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TO THE MEMORY OF MY FATHER 



PREFACE 

The neuronal cytoskeleton is a complex structure responsive to both 
intrinsic and extrinsic factors. Defined populations of neurons in the 
brains of patients with Alzheimer and several other neurodegenerative 
diseases contain abnormal filamentous accumulations which share elements 
with the cytoskeleton. Although there is a general consensus that these 
abnormal filaments do contain cytoskeletal elements, much debate remains 
regarding which cytoskeletal elements are incorporated and whether the 
cytoskeletal rearrangement is primary or secondary to other cellular 
changes. 

In this book these questions are addressed in a historical perspect
ive in light of new data that allows the reinterpretation of previously 
reported results. Contributions are based on many of the major tech
niques of modern biology including biochemistry, molecular biology, 
electron microscopy and immunocytochemistry. 

In the view of the editor, this volume is being written at a time 
when our understanding of the cytopathology of Alzheimer disease is 
moving from predominantly descriptive to both analytical and mechanistic. 
I hope that this contribution will provide impetus to speed this transi
tion. 

George Perry 

Cleveland, Ohio 
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NEUROFILAMENTS: A REVIEW AND UPDATE 

Steven S.M. Chin and Ronald K.H. Liem 

Department of Pharmacology 
New York University School of Medicine 
New York, N.Y. 

INTRODUCTION 

For decades neuroanatomists have been familiar with a 
distinctive fibrillar appearance of large mammalian axons after 
treatment of nervous tissue with various silver stains. These 
structures were aptly referred to as "neurofibrils." It was 
only relatively recently through combined efforts utilizing 
electron microscopic, biochemical, and immunological 
methodologies that these well-known structures have been more 
precisely defined and characterized. Today we refer to these 
"neurofibrils" as neurofilaments. The goal of this chapter is 
to review our current knowledge and understanding of 
neurofilaments in the context of normal cell function. 

MORPHOLOGY 

Electron microscopic examination of ultra-thin sections 
taken through large mammalian axons clearly reveal an abundance 
of electron-dense filaments measuring from 7 to 15 nanometers 
(nm) in diameter l . These neurofilaments (NF) are easily 
distinguished from the larger (25-30nm) microtubules. Ultra
thin sectioned material also reveal a finer fibrillar, whisker
like material which seems to cross link neurofilaments to each 
other as well as to microtubules. This feature is unique among 
the lOnm or intermediate filaments (IF) of which the 
neurofilaments are a member. Studies using quick-freeze, deep
etching techniques have confirmed the existence of these 
crosslinkers (4-6nm in diameter and 20-50nm in length) in 
~2,3. High magnification analysis of cross-sectioned 
neurofilaments reveal an electron-lucent core measuring 
approximately 3nm in width. Metal-shadowed preparations of 
isolated and re-assembled neurofilaments have consistently 
demonstrated a 2lnm axial periodicity which has been directly 
correlated with the prevailing model of IF structure (see 
below)4,5. 



BIOCHEMISTRY 

Mammalian NF proteins have been isolated and characterized 
as three distinct polypeptides often referred to as the 
neurofilament triplet. The apparent molecular masses of the 
individual triplet polypeptides as determined by SOS-PAGE vary 
depending on the particular species from which the proteins 
were isolated but usually cluster around 200-, 150-, and 70-
kilodaltons (kO). The molecular masses of the NF proteins vary 
from species to species (especially when comparing between 
taxonomic classes or among different phyla) and the larger NF 
proteins run anomalously on SOS-PAGE6. The individual 
polypeptides are therefore referred to as NF-L (low or light), 
NF-M (middle or medium), and NF-H (high or heavy). 

Structure 

Structurally, the neurofilament proteins conform to the 
general topographical model presently adopted for the IF family 
of proteins (for reviews see [7,8)). This model consists of a 
three domain structure containing a highly conserved central 
alpha-helical domain flanked by variable N-terminal head and C
terminal tail domains. The central alpha-helical domain 
consists of a 40-kO (-310 amino acid residues) rod region which 
is composed of two alpha-helical coils each about 21-22nm long, 
referred to as coils 1 and 2, separated by a non-helical, 
potentially beta-sheet, linker region (known as segment L12). 
Within coils 1 and 2 the amino acid residues are arranged into 
a quasi-repeating heptad motif of the form (a-b-c-d-e-f-g)n, 
where a and d are frequently apolar residues. In this 
arrangement a stripe of apolar residues is formed winding down 
along the alpha-helix. It is probably through the interaction 
of this apolar stripe in which the basic IF dimeric coiled-coil 
structure is formed. Coils 1 and 2 are further divided into 
smaller segments through breaks in the heptad repeat. These 
segments are known as segments lA (-5 heptads) and 1B (-14-15 
heptads) separated by linker segment L1, and segment 2A (-2-3 
heptads) and 2B (-17 heptads) separated by linker segment L2. 
Additionally, segment 2B contains a conserved reversal of 
heptad repeats forming a distinct discontinuity or "stutter" 
located near the center of this segment. Noteworthy are two 
highly conserved regions within this central rod region which 
are located in the second and third heptads of segment lA and 
in the last 4-5 heptads of segment 2B. In fact, Geisler et 
al. 9 have shown that the epitope recognized by the monoclonal 
antibody IFA described by Pruss et al. 10 (which reacts with all 
IF proteins) resides within the last 20 residues at the end of 
coil segment 2B. 

It is within the head and tail domain where variable 
sequences reside which account for the individuality of IF 
polypeptides. Utilizing the central rod domain sequence as a 
base and taking into consideration deviations in the coil 
sequences as well as the hypervariable head and tail domains, 
the IF proteins are subdivided into five types 7 ,8. The small 
acidic and large basic or neutral keratins are known as Type I 
and Type 11 IFs, respectively. Vimentin, desmin, and glial 
fibrillary acid proteins are Type III IFs. Available sequences 
on mammalian NF sequences have warranted their separation into 
their own group - Type IV. Finally, the nuclear lamin 
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proteins, which have recently been found by sequence analysis 
and assembly studies to be IF proteins11 ,12,13, have been 
classified as Type V IFs because of unique features in their 
rod domains. 

The basic IF molecule, as determined by cross-linking 
studies is a coiled-coil homodimer with the IF monomer subunits 
oriented parallel and in-register with one another7 ,8,14. The 
monomer chains are most probably held together by hydrophobic 
interactions along an apolar stripe formed along the alpha
helical rod domain by the a and d residues of the heptad 
repeats. These homodimers associate with one another to form 
the fundamental four-chain coiled-coil unit common to all IFs. 
There is much more uncertainty and therefore much less 
agreement concerning the exact nature of the tetramer unit and 
how it packs into an IF structure7 ,8. However, it is accepted 
that the core filament structure is composed of a packed array 
of coiled-coil tetrameric subunits arranged such that the end 
domains are located on the surface of the filament. 7 ,15 This 
arrangement is particularly significant in the case of the 
neurofilaments since the NF-M and NF-H subunits both possess 
extensive C-terminal tails 9,17,18. The packing can be arranged 
such that these tails are peripherally located and the coiled
coils are located in the backbone core in a regular manner, 
which also explains the "whispy" surface structures observed on 
isolated neurofilament preparations. Additionally, this 
situation would also be consistent with the peripheral staining 
pattern obtained by Willard and Simon 19 when they decorated 
neurofilaments with subunit specific neurofilament antibodies. 

