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Image reconstruction of the Alzheimer paired helical filament
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The paired helical filament (PHF) is the principal constituent
of the neurofibrillary tangles that occur in the brain in senile
dementias of the Alzheimer type. We have previously shown
from fragmentation patterns of isolated PHFs that they con-
sist of a regularly repeating subunit, which is axially compact
and not an extended fibrous molecule or protofilament. Here
we present diffraction patterns of PHFs and an objective re-
construction of the cross-sectional density of the PHF com-
puted from the diffraction patterns. We demonstrate the
presence of an axial periodicity (3 nm) in PHFs. These results
establish conclusively that the PHF is made up of a double
helical stack of transversely oriented subunits, each of which
has three domains, and precludes purely descriptive models
based on helical rearrangements of preformed cytoskeletal
polymers or protofilaments. The structure is of the type that
might arise by the de novo assembly of a single structural sub-
unit, which appears to be produced in considerable abun-
dance in those neurons where tangles form.
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that tangle extracts contain an abnormal 50-kd band on SDS gels
(Iqbal et al., 1974) and, more recently, a 62-kd and a 57-kd band
(Iqbal et al., 1984). However, other studies have suggested that
the tangle proteins are SDS insoluble (Selkoe et al., 1982b). Most
recently it has been claimed that tangles contain a 4-kd peptide,
the N-terminal sequence of which is the same as the amyloid of
plaque cores and blood vessels (Masters et al., 1985).

If tangles are formed by the collapse or rearrangement of pre-
formed cytoskeletal elements, it should be possible to discern
a structural similarity between the PHF and known cytoskeletal
polymers. We have prepared tangle-enriched fractions in non-
denaturing conditions (Wischik et al., 1985), so as to permit the
visualization of individual PHFs by negative staining. The lack
of straightness and variability of helical twist complicates the use
of reconstruction techniques to analyse the subunit structure of

Introduction
Senile dementia of the Alzheimer type is an age-related disorder,
affecting some 4% of those aged over 65 in the UK, and is associ-
ated with specific neuropathological lesions (Tomiinson, 1982).
Strong statistical correlations have been established between the
degree of dementia observed in life and the formation of neuro-
fibrillary tangles and neuritic plaques in the cerebral cortex and
hippocampus (Roth et al., 1967; Blessed et al., 1968; Roth, 1971;
Wilcock and Esiri, 1982). Tangles represent dense accumulations
of an ultrastructurally distinct paired helical filament (PHF) (Kidd,
1963; Wisniewski et al., 1976, 1979) and it is significant that
the same filaments are also found to accumulate in the abnormal
neuritic processes of the plaque (Kidd, 1964; Wisniewski and
Terry, 1970). Intermediate filament aggregates have been observ-
ed to form in the cell perikaryon after microtubule depolymeris-
ation (Goldman et al., 1979). It is not clear whether the formation
of tangles is analogous (Sato et al., 1982) and thus whether tangles
arise from the collapse and possible eventual cross-linking of
preformed cytoskeletal elements, such as neurofilaments
(Metuzals et al., 1981; Selkoe et al., 1982a). There have been
reports that antibodies raised against neurofilaments label tangles
(Ihara et al., 1981; Anderton et al., 1982; Gambetti et al., 1983),
although neurofilament cross-reactivity is lost after mild tangle
extraction (Bignami et al., 1984). The immunocytochemical
results are presently difficult to interpret. The biochemical ap-
proach has been similarly problematical. It was initially reported
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Fig. 1. (a) - (f) Electron micrographs of paired helical filaments, negatively
stained with lithium phosphotungstate. The filaments (a) - (e) are in a native
conformation. The untwisted ribbon-like fragment in (f) results from
treatment of PHFs on the grid with strong alkali (0.1 M LiOH).
Approximate magnification x 140 000. Scale bar 100 nm.
(g)-(h) Computed diffraction patterns (Fourier transforms) of the particles
shown in (a) and (b). The images were straightened and re-interpolated to
constant loop length (see Materials and methods) prior to computing the
transforms. The first four layer lines of the 80-nm cross-over spacing are
indicated. The other features in the pattern are not consistent from image to
image.
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the PHF. However, by re-interpolation of the images we have
managed to recover sufficient information to compute a cross-

sectional map of the PHF. By using autocorrelation functions
we have also detected a 3-nm axial spacing in PHFs, which we
tentatively ascribe to the subunit spacing. The results, already
described in a preliminary abstract (Crowther et al., 1985),
appear to exclude models of the PHF based on simple rearrange-

ments of preformed cytoskeletal elements or their constituent
protofilaments.

