimal width was approximately one-half
of that in the widest region. The physical mass per
unit length of filaments in the two cases examined
showed an asymmetric distribution as well. The ma-
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Figure 2. STEM micrograpbs of selected filaments from CBD and AD. Samples of PHF-enriched fractions obtained from CBD (A to F) or AD brains
(G to K) as Sarcosyl-insoluble pellets were deposited on grids precoated with tobacco mosaic virus as a mass standard (asterisks in D and G). The
mass of filaments per unit length was compared with that of the standard (131 kd/nm) using a computerized program developed in the Brookbaven
National Laboratory. Note that filaments from CBD are twisted approximately every 130 to 150 nm, whereas those from AD are twisted every 70 to
80 nm (arrowheads) and that, in contrast to AD, they vary in maximal width. Filaments from CBD are either double stranded with mass per unit
length between 95 and 151 kd/nm (A to C) or single stranded with mass per unit length between 54 and 70 kd/nm (C to F). Filaments from AD bave
approximate mass per unit length from 83 kd/nm (middle filament in H, and J) to 128 kd/nm (Q). Scale bar, 100 nm.

jority of filaments were characterized by the mass
per unit length of 50 to 75 kd/nm, and these filaments
were observed more often (n = 47) than filaments
with the mass per unit length higher than 75 kd/nm.
Among filaments >75 kd/nm, those with the mass
per unit length between 125 and 150 kd/nm were
detected somewhat more frequently (n = 13). We

were interested to know whether a relationship exists
between the mass per unit length and the width of
the filaments. Therefore, a histogram of the mass per
unit length values was constructed and superim-
posed on a graph of the width of the respective
filaments (Figure 5). The results clearly indicate that
filaments characterized by a mass per unit length of



Figure 3. STEM micrograpbs of filaments from CBD displaying ultra-
structural instability. A: The filament bas a darker axial region of less
dense mass (arrow) and appears double stranded; the mass per unit
length of the filaments is estimated at approximately 136 kd/nm (n =
12). B: The filament with a prominent axial region (arrow) and a
mass per unit length of 135 kd/nm (n = 14) bas a section of strand or
protofilament missing at one end and a mass per unit length reduced
to 60 kd/nm (n = 4). C: The filament either splits longitudinally into
two individual strands, which are separated in the middle (arrows)
but still attached at one end or it breaks transversely into two partially
attached fragments. D: The double-stranded filament with a mass per
unit length of 126 kd/mm (n = 2) bas already separated into two
individual single-stranded filaments with a mass per unit length of 68
and 69 kd/mm (n = 13), which are still twisted. Scale bar, 100 nm.

50 to 75 kd/nm were on average 15 nm wide,
whereas those with an approximate mass per unit
length of 125 to 150 kd/nm were approximately dou-
ble in size and had a maximal width of approximately
29 nm. Furthermore, although some filaments had a
mass per unit length of less than 50 kd/nm or greater
than 150 kd/nm, their width remained rather constant
at 15 nm or 29 to 32 nm, respectively. Linear regres-
sion analysis was performed for the width and mass
data (not shown). The existence of a highly signifi-
cant relationship between the mass per unit length
and the width of the filaments was confirmed by a
high correlation coefficient of r = 0.864 (P < 0.001;
n = 73).

Interestingly, in samples of PHFs from AD, which
were examined in parallel, similar variability in the
width (maximum) and the physical mass per unit
length was not observed. In two different cases of
AD, the width of a total of 55 filaments examined was
rather uniform as the majority of filaments (n = 28)
were 20 to 24 nm wide (Figure 5C). A histogram of
mass values indicates that the majority of filaments
(n = 33) were also characterized by a mass per unit
length of 100 to 125 kd/nm. A comparison of fila-
ments from both disorders by STEM indicates that
only CBD filaments represent a mixed population,
consisting of primarily 29-nm- or 15-nm-wide fila-
ments, with an approximate mass per unit length of

Instability of Filaments from CBD 645
AJP August 1996, Vol. 149, No. 2

133 kd/nm and 62 kd/nm, respectively, and that the
15-nm filaments are three times more abundant (Ta-
ble 1).