Assembly 

A general property of purified IF proteins is their 
ability to polymerize into lOnm curvilinear structures under 
the appropriate buffer conditions. The neurofilament triplet 
has similarly been shown to reassemble into lOnm filamentous 
structures20 - 22 . However, of the individual subunits only NF-L 
is capable of forming true intermediate type filaments in the 
absence of the other two subunits. Under reassembly conditions 
NF-M and NF-H can form sedimentable material composed of 
aggregates and short filaments but not intermediate filaments, 
although Gardner et al. 23 have reported the formation of 10nm 
filament structures from bovine NF-M. If NF-L is co-assembled 
with either NF-M or NF-H, normal appearing filaments are formed 
which upon analysis reveals the presence of NF-L and the 
corresponding NF polypeptides with which it was co-assembled. 
Results of such experiments firmly establish that NF-L forms 
the core structure of NF and that NF-M and NF-H co-assembly is 
dependent upon the presence of NF-L. It has also been 
demonstrated that once urea solubilized NF-L is assembled into 
filaments subsequent incorporation of NF-M or NF-H is not 
observed24 . These results combined with the model of IF 
structure would support the view that NF-M and NF-H are 
integral components of normal neurofilaments, assembled into 
the core NF backbone via their central coiled-coil domains. 
The presence of their unique long tail domains could explain 
their inability to assemble into pure NF-M or NF-H IF 
structures. The presence of the NF-L polypeptide may be 
necessary to neutralize the assembly-negating effects of these 
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tail domains. The estimated average molar ratio of NF-H:NF
M:NF-L of 1:2.5:9 for intact neurofilaments 24 is supportive of 
this notion if uniform distribution of NF subunits within a NF 
is assumed since the more numerous NF-L molecules would tend to 
space the NF-M and NF-H subunits further apart from one 
another. Additionally, Kaufmann et al. 25 have demonstrated 
that amino-terminal sequences in the desmin molecule are 
necessary for normal IF forming ability while a desmin fragment 
lacking the carboxy-terminal 27 residues is assembly-competent. 
It could also be argued that the head domains of NF-M and NF-H 
are similarly responsible for the observed assembly
incompetence, although sequence data demonstrate a fair degree 
of homology between the head domains of NF-L and NF-M17. 

Recently it has been shown that the phosphorylation state 
of the NF subunits plays little if any role in assembly26. In 
fact, Black et al. 27 have demonstrated that in vivo 
phosphorylation of the NF subunits takes place after newly 
synthesized NF protein is incorporated into the insoluble 
cytoskeleton. 

Interactions 

Study of the interactions of NF with the cellular milieu 
have provided insights into possible functions of NFs. From 
early morphologic studies it was apparent that NFs interact 
with one another and with other axoplasmic structures 
(especially microtubules) via thin filamentous structures. 
These cross-bridging structures have been assumed to be 
composed of tail domains of neurofilaments M and H and of 
microtubule-associated proteins 2 ,19,28-31. Immunoelectron 
microscopic staining and freeze-etch studies have clearly 
demonstrated the peripheral nature of the NF-H tail domain. 
MAP 2 has also been demonstrated to associate with 
neurofilament and tubulin proteins in ~,~'-iminodiproprio
nitrile (IDPN)-treated axons in which neurofilaments and 
microtubules are induced to become spatially separated within 
the axoplasmic compartment 32 . Biochemically it has been shown 
that neurofilaments in the presence of MAPs can form stable 
associations with microtubules33 . More detailed binding 
studies have resulted in a surprising finding. MAP 2 and tau 
proteins bind directly to the core NF-L subunit, not to the 
supposedly peripherally located NF-M and NF-H sUbunits29 . 
These findings suggest that some of the observed cross-bridges 
are MAPs directly associating with neurofilament cores and 
interacting with neighboring microtubules. 

Phos~horylation 

Neurofilament polypeptides like other intermediate 
filament proteins undergo phosphorylation both in vivo and in 
~34. All three polypeptides of mammalian NF are 
phosphorylated although with varying amounts of phosphate. 
Studies of rat and bovine neurofilament have resulted in the 
following phosphate values Table One: 
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Table 1: Number of phosphate groups/NF subunit as determined 
by different laboratories 35- 38 . 

NF Subunit: 
NF-H 
NF-M 
NF-L 

mol phosphate/ mol NF subunit 
bovine35 bovine36 bovine37 

104 25 19 
26 12 7 
<1 3 1 

rat 38 
22 

9 
3 

The values for NF-H and NF-M are based on the molecular weights 
determined by SDS-PAGE, which are overestimated by at least 
50%. The actual moles of phosphate/mol of NF-H or NF-M 
subunits are therefore about 2/3 of the reported values. 

Invertebrate neurofilament polypeptides from loligo and 
myxicola also are phosphorylated to varying extents 
demonstrating the generality of neurofilament 
phosphorylation39 . 

Phosphopeptide analysis demonstrates that NF is 
predominantly phosphorylated on serine residues although 
phosphothreonine has been detected in both bovine and rat 
NF37,38. These phosphate groups are located mainly in the tail 
domains of NF-H and NF-M and many of these groups are 
accessible to enzymatic cleavage by acid and alkaline 
phosphatase. However, phosphates in NF-L are generally 
inaccessible to phosphatase treatment possibly because NF-L's 
smaller tail domain may be conformationally packed closer to 
the core filament structure or because NF-L is phosphorylated 
in the rod region. NF-M and NF-H also contain residual 
phosphate groups which are resistant to phosphatase treatment. 
Upon progressive dephosphorylation, NF-M and NF-H demonstrate a 
dramatic successive increase in mobility on SDS-PAGE37,38. 
This mobility shift provides evidence that phosphorylation 
directly influences the conformation of the NF-M and NF-H 
molecules. Recent data suggest that the anomalous behavior on 
SDS-PAGE is due to the combined effects of phosphorylation 
state and to stretches of glutamic acid rich regions of the 
tail domain which could confer extended helical properties to 
the region 40 . 

Antibodies specific for phosphorylated and dephos
phorylated NF have been used to confirm this phosphorylation
dependent shift and have also demonstrated that 
unphosphorylated NF isoforms exist in YiYQ. Using these 
antibodies, Sternberger and Sternberger41 have immuno
histochemically demonstrated the presence and differential 
localization of both phosphorylated and unphos-phorylated NF 
forms in brain tissue. Unphosphorylated NF is preferentially 
located in neuronal perikarya while phosphorylated forms are 
found predominantly in axonal processes. Bennett and DiLullo 42 

and Black et al. 27 have demonstrated that cultured neurons 
incorporate unphosphorylated NF into the cytoskeleton and it is 
only after these new NF polypeptides are assembled onto the 
existing IF cytoskeleton are they phosphorylated. A similar 
result has been shown for vimentin43 . Furthermore, Georges et 
al. 26 have demonstrated that in ~ dephosphorylated porcine 
neurofilament subunits are capable of reassembling into normal 
IF structures. Therefore, the phosphorylation of NF subunits 
does not seem to play a role in neurofilament assembly. This 
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is consistent with the finding that the reassembly properties 
of keratins, desmin, and vimentin are not related to their 
phosphate content 44 . 

Speculation as to the function of neurofilament 
phosphorylation has mainly been focused on the direct 
correlation of heavy phosphate content of NF-H with its 
proposed cross-bridging function. The possibility exists that 
gradual post-translational phosphorylation of nascent NF-M and 
NF-H molecules as they are transported from perikarya into the 
proximal axonal region and further into the distal axon may 
play a role in the formation and regulation of the extended 
cross-linker structures45 . 

In ~ studies have demonstrated both cAMP-dependent and 
-independent protein kinases which may play a role in the in 
vivo phosphorylation of neurofilament polypeptides. Leterrier 
et al. 46 demonstrated that a cAMP-dependent microtubule
associated protein kinase preferentially phosphorylates bovine 
and rabbit NF-M in~. Julien et al. 47 have described a 
cAMP-independent protein kinase activity associated with 
isolated rat neurofilaments. It was shown that NF-M was again 
the preferred substrate although phosphopeptide mapping 
indicated that the in ~ phosphorylated NF-H contained 
phosphothreonine which is normally not found in isolated NFs. 
The physiological significance of both these protein kinase 
activities still remains to be elucidated. 