Results
The images of PHFs (Figure 1) show alternating loops (-20 nm

wide) and cross-overs ( 8 nm wide) with an apparent repeat
of -80 mm (Wisniewski et al., 1984), typical of a twisted
ribbon-like structure (Wischik et al., 1985). The spacing between
cross-overs is quite variable and Figure 2 shows a histogram of
loop lengths measured from a number of filaments in several dif-
ferent fields. The lengths vary from 65 nm to > 100 nm with
a mean of 79 nm. The distribution is a fair reflection of the vari-
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Fig. 2. Histogram showing distribution of loop lengths in negatively stained
PHFs. The distribution has a tail to longer loop lengths, indicating a

propensity to unwind, seen most dramatically in the flat ribbons produced
by alkali treatment.
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ability both within an individual filament and between different
filaments. The histogram is quite skew with a tail to longer loop
lengths, reflecting the ability of the PHF to untwist, an effect
seen most markedly on alkali treatment which produces flat rib-
bons (Figure lf) (Wischik et al., 1985). The variability of twist
makes it difficult to produce good optical diffraction patterns.
However, it is possible partially to overcome this difficulty by
re-interpolating the images so as to straighten them and to produce
loops of constant length (Materials and methods). This procedure
leads to computed diffraction patterns (Figure lg,h), which gen-

erally show the first four and occasionally the fifth layer lines
of the 80-nm cross-over spacing.
Comparison of the phases of peaks across the meridian indicates

that the Bessel functions occurring on all these layer lines are

of even order, as expected at low resolution for a double helical
structure. Accordingly we assign Bessel orders n =2, 4, 6 and
8, respectively, to layer lines 1-4. The averaged layer line data
from the five particles shown in Figure a - e are plotted in
Figure 3. From these data a cross-section of the PHF (Figure
4a) can then be computed by a standard Fourier program for heli-
cal particles (DeRosier and Moore, 1970; Amos, 1975). Similar
results were obtained using data from individual transforms
(Figure lg,h) but the reconstruction from the averaged data was
less noisy and hence more reliable. With only low order layer
lines contributing to the reconstruction, there is little modulation
in the axial direction in the computed map. We therefore show
only a single section, which nevertheless gives a good idea of
the cross-sectional distribution of matter. We have also used the
data to resynthesize an image of a PHF projected normal to the
axis (Figure 4b). Although axially smeared, this clearly demon-
strates the pattern of longitudinal features that we previously
analysed by model building (Wischik et al., 1985).
The structural subunit appears to consist of three domains; the

inner ones closest to the axis are 3.5 nm in diameter, while
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Fig. 3. Average layer line data from the particles shown in Figure 1(a) - (e). In each panel the lower box represents the amplitude plotted as a function of
spatial frequency along layer line f, while the upper box represents the phase in degrees. The Bessel function order assigned to each layer line is denoted by n.
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the outer is more ellipsoidal with approximate dimensions 3.5 nm
x 6.5 nm. The domains are arranged to produce a C-shaped sub-
unit with a deep central cleft. We favour this apportioning of
domains to the subunits because of the appearance of the single-
stranded regions of PHFs previously observed (Wischik et al.,
1985). These images indicate that the strands come apart in the
region of contact between the two Cs. The stain-excluding regions
give the PHF an elongated cross-section of dimensions 8 nm x
20 nm.
A number of the images of PHFs do show hints of transverse

striping (Wischik et al., 1985) with a spacing of3-4 nm. How-
ever, this striping is generally seen only in part of the loop and
seldom in adjacent loops, so that the pattern is insufficiently
ordered to generate higher order layer lines in diffraction pat-
terns. Similar striping is seen in flat ribbons (Figure If) produced
by alkali treatment of PHFs, though this is also disordered. Even
though such disordered spacings do not show up clearly in dif-
fraction patterns, they can nevertheless be detected by generating
from the original image its autocorrelation function, which dis-
plays the dominant vector spacings. This can be done optically
(Elliott et al., 1969) but is now more conveniently carried out
digitally by Fourier inversion of the intensity distribution in the
Fourier transform of the image, as in the case of computing the
Patterson function in X-ray crystallography. Both auto-correlation
functions (Figure 5a,b) of the images (Figure le,f) show, besides
the dominant origin peak, a centrosymmetrically related pair of
peaks which correspond to axial spacings of - 3 nm.