The packing density of tau, defined as mass per
nm?3, can be calculated for the filaments based on
their mass per unit length and the maximal and min-
imal widths, assuming that the filament is a rib-
bon.2%2" |n these calculations, the values for minimal
width of double-stranded CBD filaments and AD fil-
aments were supplemented with that reported else-
where for 49 to 65 measurements.® In single-
stranded filaments, minimal width values were
considered similar to that for double-stranded fila-
ments. The calculated packing density of tau has
been found to be somewhat lower in CBD than AD,
as the values of 0.31 to 0.34 kd/nm® and 0.40 kd/nm®
were obtained for the respective filaments (Table 1).
The differences in packing density between fila-
ments were statistically significant (P < 0.001). The
number of tau molecules per unit length of filament
can also be calculated as the molecular mass of tau
is known. For CBD filaments, assuming a molecular
mass of 38.3 kd (average of two isoforms of 352 and
381 amino acid residues) and a 3-nm length pro-
posed for axial spacing in the model of PHF,2° an
estimated 4.9 and 10.5 molecules of tau are packed
in a single- or double-stranded filament, respec-
tively. For PHFs from AD and the molecular weight of
tau set at 41.3 kd (average of all six isoforms), 7.6
molecules per 3-nm length are estimated, and this
value is consistent with that of 8.4 previously report-
ed.?

Discussion

The results of the present study demonstrate that
PHFs from CBD and AD differ in both biochemical
composition as well as ultrastructural morphology.
When examined by STEM, filaments from CBD ap-
pear to be ultrastructurally unstable and heteroge-
neous in both maximal width and physical mass per
unit length. By immunoblotting, PHF-enriched frac-
tions from CBD display a reduced number of PHF-
tau polypeptides, which lack expression of certain
adult-specific epitopes. It is very likely that specific
ultrastructural characteristics and compromised sta-
bility of these filaments are related to their unique
biochemical composition.

CBD: Single- and Double-Stranded
Filaments

In the present study, ultrastructural heterogeneity of
filaments from CBD has been demonstrated by the
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presence of two distinct subpopulations of filaments,
distinguished by their different maximal width and
mass per unit length. Although one subpopulation
contained 15-nm-wide filaments with an average
mass per unit length of 62 kd/nm, another subpopu-
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width of the filaments from CBD. Histogram of the mass per unit length
was superimposed with the width of the respective filaments (n = 73;
case 1). In the graph, values are means = SD or * range for 1 to 31
filaments. The combination bistogram/graph clearly shows that fila-
ments low in mass per unit length (range, 0 to 75 kd/nm) are 15 nm
wide and filaments with more mass per unit length (range, 125 to 225
kd/nm) are approximately 30 nm wide.

lation contained wider filaments (29 nm) and with
greater mass per unit length (133 kd/nm). The com-
parison of both parameters suggests that the 15-nm
filaments could originate from the 29-nm filaments
simply by separation of fibrils along the long axis.
Indeed, the axial region, which was recognized as a
region containing less dense mass was very distinct
in the 29-nm filaments. The presence of a distinct
cleft in the axial region lends a double-stranded
appearance to these filaments even before the two
strands actually separate, suggesting that such a
feature may be an attribute of filaments, which are
ultrastructurally unstable. Furthermore, in the STEM
micrographs, the process of separation of the 29-
nm-wide filament into two components could be ob-
served in a step-like fashion. Judging from the fre-
quency distribution, only approximately 25% of the
total population from CBD were approximately 29-
nm-wide filaments, suggesting that most of the fila-
ments have already separated into smaller size com-
ponents. Therefore, the process of separation into
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Table 1. Physical Mass per Unit Length and Maximal Width of Filaments from CBD and AD and the Calculated

Values for Packing of tau

Mass
Mass Maximal width Mass density (kd/3-nm Tau molecules/
Type of Filament (kd/nm length) (nm) (kd/nm3) length) 3-nm length
CBD, single stranded* 62 +7.4 (47) 15 £ 2.4 (31) 0.31 = 0.037 (47) 186 = 22 (47) 4.9 + 0.6 (47)
CBD, double stranded* 133 +6.6 (13) 29 + 2.1 (11) 0.34 £0.017 (13) 399 + 20(13) 10.4 £ 0.5 (13)
AD, total 104 + 14.3 (55) 22 + 3.0 (55) 0.40 *+ 0.055 (55) 313 * 43 (55) 7.6 = 1.0(55)

Physical mass per unit length and maximal width of filaments from CBD and AD, isolated as Sarcosyl-insoluble pellets (see Materials
and Methods), were determined by STEM and using STEM micrographs, respectively. For CBD, the results are selected from data in
Figures 4 and 5 and represent values for the most frequent ranges of filaments (CBD, single or double stranded). For comparison, values
for the total population of PHF from AD are presented (AD, total). Values are means = SD for the number of filaments in the parentheses.
Mass density was calculated based on the values for maximal width obtained in the present studies and the minimal width of 13.5 or 11.5
nm for CBD and AD filaments, respectively, reported elsewhere.®2' The number of tau molecules per 3-nm length of filaments was
calculated from the values of mass by STEM with the molecular mass of tau set at 41.3 kd (AD; average of all six isoforms) or 38.3 kd

(CBD; average of two isoforms of 352 and 381 amino acid residues).