Degradation 

Protein degradation and turnover is a vital cellular 
function which enables normal cells to constantly replenish 
cytoplasmic pools of important proteins. Neurofilament protein 
are continuously being synthesized in neuronal cell bodies and 
transported into axonal processes27 . Presumably these 
neurofilament proteins are degraded either as they migrate down 
axons or at their distal terminals since accumulation of these 
proteins is not normally observed in synapses. l Recycling of 
these proteins is unlikely since neurofilament proteins have 
not been reported to be retrogradely transported. The exact 
mechanisms of neurofilament protein turnover are still unknown. 
However, Ca2+-induced disintegration of neurofilament 
structures has been well documented48 ,49 and has motivated 
researchers to concentrate studies on calcium-activated neutral 
proteinases (CANPs). CANPs isolated from loligo axoplasm and 
mammalian brain tissue demonstrate distinct activities directed 
toward the modification and degradation of neurofilament 
proteins 50 - 57 . Additionally CANPs have also been demonstrated 
to degrade other intermediate filament proteins such as 
vimentin, desmin, and glial fibrillary acidic protein52 - 58 
suggesting a common mechanism in which non-keratin intermediate 
filaments are degraded. 

Calcium-activated neutral proteins (EC 2.4.22.17; also 
known as calpains) are a family of cysteine endopeptidases 
found in a wide variety of vertebrate and invertebrate 
tissues 59- 61 . Two types of CANPs have been characterized. One 
type is most active under conditions of micromolar 
concentrations of Ca 2+ and is referred to as ~CANP, CANP I, 

6 



CANP B, or calpain I. The other type, referred to as mCANP (or 
CANP II, CANP A, or calpain II) is active at millimolar 
concentrations of Ca2+. 

At present it appears that the observed Ca2+-induced 
disintegration of neurofilament structures could be explained 
by the presence of neuronal CANPs. It has been hypothesized 
that as neurofilament proteins are transported into the distal 
axon and reach the axonal terminals, local Ca2 + concentration 
changes would activate CANPs located in the synaptic terminals 
and thereby degrade the proteins 62 . This would be consistent 
with the reported disappearance of radiolabelled neurofilament 
protein after their arrival into the terminals 63 . Leupeptin 
which inhibits CANP activity has been shown to induce 
neurofilament accumulation in synaptic terminals if it is 
injected into neurons 64 . However, the mechanism by which mCANP 
functions is not known since endogenous Ca2+ concentrations are 
much lower than its optimal value for maximal activity as 
measured in vitro. It can be argued that ~CANP is active at 
endogenous Ca2+ concentrations but, at least in mice, it has 
been well demonstrated that it specifically post
translationally modifies the NF-M subunit, failing to degrade 
the NF-M subunit further or to degrade the other NF 
subunits 56 ,65. Further, a recent immunohistochemical study of 
the localization of ~CANP and mCANP in rat brain failed to 
demonstrate the presence of either enzyme in synaptic 
terminals 66 . Immunoreactive staining for ~CANP was mainly 
observed in the neuronal cell bodies while mCANP was mainly 
localized in glial cell bodies. 

Clearly, these discrepancies must be resolved and much 
more research needs to be done before neurofilament protein 
turnover can be fully understood. Presently we can only 
conclude that neuronal CANPs potentially play a role in normal 
neurofilament protein degradation but we cannot exclude the 
probable participation of other as yet unidentified enzymes and 
protein degradation systems. For example, human brain 
cathepsin D, a lysosomal enzyme, has been shown to degrade 
neurofilament proteins although the physiological significance 
of this finding is still unclear 67 . 

MOLECULAR BIOLOGY 

Amino acid sequence analysis has been instrumental in 
elucidating the primary structure of the IF proteins 8 . This 
approach however is tedious and difficult to complete on large 
molecules such as the NF polypeptides. Molecular cloning has 
greatly simplified the task of deducing the primary amino acid 
sequences of many protein molecules including those of the IF 
molecules. Considerable sequence data is now available on the 
Type I and 11 keratins and the Type III I Fs 68-74. However 
until very recently there was limited amino acid or nucleic 
acid sequence data for the NF proteins -- most if not all of 
the available amino acid sequence data on NF proteins were the 
result of the excellent work done by the group of Geisler et 
al. 9 ,17,75. 
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In 1985 Lewis and Cowan76 reported the cloning of a cDNA 
probe encoding the mouse NF-L. Later that year Julien et al· 77 
reported on a rat NF-L cDNA. These two reports confirmed the 
amino acid sequence of porcine NF-L as reported by Geisler et 
al. 75 and demonstrated that the amino acid sequence of porcine, 
mouse, and rat NF-L protein are highly conserved (with >93% 
identity). We recently have cloned and sequenced a cDNA clone 
that fully encodes the rat NF-L protein (Chin, Wu and Liem, 
unpublished data). We have also recently cloned and fully 
sequenced two rat NF-M cDNA clones, one of which encodes the 
entire rat NF-M polypeptide40 . The cloning of cDNAs for NF-H 
have only appeared as preliminary reports 78 ,79. 

Analysis of the available amino acid and nucleic acid 
sequence data have resulted in the following findings: 

1) rodent NF amino acid sequences are highly homologous to 
one another as well as to those of porcine NF; 

2) the amino acid sequences conform to the three domain 
coiled-coil model of IF structure; 

3) tail domains of NF-L, NF-M, and NF-H consistently 
demonstrate stretches of glutamic acid-rich regions; 

4) the predicted molecular masses of unphosphorylated rat 
NF-M is 95.4-kD, which is considerably smaller than the 
molecular mass obtained by SDS-PAGE (145-kD for rat NF-M); and 

5) the peptide sequence of Lys-Ser-Pro is found many times 
in the tail domain of NF-M and NF-H and could possibly be the 
phosphorylation sites. 

Lewis and Cowan80 have extended their studies of NF-L into 
those of NF-L gene structure. On comparing the mouse NF-L gene 
structure with those of Type I and Type 11 keratins, desmin, 
vimentin, and glial fibrillary acidic protein, Lewis and 
Cowan80 found that the number and placement of the introns were 
completely anomalous. Whereas the other members of the IF 
family demonstrate an homologous positioning of seven or more 
introns within their gene structure, NF-L demonstrates the 
presence of only 3 introns in positions corresponding to none 
of the above characterized genes. On the other hand, the NF-M 
gene structure shows the presence of two introns8l , 
corresponding to the first of the two introns in the NF-L gene. 
These studies confirm the classification of the neurofilaments 
as a separate class of intermediate filaments. 

CELL BIOLOGY 

Differential localization and expression 

Immunohistochemical studies of various neural tissues and 
cells have demonstrated neurofilament expression to be a 
complex event. Neurons from different parts of the nervous 
system may express varying amounts of neurofilament protein. 
Large neurons consistently demonstrate neurofilament 
immunoreactivity while certain smaller neurons, especially 
those in the CNS, display little or no detectable NF 
proteins. 82 Specifically, dorsal root ganglion (DRG) neurons 
illustrate this characteristic. DRGs are composed of two types 
of sensory neurons, large light or A cells and small dark or B 
cells. Immunohistochemical studies have clearly demonstrated 
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rich neurofilament triplet protein staining in the large light 
neurons while the small dark neurons show little if any 
staining83 - 85 . 

Generally, NF staining of axonal processes is more intense 
than that for the neuronal cell soma. This phenomena is due 
to: 1) most polyclonal and monoclonal NF antibodies are 
predominantly directed against phosphorylated epitopes present 
primarily in the axons; and 2) axons contain much more 
neurofilaments than the cell soma28 ,86. Antibodies 
specifically directed against unphosphorylated NF epitopes have 
demonstrated NF immunoreactivity only in the perikaryal 
cytoplasm41 . Previously observed discrepancies in the apparent 
uniform or non-uniform distribution of the neurofilament 
triplet within neurons could be explained by the use by various 
research groups of different NF antibodies directed toward the 
same NF subunit but specific for a particular phosphorylation 
site. The initial report of a uniform distribution of the 
three NF proteins could have been due to the use of antibodies 
that recognized both phosphorylated and unphosphorylated 
epitopes 87 . Subsequent reports of specific localization or 
absence of the NF-M or NF-H subunits in either the neuronal 
soma or axon28 ,88,89 could be explained by the use of 
antibodies that predominantly recognized either the 
phosphorylated or unphosphorylated forms of the NF-M or NF-H 
proteins 90 . 