Discussion
The results presented here, taken in conjunction with our previous
morphological study (Wischik et al., 1985), establish that the
PHF consists of two structural strands of subunits. The distri-
bution of matter in these subunits gives the filament an elongated
cross-section. The changing aspect produced by the helical ar-
rangement of the subunits then gives the wide to narrow rnodu-
lation in diameter which is characteristic of the images of PHFs.
Each subunit is axially compact and it is likely that the 3-nm axial
spacing we have detected corresponds to the axial repeat of the

a

Fig. 4. (a) Reconstructed cross-section of the paired helical filament. The
map was calculated from the layer lines shown in Figure 3, including data
out to a radial cut-off of - 1/3 nm . The section was computed using
standard helical reconstruction programs (DeRosier and Moore, 1970;
Amos, 1975) adapted for a VAX 11/780 computer. High density represents
greatest exclusion of stain. Scale bar 5 nm. (b) Computed projection normal
to the filament axis, using the same data as for the cross-section in (a). In
this case white corresponds to exclusion of stain to facilitate comparison
with original images of negatively stained filaments. The longitudinal pattern
within a loop, with three white striations changing to four, is clearly visible.
Scale bar 50 nm.

subunit. The arrangement of the three domains within the subunit
gives it an overall C-shape, with a large central cleft. From our
previous observations of single-stranded regions, it is unlikely
that this cleft represents a subunit boundary. Rather, when the
two strands separate, the cleavage appears to occur in the region
of contact between the two C-shaped features, establishing them
as structural subunits. The volume of stain-excluding material
makes it likely that the structural subunit has a mol. wt. >
200 kd.
The lining up in an axial direction of domains in neighbouring

structural subunits gives rise to the tram-line appearance within
each loop noted previously (Wischik et al., 1985) and shown
clearly in the projected image (Figure 4b). This appearance has
been described as four protofilaments (Wisniewski et al., 1984)
or as arising from the overlap of eight protofilaments consisting
of globules connected by longitudinal bars (Wisniewski and Wen,
1985). Our observations of sharp transverse breaks and absence
of fraying, even in untwisted filaments, and the present map of
the subunit density, are inconsistent with such a description of
the structure in terms of protofilaments. The pattern of three and
four longitudinal stripes within a loop is produced by the helical
symmetry, which leads to a changing superposition of the do-
mains within the rotated subunits when these are viewed in pro-
jection (Figure 4b).
Our current view of the structure is summarized in the model

shown in Figure 6a. The transform of this model (Figure 6b)
emphasises the difficulty likely to be encountered in indexing the
diffraction patterns, even if the images were of well preserved
and regular structures. Thus, besides the group of low order layer

Fig. 5. Autocorrelation maps of paired helical filaments. Some images show
hints of transverse striping but the details are never sufficiently coherent to
show up in diffraction patterns. The periodicity can still be detected by
computing from the images their autocorrelation functions, which display the
vector spacings of features in the images. (a) and (b) are respectively the
autocorrelation maps of the PHF and ribbon images shown in Figure 1(e)
and (f). Besides the strong origin peak, each shows an axially displaced
subsidiary peak (arrow) corresponding to axial spacings in the image of
-3 nm.
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Fig. 6. (a) Simulated image of a paired helical filament based on the
subunit structure established in this paper. It incorporates a cross-section like
that shown in Figure 4a and a subunit spacing of 3 nm as indicated by the
autocorrelation function (Figure 5). For the purposes of the present
illustration, a symmetry based on a single start helix with a repeat of 104
subunits in 51 turns has been chosen, with a rise per subunit of 1.5 nm.
This gives a spacing between neighbouring subunits along a strand of 3 nm
and an overall cross-over spacing of 78 nm. The axial resolution in the
reconstruction (Figure 4) does not permit one to decide whether the subunits
are arranged on a 1- or 2-start helix. The use of a 1-start helix together
with an axial kinking of each subunit gives rise to a staggered pattern of
transverse striations like that sometimes seen in small regions of filament.
(b) Computed diffraction pattern of (a) showing that, besides the low order
layer lines, there is only a small group of layer lines at 1/3 nm-1 (arrowed)
and a meridional reflection at 1/1.5 nm-1. The pattern is otherwise empty,
making complete indexing of diffraction patterns from real images difficult,
as the variability in transverse striping blurs out the 1/3 nm-1 layer lines.