*P < 0.001 as compared with AD or other filaments in CBD.

two 15-nm filaments is more than just sporadic in
nature. It is possible, however, that the reverse pro-
cess took place and two single filaments combined
to form a double-stranded structure. Results of the
present studies cannot always distinguish between
these two possibilities (Figure 3D), although a dou-
ble-to-single transition is evident in most cases (Fig-
ure 2, A, B, and top of C, and Figure 3, A-C). Another
arrangement, which requires a single filament to
bend over to form a double-stranded structure, is
less likely to occur since CBD as well as AD filaments
appear rigid in their ultrastructure and no serious
bending is ever observed.

AD: PHFs

In contrast to CBD filaments, PHFs obtained from AD
brain have been demonstrated to be ultrastructurally
stable in this study as well as in previous studies
using STEM.2" Except for breaking longitudinally into
smaller fragments, no fraying at the ends or separat-
ing into two protofilaments along the axis have been
observed with these filaments, although these fea-
tures have been reported by others in some PHFs
examined with conventional transmission EM.2°
Moreover, in the present study, the whole population
was uniform in size (maximal width of 22 nm) and
mass per unit length (104 kd/nm). These values are
comparable to that previously described for an SDS-
soluble, undigested population of PHFs with maximal
width of 22 to 26 nm and mass per unit length of 107
to 120 kd/nm but differ from that described for an-
other population.?! That population of PHFs was
characterized by a smaller average size (16 to 20
nm) and lighter mass per unit length (79 to 85 kd/nm)
and was subsequently demonstrated to be com-
posed of proteolytically degraded PHF-tau devoid of
amino-terminal tau epitopes.3® Although it is possi-

ble that the PHF fraction examined in the present
study contained small amounts of digested fila-
ments, the majority of filaments were intact, com-
posed of full-length PHF-tau molecules, and thus by
physical parameters (mass and dimensions) or by
morphological or biochemical criteria resembled
SDS-soluble and undigested PHFs.2'3° The possi-
bility that, in CBD, the presence of two populations of
filaments could be due to proteolytic degradation is
very unlikely. For example, proteolysis could not ac-
count for a loss of only one of the paired protofila-
ments or separation into two individual protofila-
ments corresponding in the size and mass per unit
length to exactly one-half of the parental double-
stranded filament. Our results strongly support the
hypothesis that structural instability, rather than pro-
teolytic digestion, is involved in the generation of two
subpopulations of filaments in CBD.

Filaments in Other Disorders

The presence of two populations of filaments has
frequently been demonstrated in some of the neuro-
degenerative disorders, eg, Pick's disease,?2¢ but
less frequently in others, eg, PSP or AD. In Pick
bodies, twisted, 24-nm-wide filaments have been ob-
served intermixed with 12- to 18-nm straight fila-
ments.'®~'822 |n PSP, a small number of PHFs has
been described to co-exist with narrower, straight
filaments.'®47 In AD, few straight filaments have
been detected in the majority of PHFs.248-5° Most
interestingly, a concept of the continuous transfor-
mation of the cytoskeletal network has been intro-
duced in AD, with the presence of a threshold or
phase transition.®" Such a treshold could corre-
spond to the transition from the single- to double-
stranded filaments and support our hypothesis of the
precursor/product relationship between straight and
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twisted populations of filaments in some of the neu-
rodegenerative disorders. A similar conclusion has
been reached by others in EM studies of heteroge-
neous populations of filaments isolated from Pick
bodies.®22 Furthermore, it is possible that the wide,
double-stranded filaments are less abundant in
some of the disorders because of their highly unsta-
ble ultrastructure, perhaps even more labile than that
in CBD. The ultrastructural stability could then be the
primary determinant of whether one or two popula-
tions of filaments are formed and/or which of the
populations is more abundant. However, the ultra-
structural stability of filaments in Pick’s disease, PSP,
and other disorders is not known. Some of the het-
erogeneity could also be due to different packing of
tau, which has previously been described for straight
and twisted filaments in AD by EM image process-
i 49

ing

STEM versus EM

According to previous EM studies, which required
negative or positive staining reagents and occasion-
ally fixatives, PHFs were reported to be ultrastructur-
ally stable regardless of whether they originated from
AD or CBD.3 In those studies, the axial region had
been observed to stain darker than the rest of the
filament and appeared to be defined better in sam-
ples from CBD. In AD filaments, however, a promi-
nent staining of the axial region has been reported
after alkali treatment,2°52 and the separation of two
strands was occasionally observed after treatment
with 2% formic acid.®®