Developmental studies of avian and mammalian nervous 
systems have demonstrated a differential expression of 
intermediate filaments in embryonic neurons 91 - 97 . In general, 
as neuroblasts differentiate and mature they appear to 
sequentially express vimentin, then NF-L and NF-M, and finally 
NF-L, NF-M and NF-H together. Transient co-existence of 
vimentin and the NF proteins has been well documented for many 
embryonic neural cell systems 93 ,95,96. Curiously, the axonless 
horizontal cells of adult mouse and rat retina continue to 
express vimentin together with the NF triplet 95 ,98,99. The 
occurrence of NF-L and NF-M is consistently observed to be 
expressed developmentally earlier than that of NF-H, which 
appears only after the neurons have matured28 . Axons of the 
peripheral nervous system demonstrate NF-H immunoreactivity 
much earlier than those of the more slowly developing central 
nervous system. Additionally, the developmentally precocious 
chick possesses NF-H containing axons much earlier in pre- and 
post-natal periods than similarly aged mammalian species (Chin 
and Liem, unpublished observations) . 

Neurofilament expression is normally restricted to neurons 
and cells of the diffuse neuroendocrine system82 ,100. The 
report by Granger and Lazarides 101 of a NF-L-like protein being 
expressed by adult avian erythrocytes is the only exception to 
this generalization. Interestingly, Bennett and DiLullo102 
have observed transient expression of NF-M protein in early 
neural and nonneural (e.g., cardiac myoblasts) cells of 
embryonic chicks. The significance of such a finding is 
unclear. Neurofilament proteins have been reported to be 
expressed in various tumors 103 ,104 and tumor derived cell 
lines. For example, 1) certain mouse neuroblastoma derived 
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cell lines express the NF-L subunit l05 ,106, 2) rat PC12 cells 
(a cell line derived form a pheochromocytoma) can be induced 
with nerve growth factor to express the neurofilament 
triplet l07 ,108, 3) the clonally derived, pluripotent human 
embryonal carcinoma cell line NTERA-2cl.Dl can be induced with 
retinoic acid to differentiate into cells that express the 
neurofilament triplet l09 , and 4) variant small cell lung cancer 
cell lines NCl-H82 and NCl-H524 demonstrate co-expression of 
NF-L, NF-M and vimentin llO . The use of these cell lines in 
conjunction with primary neuronal cultures will be useful in 
future studies of neurofilament gene expression. 

Phylogenetic expressjon 

Neurofilament expression has been studied in a variety of 
vertebrate and invertebrate species 86 ,111-113. Mammalian and 
avian species have been most extensively studied of the 
vertebrates and include species such as rat, mouse, hamster, 
gerbil, guinea pig, rabbit, pig, cow, ox, cat, baboon, man, 
chicken, parakeet, finch, canary, and goose. Of the 
invertebrates neurofilaments from the marine fan-worm, 
myxicola, and the squid, loligo, have been thoroughly 
characterized. Neurofilaments from both of these invertebrates 
consist of two distinct polypeptides -- myxicola NF appears as 
l60-kD and l50-kD polypeptides and loligo NF appears as 200-kD 
and 60-kD polypeptides. The molluscan Aplysia has also been 
shown to possess a neurofilament doublet of 65-kD and 60-kD. 
This is unlike the situation seen with mammalian and avian 
neurofilaments which consistently appear as a triplet. 
Subsequent studies have been performed to establish and 
characterize the expression of neurofilament proteins in lower 
vertebrates and invertebrates. During the course of these 
studies certain criteria were found to be useful in 
establishing the authenticity of certain polypeptides as 
neurofilament proteins. Basic criteria included the following: 
1) demonstration of immunoreactivity with the general IFA 
monoclonal antibody that has been shown to react with all IF 
proteins lO ; 2) demonstration of specific expression of the 
proteins in neurons and its transport into axons; and 3) 
demonstration of staining with the Bodian silver staining 
technique which has been shown to be specific for neurofilament 
proteinsl13-ll5. Using these criteria, putative NF proteins 
have been identified in a large number of organisms. Among the 
invertebrates, examples from phyla annelida and mollusca have 
been shown to possess neurofilaments. Species from phylum 
arthropoda, however, have consistently demonstrated an absence 
of IF proteins in nerve axons l13 . The absence of cross
hybridizing genomic DNA sequences in Drosophila probed with a 
mouse NF-L cDNA clone76 support the view that arthropods do not 
express NF proteins. 

Lower vertebrates have been shown to express neurofilament 
protein. In general, reptilian NF proteins occur as a doublet 
while amphibian NF proteins appear both as triplets and 
doublets, depending on the particular species. Lasek et al. 1l3 
have studied neurofilament expression in a number of bony and 
cartilaginous fish and have found that their NF proteins vary 
from doublets to quadruplets, again dependent on the particular 
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species of fish studied. Further studies of species-dependent 
expression of neurofilament proteins and their molecular 
structure will be necessary before the evolution of these 
proteins can be fully elucidated. 

Axonal transport 

Axonal transport studies have substantially contributed to 
the understanding of the dynamics of neurofilaments. The 
neurofilament triplet proteins are co-transported together as a 
major component of the slowest component of axonal transport 
also known as slow component a (SCa) or group V (for detailed 
reviews of axonal transport see[116, 117 1). SCa components 
typically move at a velocity of 0.1-1 mm/day while the more 
numerous slow component b (SCb) proteins move ahead at a 
velocity of 1-5 mm/day. It appears that both components of 
slow axonal transport are responsible for the continuous 
anterograde flow ofaxoplasmic matrix through neuronal axons. 
The cohesive nature of SCa and SCb transport has led to the 
hypothesis that the individual constituents of the axoplasmic 
matrix are translocated through the axon as a macromolecular 
complex117 ,118. For example, the neurofilament triplet is co
transported with the tubulins as the major constituents of SCa. 
This further strengthens the view that neurofilaments and 
microtubules associate intimately with each other to form a 
basis for the neuronal axoplasm. 

Many of the individual constituents of SCa and SCb have 
been identified117 ,119 and their transport characteristics have 
been compared in different neurons 120 ,121. The results of such 
comparisons have established the existence of cytotypic 
differences in both composition and transport velocity of the 
axonally transported cytoskeleton and cytomatrix120, 121. For 
example, tubulin was found to be the major SCb protein in 
ventral motor neuron (VMN) and dorsal root ganglion (DRG) 
axons, but was not found to be present in SCb in optic nerve 
(ON) axons. The transport velocities for SCa and SCb proteins 
were also substantially faster in the peripheral VMN and DRG 
axons than in the central ON axons. Despite these and other 
reported variances the neurofilament triplet is consistently 
transported in the slowest transport component in both central 
and peripheral neurons. The only significant difference 
involving neurofilaments was a noticeably higher ratio of 
neurofilament protein to tubulin in SCa in DRG and VMN axons 
compared to ON axons 121 . These and other observed cytotypic 
differences subtlely reflect the diversity of form and function 
exhibited by central and peripheral neurons. 