lines, there is only a set of layer lines in the region of 1/3 nm-1
and a weak meridional spot at 1/1.5 nm-1. This general appear-
ance is very like that found in transforms of real images and
means that it is difficult to index the whole pattern reliably. It
is for this reason that the detection of the axial spacing by the
autocorrelation function proved useful. We have also used the
model data to check on the axial smearing produced by using
only the low order layer lines and find that it has a negligible
effect on the computed cross-section.
The present structural data, taken in conjunction with our pre-

vious observations, are not consistent with proposals that. PHFs
might arise from the collapse (Sato et al., 1982), or helical aggre-
gation (Metuzals et al., 1981), or cross-linking (Selkoe et al.,
1982a, 1982b) of preformed cytoskeletal polymers, such as
neurofilaments, actin, microtubules or their constituent proto-
filaments. In particular the fragmentation patterns of PHFs
(Wischik et al., 1985) are quite unlike the unravelling of a-helical
coiled-coils seen when intermediate filaments are treated with
appropriate buffers (Aebi et al., 1983). The architecture of PHFs
is more akin to the actin-containing microfilaments, in having
an axially compact subunit helically arranged to give a two-
stranded morphological appearance. However, the symmetry,
dimensions and substructure of PHFs are quite different from
microfilaments. Furthermore the structure of the PHF subunit
and of the PHF itself are quite unlike that of the tubulin dimer
and of the assembled microtubule. It is therefore unlikely that
the process of tangle formation has any immediate analogy with
the perikaryal aggregates of cytoskeleton formed after
microtubule depolymerisation.

Whether or not the subunit has biochemical homology with
any of the cytoskeletal proteins is unknown. Recent immuno-
cytochemistry (Perry et al., 1985) has suggested that free PHFs
can be decorated with antibodies directed against microtubule-
associated proteins (MAPs) and against neurofilament antigens
found in the side-arm of the 210-kd neurofilament component.
There is however no compelling evidence that either a MAP or
a neurofilament protein are intrinsic to the core structure of the
PHF. Masters et al. (1985) on the other hand have observed that
some tangles can be labelled in histological sections with anti-
bodies raised against Alzheimer plaque core amyloid, but give
no evidence of PHF decoration with the antibodies. The anti-
bodies recognise a 4-kd peptide and it is argued that PHFs, like
vascular and plaque core amyloid, are constructed from the same
subunit. However, the morphology of amyloid fibrils is quite dis-
tinct from that of PHFs (Merz et al., 1983). Moreover the PHF
subunit we have defined structurally has a volume corresponding
to a protein of mol. wt. > 200 kd. It is hard to understand how
such a large structural subunit could be formed entirely from the
small 4-kd peptide described by Masters et al. (1985). The bio-
chemical nature of the PHF must therefore still be regarded as
an open question.
Our new structural data are consistent with a picture in which

PHFs arise from the de novo assembly of a large subunit to form
aberrant polymers. The subunit appears to be produced in con-
siderable abundance in those neurons where tangles form. It re-
mains to be established whether the protein is newly synthesized
in tangle-bearing neurons, or whether it arises for instance by
post-translational modification of a normal constituent. Clearly
the unequivocal characterization of the biochemical nature of the
three-domained subunit we have demonstrated structurally, and
the factors which drive and stabilize its assembly into PHFs, will
be crucial for defining a fundamental molecular lesion in Alz-
heimer's disease.

Materials and methods
Preparation and electron microscopy of PHFs
All preparative protocols and procedures for electron microscopy were exactly
as described previously (Wischik- et al., 1985). Briefly, the brains were obtained
post-mortem from well-documented cases with a clinical diagnosis of senile demen-
tia of the Alzheimer type. The diagnosis was confirmed histologically by the
presence of large numbers of plaques and tangles in frontal and temporal cortex.
Material was taken from frontal and temporal cortex and hippocampus and tangle
fragments were prepared by a series of differential centrifugations in non-denaturing
conditions. For electron microscopy the resuspended final pellet was placed on
a 400-mesh carbon-coated grid and stained with lithium phosphotungstate (pH
6.0). Micrographs were recorded at 80 kV at a nominal magnification of 45 000x
using a Philips EM301 electron microscope.
Re-interpolation of the images
Because of the variability of twist observed even in apparently well preserved
filaments, and because of filament curvature, it has proved difficult to obtain
interpretable optical diffraction patterns directly from the images of PHFs. Accord-
ingly we have used computer methods to straighten filaments and to reduce the
variability in helical periodicity. After preliminary digitization of the image at
a sampling corresponding to - 0.45 nm on the specimen, an interactive program
(written by Dr E.H.Egelman) for an AED 767 raster graphics display was used
to straighten the filaments. The program fits a cubic spline to the plotted curved
axis of the particle, and then re-interpolates all the image data points so as to
straighten this line. Variations in helical periodicity were removed by re-inter-
polating individual loops axially to a constant loop length and then re-joining these
loops to remake an image of the filament. The effect of this latter re-interpolation
is to improve the low resolution part of the computed diffraction pattern, at the
expense of smearing out finer axial details. By combining both of these image
modifications, it has been possible to visualise reproducibly the first four layer
lines of the 80-nm cross-over spacing, whereas only the first order could generally
be seen in optical diffraction patterns.
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