Previous EM examination of filament-enriched
fractions from CBD did not reveal the presence of
two subpopulations.®> Measurements of maximal
width for a total of 48 filaments stained with uranyl
acetate demonstrated a range of values between 26
and 28 = 3 to 4 nm (mean = SD) similar to those
described for double-stranded filaments in the
present paper. The comparison indicates that the
majority of previously examined filaments were dou-
ble stranded and suggests that the conditions used
in EM, but not STEM, studies appear to preserve the
ultrastructure of 29-nm-wide filaments. On tissue
sections, however, both wide PHF-like and 15-nm
straight filaments have been demonstrated by oth-
ers,* 1213 ynderlying wide ultrastructural fluctuations
of filaments in CBD. In addition to the ultrastructural
instability of filaments per se, some of the variability
could be due to the effects of extensive tissue pro-
cessing for histochemistry or immunocytochemistry.

STEM Technique

The potential limitations of STEM in most cases are
related to the poor quality of the specimen includ-
ing a high content of salts. If the effect of salts on
mass measurements cannot be corrected with an
internal mass standard, such a specimen has to be
discarded. Another potentially limiting factor is the
freeze-drying procedure, which according to some
reports can cause shrinkage of the unusually open
structure, for example, in the disassembled parti-
cles of adenovirus type 2.4 The severe shrinkage
of these particles has been attributed to the cavi-
ties in the base of the structure and lateral move-
ment of protein to fill these cavities. Although
shrinkage might have changed the original size of
adenovirus particles, its effect on the molecular
mass determination was considered insignificant.
In our studies, samples were of sufficient purity
and the effects of salts were not evident. Moreover,
filaments displayed rather compact structure sug-
gesting that lateral movement of protein and dis-
turbances in mass determination can be consid-
ered minimal.

The freeze-drying procedure or the media used
for preparing and washing the grids could lower the
stability of filaments, freeze-drying by the physical
force exerted by crystallization of water molecules
and 20 mmol/L ammonium acetate either by low
ionic strength or direct effect of ions. Sarcosyl used
for isolation of filaments was less likely to cause
instability as the same detergent-purified fraction ap-
peared rather stable in EM studies. On the other
hand, attachment of filaments to grids is per se a
harsh process, requiring a direct interaction of pro-
teins with the hydrophobic surfaces on the carbon
film, and could easily account for some of the insta-
bility. It is uncertain which of the above factors are
most important for the stability of the filaments from
CBD. Although freeze-drying is notorious for protein
denaturation, the effect of chemical reagents or the
unique susceptibility of filaments to certain reagents,
however, cannot be easily overlooked. For example,
according to our previous report, filaments from CBD
were observed to partially separate into three to four
protofilaments after staining with Nanovan.®® The ef-
fect of Nanovan was specific to CBD and was not
observed in samples from AD. Additional studies are
required to demonstrate which of the factors, me-
chanical or chemical, are responsible for the desta-
bilization of abnormal filaments in STEM studies and
to identify the mechanisms involved.



Molecular Mechanisms

At present, the molecular basis of such instability is
unknown. It may be related to the different packing of
tau as compared with that of other more stable fila-
ments, eg, PHFs from AD. Double-stranded fila-
ments from CBD displayed 28% higher values for
both the mass per unit length and the maximal width
as well as a higher estimated number of tau mole-
cules packed in a 3-nm segment (10.4 versus 7.6
molecules in AD). The mass density of filaments,
however, was 15 to 22% lower in CBD than AD,
suggesting that, although more tau is packed in
CBD, the packing is less compact. The difference in
the packing may be related to the extent of post-
translational modifications of tau in CBD, eg, lower
level of ubiquitination**¢-58 or the suggested higher
phosphate content.® Such comparisons between fil-
aments from neurodegenerative disorders have not
yet been performed. It may also be due to the unique
biochemical composition of PHF-tau polypeptides,
which in CBD do not express exons 3 and 10, ac-
cording to this and other reports.333 It is of special
interest that PHF-tau polypeptides that lack expres-
sion of exon 10 contain only one instead of two
cysteine residues and that PHF-tau from AD, in con-
trast to that in CBD, contains a small number of
isoforms expressing exon 10.%% It remains to be
proven whether and how the differences in the bio-
chemical composition of PHF from AD and CBD may
affect the stability of filaments and whether the num-
ber of cysteine residues or the extent of post-trans-
lational modifications of PHF-tau isoforms are of par-
ticular importance.
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