The cytoskeletal components ofaxons such as actin, 
tubulin, and neurofilaments have also been hypothesized to play 
a role in axonal transport. The broad actin wave front seen in 
transport studies has been interpreted to possibly be due to 
its interaction with the components of the subaxolemmal 
matrix. 120 ,121 SC velocities could possibly be regulated 
through such interactions with those involving cytomatrix 
components. Microtubules have been shown to be involved in 
fast axonal transport 122 ,123. Studies using IDPN treatment 
have clearly demonstrated that vesicular and organellar fast 
axonal transport is confined to the centrally located 
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microtubular structures and is not associated with the 
peripherally displaced neurofilament arrays124-126. 
Developmental studies have correlated a decrease in 
neurofilament transport velocity with the increase in NF-H 
expression in late post-natal life127 ,128. This find further 
supports the view that NF-H possesses cross-linking functions 
and that such cross-linking to other neurofilaments, 
microtubules, and other undefined structures could modulate the 
velocity of macromolecular complexes in SCa. 

More detailed studies of central neuronal transport have 
resulted in findings indicative of regional specialization 
within axons. It was found that the mouse and chick 
neurofilament middle subunit undergoes post-translational 
modification as it moves along the length of the axons 45 ,89. 
The l45-kD and l40-kD mouse NF-M protein are observed to be 
uniformly distributed along the whole of the axon while the 
l43-kD subunit appears only at the distal end45 . Nixon and his 
colleagues 45 ,129 have also presented evidence that support 
their hypothesis that neurofilaments exist as two distinct 
pools. One pool is the normally observed neurofilament 
component of SCa undergoing continuous transport. The other 
pool is composed of a relatively stationary neurofilament 
network. Nixon and Logvinenko129 estimate that, in the steady 
state, most of the neurofilament proteins in mouse retinal 
ganglion cell axons may exist as part of this stationary pool. 
Furthermore, they report that there exists an increasing 
proximal to distal gradient of neurofilament protein in mouse 
retinal ganglion axons. The existence of such a nonuniform 
distribution of neurofilament protein in axonal processes could 
further modulate the process of axonal transport through 
presently undefined interactions. 

Morphological studies suggested that one function of 
neurofilaments is to determine axonal caliber particularly of 
myelinated axons 130 ,13l. Experimental manipulations such as 
axotomy, nerve constriction and crush result in an initial 
decrease in axonal transport of neurofilament proteins 
coinciding with a reduction in axonal caliber. As the nerves 
regenerate neurofilament transport return to normal levels with 
restoration of axonal caliber13l-l33. Data from experimental 
galactose neuropathy studies demonstrate that whereas the 
density of NF in axons is not significantly different from 
those of the control groups, the decreased number of NFs per 
axon was correlated with a decrease in axonal caliber134 . 
Similar findings were reported for patients with hereditary 
motor and sensory neuropathy, type 1135. The consistent 
correlation between changes in axon caliber and coincident 
changes in NF number support the view that neurofilament 
transport plays a role in regulating axonal volume and 
consequently axonal conduction properties. 

PATHOLOGY 

A number of degenerative neuropathies are characterized by 
morphological reorganization of cytoskeletal elements. 

12 



Alzheimer's disease136 , idiopathic and post-encephalitic 
Parkinson's disease 137 , amyotrophic lateral sclerosis 
(ALS)138,139, Guamanian amyotrophic lateral sclerosis
Parkinsonism-dementia complex140 , Down's syndrome 141 , Pick's 
disease 142 , and giant axon neuropathies 143 (GANs) all exhibit a 
profound alteration of the neuronal cytoskeleton in the form of 
accumulations of filamentous material within affected neurons. 
The cytoplasmic accumulation of filaments and/or inclusion 
bodies in neuropathies associated with these disease states 
have all been shown to possess neurofilament-immunoreactive 
antigens137 ,141,142,145-147. Neurofibrillary tangles are found 
in small numbers in the brains of normally aged men and women 
but are found in much greater numbers in patients affected with 
diseases such as Alzheimer's disease, post-encephalitic 
Parkinson's disease, Down's syndrome, Guamanian amyotrophic 
lateral sclerosis-Parkinsonism-dementia complex, progressive 
supranuclear palsy, and subacute sclerosing panencephalitis 146 . 
These tangles were originally thought to be composed of 
neurofilaments but are now known to consist of two 10nm 
filaments wound helically around one another and are referred 
to as paired helical filaments (PHFS) 148. The extraordinarily 
insoluble nature of these fibrillary elements has made it 
difficult to fully analyze their biochemical composition149 . 
However, it has been shown that PHFs contain epitopes found in 
neurofilaments 141 ,147,150, microtubule-associated protein 2 
(MAP_2)150,151, and phosphorylated tau proteins 152 ,153. Pick 
bodies 142 and Lewy bodies 137 characteristic of Pick's disease 
and Parkinson's disease, respectively, are cytoplasmic 
inclusions composed of filamentous structures which have also 
been identified as neurofilamentous in nature. 

Experimentally-induced neuropathies have been very useful 
in providing animal model systems with which to study the 
pathogenesis of the above mentioned diseases154 . Toxins such 
as acrylamide,155 IDPN,124-126,154 2, 5-hexanedione, 154, 156 and 
aluminum salts 157 seem to affect axonal transport manifesting 
in accumulations of specific transport components. IDPN 
appears to inhibit the slow transport of NF protein, producing 
proximal accumulation of neurofilamentous structures 154 ,158. 
2,5-Hexanedione, however, appears to accelerate the rate of 
neurofilament protein transport producing distal accumulations 
of neurofilaments 156 . Although NF transport appears to 
contribute to the pathologies, the exact mechanisms responsible 
for the observed neurofilament accumulations are not known159 . 
Factors such as rates of NF synthesis, degradation and post
translational modification (possibly abnormal cross
linking160 ,161) must be taken into consideration. Such 
experimental systems may be useful as models for studying the 
proximal and distal types of filamentous accumulations in ALS 
and GAN s 156, respectively. 

Autoantibodies reacting with the neurofilament triplet 
have been identified in kuru and Creutzfeldt-Jakob disease 162 -
164 This occurrence has been interpreted as a host reaction 
to the lysis of neurofilament-loaded neurons. The contribution 
of such autoantibodies to the pathogenesis of these and other 
neurodegenerative diseases still remains to be elucidated. 
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CONCLUDING REMARK 

Continued research on neurofilament structure and function 
will prove to be invaluble to our ever-growing understanding of 
the workings of the neuron and its relationship with the 
nervous system as a whole. 
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Extracellular signals, including a variety of neurotransmitters and 
hormones produce diverse physiological responses in neurons but until 
recently, little was known about the molecular mechanims that underlie 
these responses. There is now considerable evidence indicating that 
protein phosphorylation plays an important role in neuronal responses to 
extracellular messengers (for review see 1). Protein phosphorylation is 
involved in a shuttle: i) the substrate protein is phosphorylated when a 
protein kinase transfers the terminal phosphate from ATP to the substrate 
protein; the addition of the charged phosphate group to the protein 
modulates its function, presumably by changing its conformation; ii) the 
phosphate group can be removed from the protein by a phosphatase 
restoring the protein to its original functional state. Such a shuttle 
is now evident in microtubule proteins. Microtubules are one of the 
major constituents of neuronal cytoskeletons and play important roles in 
regulating cell morphology, intracellular transport processes and 
secretions. The microtubules are polymers of tubulin and they also 
contain accessory proteins, notably MAP1, MAP2, and the tau proteins. 2 

The tau proteins have been purified from brain of several mammalian 
species. In bovine brain, they are a family of four closely related 
polypeptides, as indicated by their similar peptide maps and amino acid 
compositions, but they differ in their apparent molecular weights (Mr = 
55,000-65,000) as determined by SDS-polyacrylamide gel electrophoresis 
(3). Recently, it was reported that phosphorylated tau proteins are the 
major antigenic component of the paired helical filaments that 
characterize degenerative human neurons in Alzheimer's disease. 4,5,6 The 
enrichment in phosphorylated tau proteins seemed to be accompanied by an 
impoverishment in microtubules. It is significant, then, that Lindwall 
and Cole7 found that phosphorylation of tau reduced its ability to 
promote microtubule assembly. Moreover, at high ratios of phosphorylated 
tau to tubulin, anomalies were reported in the turbidity assay for 
microtubule assembly, indicating aberrations in the structure of the 
tubulin polymers. 7 
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The mechanisms that dictate microtubule assembly, the interactions 
of microtubules with each other, or with membranes and their interactions 
with other cytoplasmic structures or proteins, are not completely 
understood. However, on the basis of recent available data, it became 
evident that phosphorylation processes of tubulin8 and the 
microtubule-associated proteins, MAP-2 and tau are major molecular events 
that might regulate microtubule properties and functions.?' 9,10 Such an 
assumption is supported by the recent finding that tau proteins are 
phosphoproteins.ll-13 Apparently, the original isolation of tau 
proteins2 produced tau in a particular state of phosphorylation because 
it allowed phosphorylation to occur during the isolation process. ll 

However, a quick, direct purification technique showed that tau existed 
in multiple phosphorylation states in vivo. 1T Tau proteins associated 
with paired helical filaments in Alzheimer brain neurons have been found 
to be highly phosphorylated. 12, 13 There is therefore a considerable 
interest in understanding the factors that might regulate tau 
phosphorylation in vivo and thus probably their functions. 

Two different modes of phosphorylation of tau protein have been 
characterized. Mode I phosphorylation induces a conformational change in 
tau protein structures that is responsible for a decrease in mobility on 
SDS-polyacrylamide gel electrophoresis11 and makes a highly conserved tau 
epitope inaccessible to antibody to tau. 12 ,13 This phosphorylation was 
found to inhibit tau in its promotion of microtubule formation.? Mode 11 
phosphorylation causes little change in the mobility of tau on SDS 
gels. 3 ,1l The primary focus of this review will be on the protein 
kinases that have been recently found to catalyze mode I and mode 11 
phosphorylation of tau proteins in vitro. 

Mode I phosphorylation of tau proteins by a Ca2+/calmodulin-dependent 
protein kinase 

Activation of cell surface receptors by a variety of stimuli leads 
to an increase in intracellular Ca2+ concentration. ca2 + acting as a 
"second messenger," activates several protein kinases that amplify the 
initial signal and may mediate many of the effects of Ca2 + on neuronal 
function. The discovery of the ubiquitous ca2+-binding protein, 
calmodulin (CaM), facilitated the elucidation of many effects of ca 2+ by 
finding that many enzymes are regulated directly by the Ca2 +-CaM complex 
(14). Schulman and Greengard (15) first reported the presence of a 
membrane-bound Ca2+-calmodulin-dependent protein kinase in brain and 
Fukunaga ~.16 subsequently purified a cytosolic form of the enzyme. 
To date, several laboratories have purified Ca 2+-calmodulin-dependent 
protein kinases. The enzymes have been purified using myosin light 
chain16 , tryptophan hydroxylase1?, synapsin18 , tubulin 8,19, microtubule 
associated MAP-2 protein 19,20, and casein21 as exogenous substrate. All 
preparations, except the enzyme purified as a myosin light-chain kinase 
showed a similar subunit composition with a molecular weight of the 
holoenzymes varying from 350,000 to 650,000. Although major differences 
in substrate specificity have been reported it is not yet possible to 
determine whether these represent the same enzyme that has been prepared 
and assayed under different conditions or whether there is a family of 
related enzymes. Immunohistochemical studies on the location of the 
enzyme showed that it is distributed throughout the brain and that it is 
mainly concentrated in neurons. 22 In 1984, Schulman20 first reported 
that the Ca2+-CaM-dependent MAP-2 kinase purified from rat brain may also 
use tau protein as a substrate. Preliminary experiments in our 
laboratory using the kinase kindly given to us by Schulman 
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showed that it did indeed phosphorylate purified tau protein. A similar 
enzyme was prepared from bovine forebrain according to the method of 
McGuinness ~.23 with minor modifications. The final step consisted 
of a calmodulin-Sepharose affinity chromatography. 

Phosphorylation of tau protein by the enzyme we prepared proved to 
induce shifts in the mobilities of the phosphorylated tau protein that 
characterize mode I phosphorylation (Fig. 1, upper panel). Furthermore, 
phosphorylation of tau by this kinase was almost totally dependent on the 
presence of calcium and calmodulin. There was no apparent preference of 
the kinase for one or another tau protein species, since they all seemed 
to be phosphorylated by the kinase to the same extent 
(Fig. 1, lower panel, lane 5). Further studies on individually 
separated tau species has allowed the demonstration that each tau protein 
species incorporated one phosphate group per mole of tau and was shifted 
to a single slower migrating electrophoretic band as a result of 
phosphorylation (Fig. 1). 
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Figure 1. Coomassie blue staining (upper panel) and autoradiogram 
(lower panel) showing the different peptide and phosphopeptide patterns 
observed after treatment of various dephosphorylated bovine brain tau 
protein combinations with the bovine Ca2+/calmodulin-dependent protein 
kinase. Lane 1: mixture of "1 and "3; Lane 2: mixture of "2 and "4; Lane 3: 
"1; Lane 4: "2; Lane 5: crude" proteins. The samples containing the 
Ca2+/CaM kinase (+) were incubated for 20 min at 30°C with 20 mM 
Tris-HCI, pH 7.5, 36 ~[~32p]ATP, 18 mM MgCl2 and 30 ~l (about 40 ~g/ml) 
of the purified kinase in a total volume of 55 ~l in the presence of 1.5 
~ calmodulin and 45 ~ calcium. The reference samples (-) were 
incubated in Tris-HCI buffer. The reaction was stopped by adding 15 ~l 
of SDS buffer and boiled for 5 min. Samples were then electrophoresed on 
10% SDS-polyacrylamide gels. The gel was stained with Coomassie blue and 
dried before autoradiography. The upper and lower panels represent, 
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respectively, the Coomassie blue staining and autoradiography of the same 
gel. The different tau protein species are numbered T1 to T4 and P1 
refers to mode I phosphorylated tau protein. The method for separation 
of the different tau protein species will be described elsewhere. 

For a number of reasons, we believe that there is physiological 
si1nificance in the phosphorylation of tau by the 
Ca +/calmodulin-dependent kinase. First, the mode of phosphorylation 
produced by this kinase is the one most clearly shown to exist in 
vivo. 11 - 13 Second, the phosphorylation by the ca2+/calmodulin-dependent 
kinase appears to produce a conformational 
change in tau and it seems likely that such a change would modulate the 
functional properties of tau. 7 Finally, the ~ossibility of physiological 
significance in tau phosphorylation by the Ca +/calmodulin kinase is 
enhanced by the recent reports that tau proteins in Alzheimer neurons are 
predominantly in the form produced by mode I phosphorylation.12 ,13 
Concerning this last point, a major challenge in understanding the 
biochemical alteration in Alzheimer neurons seems now to be elucidation 
of the molecular events that underlie such longlasting changes in the 
phosphorylation of tau proteins. The Ca2+/calmodulin-dependent kinase is 
one enzyme that could mediate such changes because it appears to act as a 
molecular switch that remains active long after an initial triggering 
event. 24 ,25 Ca2 + and calmodulin stimulate autophosphorylation of the 
enzyme and incorporation of 3-12 phosphate groups per holoenzyme. 24 The 
phosphorylated form which results from autocatalysis becomes autonomous, 
being completely independent of ca2 + and/or calmodulin. Such properties 
allow the enzyme to remain active long after the decay of an initial ca2+ 
signal. Dephosphorylation by a distinct phosphatase activity is required 
to turn the enzyme off. 24 An imbalance of the 
autophosphorylation-phosphatase system involving reduction in the level 
of phosphatase activity that normally would control autophosphorylation 
of the enzyme might well be responsible for the abnormal phosphorylation 
of tau protein in Alzheimer's neurons. 

To better define the role of Ca2+/calmodulin kinase in Alzheimers 
disease, we believe that it will be important to learn more about the 
regulation of its autonomy in Alzheimer's neurons. 

Mode II phosphorylation of tau proteins 

It has been shown that purified tau proteins can exist in a second 
mode of phosphorylation, mode II, which hardly changes the mobility of 
tau on SDS-polyacrylamide gel electrophoresis. 3 ,11 In vitro studies of 
tau phosphorylation by the Ca2+/phosphOlipid-dependent protein kinase C 
demonstrated that tau that had been dephosphorylated with alklaline 
phosphatase could be rephosphorylated by this kinase (Figure 2) without 
an appreciable shift in mobility.26 However, a sub-stoichiometric 
incorporation of radioactive phosphate group per mol of tau protein was 
consistently observed (0.3 - 0.6 mole P04= / mole tau protein), 
independently of the kinase C concentration used (unpublished). We have 
since learned that the phosphoryl group introduced into tau by kinase C 
is unusually resistant to removal by alkaline phosphatase. Thus, the low 
stoichiometry measured by radioactive phosphate incorporation was due to 
the fact that the substrate tau was already partially phosphorylated with 
non-radioactive isotope. 
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Figure 2. Calcium/phospholipid-dependent phosphorylation of 

bovine brain tau protein by protein kinase C. A purified tau protein 
preparation that contained mainly two tau protein species, T2 and t3 was 
used. Each lane of the auto radiograms represents a reaction mixture of 
protein kinase C in 20 mM Tris, pH 7.4, with the additions indicated 
below the autoradiograms. The additions were in the following final 
concentrations: total Ca2+, 1.2 mM; phospholipids, 246 ~ phosphatidyl 
serine, 7 ~ diolein; tau, 2~. Protein kinase C was purified from rat 
brain (a generous gift of Drs. Mochly-Rosen and D.E. Koshland, Jr.). The 
phosphorylated polypeptide in lanes 1 and 3 represents autophosphorylated 
forms of protein kinase C (CK). The different phosphorylated tau protein 
species are numbered Tl and T3 , and P2 refers to mode 11 phosphorylated 
tau protein. 

Like the Ca2+/calmodulin-dependent kinase, protein kinase C has a 
relatively broad substrate specificity in vitro, but there is less 
evidence than in the case of ca 2+/calmodulin-dependent kinase that the 
observed phosphorylation of tau by kinase C might correspond to mode 11 
phosphorylation that occurs in vivo. Further studies on the 
phosphorylation of tau protein by other protein kinases and comparison of 
peptide maps of the in vivo and in vitro phosphorylated tau proteins 
might help to identify the kinases that catalyze mode I1 phosphorylation 
of tau in vivo. 
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Conclusion 

Studies over the past several years have provided direct evidence 
that protein phosphorylation is involved in the regulation of neuronal 
function. A major factor in neuronal function could be microtubules 
which are major constituents of the neuronal cytoskeleton, and 
phosphorylation appears to be one of the major molecular mechanisms that 
regulate microtubule functions. 

Only a beginning has been made on the identification of the kinases 
involved in microtubule regulation in vivo. Three distinct classes of 
protein kinase are under consideration, i.e., cyclic AMP-dependent 
protein kinase, protein kinase C, and calmodulin dependent kinase 11. 
All of these kinases mediate the in vitro phosphorylation of tubulin and 
microtubule associated proteins MAP-2 and tau. Lindwall and Colell 

reported that in crude preparations of bovine brain microtubule proteins, 
a kinase was present that catalysed mode I phosphorylation and another 
that accomplished mode 11 phosphorylation. Since the Ca2+-calmodulin 
dependent kinase in our study was isolated from bovine brain, it seems 
likely to be the one responsible for the in vivo phosphorylation of tau, 
such as that observed in quickly isolated normal tau preparations, and in 
the paired helical filaments of Alzheimer's neurons. The protein kinase 
C that was used in our work was isolated from rat brain and it is 
therefore reasonable to suppose that tau is exposed to this enzyme in 
vivo. However, it must be kept in mind that because electrophoretic 
mobility does not signal mode 11 phosphorylation, as it does mode I, it 
has not yet been proven directly that tau in vivo, or even in freshly 
isolated preparations is partially or completely phosphorylated in mode 
11. Despite this caveat, it seems likely to us that mode 11 
phosphorylation, as well as mode I, occurs in vivo. It will be 
interesting to learn whether or not there are any interdependencies 
between the two different modes of phosphorylation; that is, does mode I 
phosphorylation regulate mode 11 or vice versa? It also remains to 
elucidate how these two different modes of phosphorylation can affect tau 
protein structure and function. A number of functional conse~uences of 
tau phosphorylation could be postulated. It is already known that the 
ability of tau to promote microtubule assembly is reduced by mode I 
phosphorylation, but not eliminated. It might be asked, then, whether 
microtubules assembled with phosphorylated tau proteins are more or less 
stable toward, for example, calcium, than are microtubules assembled with 
non-phosphorylated tau. Further, the phosphorylation of tau may affect 
interactions, perhaps even when it is incorporated into microtubules. 
For example, it was reported26 that phosphorylation (unidentified mode) 
decreased the effect of tau on actin gelation. Whatever particular 
effects are ultimately found to be relevant, the occurrence of two modes 
of phosphorylation along with the existence of substantial amounts of 
nonphosphorylated tau in vivo, point toward a dynamic regulatory system 
with diverse effects. 
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HUMAN AMYLOIDOSIS AND IN VITRO FORMATION OF ALZHEIMER AMYLOID FIBRILS 

Eduardo M. Castano and BIas Frangione* 

Department of Pathology and *Kaplan Cancer Center 
New York University Medical Center, 550 First Avenue 
New York, N.Y. 10016 

Amyloidosis is a generic term that describes the chronic deposition 
in the extracellular and intracellular spaces of abnormal fibrillar pro
teins. These proteins share the properties of a 8-pleated sheet secondary 
structure, insolubility, green birefringence after Congo red staining and 
the formation of fibrils with a typical electron microscopic appearance. l ,2 
The deposition of amyloid fibrils is the resultant of a diversity of path
ological conditions, and the localization of these deposits is probably 
determined by tissue-related factors as well as by the type of protein 
involved (Table 1). primary amyloidosis presents in 90% of the cases an 
M component that can be detected in serum, urine or cerebrospinal fluid. 3 ,4 
This observation and the presence of multiple myeloma in 20% of the cases, 
suggest that a plasma cell dysfunction plays an important role in its 
pathogenesis. 5 The amyloid protein in primary amyloidosis has been shown 
to be the amino terminal fragment of immunoglobulin light chains with a 
variable molecular weight, ranging from 5-23 kDa. 6 ,7 Some subgroups of 
light chains appear to have a highly amyloidogenic primary structure, as 
shown by preferential association of AVI with primary amyloidosis and the 
in vitro formation of amyloid fibrils from some, but not all, of the Bence 
Jones proteins studied. 8 - 10 Secondary amyloidosis is related to acquired 
chronic inflammatory conditions such as rheumatoid arthritis, tuberculosis, 
leprosy, bronchiectasia, and osteomyelitis. Several malignancies including 
Hodgkin's Disease and renal-cell carcinoma11 ,12 have been related to this 
complication as well as the autosomal-recessive Familial Mediterranean 
Fever. 13 The abnormal fibrils in these cases are made up of a protein 
called AA. Protein AA has been shown to be the amino terminal fragment, 
usually with a length of 76 residues, of a serum precursor SAA.14-16 SAA 
is an a2 globulin with a molecular weight of 12 kDa, part of the HDL3 
complex. 17,18 It behaves as an acute phase reactant, but its physiological 
role remains unknown. 19 Two major isotypes of SAA have been described in 
humans 20 but it has not been shown thus far that any of these isotypes is 
preferentially associated with amyloid formation. In these two groups of 
systemic amyloidosis (AA and AL), proteolytic cleavage of the serum pre
cursors by the reticuloendothelial system has been suggested as a common 
mechanism of amyloidogenesis. l Moreover, incomplete breakdown of SAA by 
monocytes of patients with secondary amyloidosis, releasing fragments with 
the electrophoretic mobility of protein AA supports this concept. 2l 

The types of amyloidosis that have been related to prealbumin or 
transthyretin as the serum precursor are: 1) familial amyloidotic 
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polyneuropathies (FAP); 2) senile cardiac amyloidosis22 ; and 3) familial 
cardiomyopathy of Danish origin. 23 In FAP of different kindreds, several 
variant prealbumin genes have been found. FAP type I, or lower limb 
polyneuropathy, described in families of Portuguese, Japanese, and 
Swedish origin, presents a substitution of methionine for valine at 
position 30. 24- 26 In the Jewish kindred (patient SKO), a prealbumin 
variant with substitutions of glycine for threonine in position 49 and 
isoleucine for phenylalanine in position 33 have been observed. 27 In FAP 
type 11, or upper limb polyneuropathy, described in kindreds of Swiss
German origin, a serine for isoleucine in position 84 has been found. 28 
It has been suggested that these mutations can make the transthyretin 
monomers prone to polymerization and/or specific proteolytic cleavage 
leading to amyloid deposition in peripheral nerves and vessel walls of 
several organs. 27 S2-microglobulin is an 11.8 kDa protein associated with 
class 1 histocompatibility antigens in cell membranes that is normally 
found in the circulation. 29 High serum levels of this protein are seen in 
renal diseases, malignancies, and chronic inflammation. 30 Recently, it 
has been shown that intact normal S2-microg1obulin is the main component 
of the hemodia1ysis related amyloidosis (HRA) .31,32 This finding together 
with the striking predilection of HRA for bone and synovium, point at the 
importance of tissue-related factors involved in the deposition of S2-
microg1obulin as amyloid fibrils. In addition, HRA represents an example 
of amyloidogenesis without proteolysis of the serum precursor as an 
essential mechanism. 

In the group of localized amyloidosis, some of the amyloid-related 
proteins that have been characterized include: procalcitonin in the 
amyloid of the medullar carcinoma of the thyroid33 and Cystatin C or y
trace in patients with hereditary cerebral hemorrhage with amyloidosis 
(HCHWA, Icelandic type), a form of amyloid deposition restricted to 
leptomeningeal and cortical small arteries. 34 In this case, a substitu
tion of glutamine for leucine in position 68 of the normal molecule has 
been found and is yet unclear whether this represents a normal polymor
phism or an inherited point mutation with pathogenic importance. 35 ,36 
Another type of autosomal-dominant HCHWA has been described in kindreds of 
Dutch origin37 ,38 and the amyloid protein in these patients appears not to 
be immunologically related to Cystatin C (unpublished observations). 

Regardless of the biochemical diversity of amyloid proteins, there 
are several common factors that appear to interact in the pathogenesis of 
most of the types of amyloidosis considered. 

1) The presence of a circulating soluble precursor protein that includes 
an amyloidogenic primary structure. In many cases, a S-pleated proteolytic 
fragment, resistant to further digestion, is released from the precursor 
as the amyloid subunit. However, in some cases the intact molecule can be 
the main amyloid component as well, i.e., S2-microglobulin in HRA and pre
albumin monomers in familial polyneuropathies. 

2) Elevated serum levels of the precursor, reflecting overproduction, 
impaired clearance or a combination of the two. 

3) Abnormal processing of the soluble precursor. In some instances 
this can be determined by the primary structure of the precursor itself as 
it has been proposed for prealbumin variants or some subgroups of immuno
globulin light chains. In other cases, incomplete degradation of the pre
cursor has been attributed to an impaired cellular function. This has 
been shown with the degradation of SAA by monocytes and macrophages in 
vitro. 39 Several amyloid-related substances of diverse chemical nature 
may be involved in the processes of amyloid formation and deposition. 
These include the glycoprotein P component,40,41 glycosaminoglycans,42 
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inorganic components,43 and other substances not yet fully characterized 
as the amyloid enhancing factor (AEF) in experimentally-induced amyloidosis 
in rodents. 44 ,45 

The most common type of amyloidosis is Alzheimer's Disease (AD) 
accounting for more than 50% of the cases of dementia and affecting more 
than 5% of the population above the age of 65 years. 46 Moreover, amyloid 
deposition in the brain is present in several neurologic diseases of 
diverse etiology and is a concomitant finding of normal aging. 47- 49 Fibril
lar proteins in AD are distributed in three major lesions: 1) neurofibril
lary tangles (NFT); 2) senile plaques; and 3) cerebrovascular amyloid. 

NFT are intracellular amyloid deposits found in the cytoplasm of 
pyramidal neurons in the cerebral cortex, hippocampus and nuclei of the 
basal forebrain. 50 At the electron microscopy level, NFT are composed of 
bundles of twisted fibrils called paired helical filaments (PHF).51,52 
PHF usually show a periodic crossing over of 60 to 100 nm, a maximum width 
of 20 nm and a minimum width of 10 nm. Ultrastructural studies have shown 
that each strand of PHF appears to be composed of 3 nm subunits axially 
assembled in a helical fashion. 53 ,54 The typical senile plaque is a. 
spherical lesion found in the cerebral cortex presenting three major con
stituents: 1) a central amyloid core; 2) degenerated neuronal processes; 
and 3) glial cells. 55 The last two forming a rim that surrounds the 
amyloid core. The abnormal neurites contain PHF similar to those found in 
the neuronal perykarion. Amyloid plaque cores are made up of typical 
"straight" 10 nm amyloid fibrils with a loose, random twisting. Studies 
of replicas obtained by quick-freezing of amyloid plaques from AD and 
Down's Syndrome (DS) have shown that these fibrils are hollow structures 
composed of 5 to 6 globular subunits assembled in a helix. 56 This type 
of structure resembles that described by Bladen et al. 57 for other types 
of amyloid fibrils. Vascular amyloid deposits are present in more than 
80% of the patients and affect mainly small arteries of the leptomeninges 
and cerebral cortex. 58 The electron microscopic appearance of the fibrils 
is similar to that described for the senile plaque. This lesion was the 
first to provide a clue in the chemical nature of the amyloid deposits in 
AD and aged DS patients. 59 ,60 Biochemical and immunological studies have 
shown that cerebrovascular amyloid and amyloid plaque cores share the 
same subunit with a molecular weight of 4.5 kDa (S-protein).59-62 
Recently, the complementary DNA clone coding for S-protein has been se
quenced showing a predicted precursor of 695 residues that resembles 
glycosy1ated cell surface receptors with S-protein starting at position 
597. 63 ,64 

Amino acid composition of isolated NFT is similar to that found for 
plaque cores and cerebrovascular amyloid. 65- 67 Moreover, Masters et al. 65 
have reported isolation from fractions enriched in NFT of the same S
protein with a highly ragged amino terminal. However, these findings 
should be interpreted with caution since two major obstacles remain to be 
resolved: 1) although PHF are solubilized in 100% formic acid,65 they are 
insoluble in the buffers used for further characterization by gel electro
phoresis and chromatography; and 2) variable degrees of cross contamina
tion between NFT and amyloid cores are found with the methods available 
for purification. 66- 68 Therefore, information about the nature of PHF is 
mainly derived from immunological cross-reactivities. PHF have been 
shown to cross-react with normal constituents of the neuronal cytoskeleton. 
These include the 200 kDa component of neurofilaments,69 microtubule
associated proteins (MAP) and MAP-tau polypeptides,70-72 particularly, with 
phosphorylated epitopes of these proteins. In contrast, most of the anti
bodies raised against S-protein or homologous synthetic pe~tides have 
failed to label NFT in immunohistochemical studies. 61 ,73,7 Lack of cross
reactivity and morphological differences between PHF and plaque-vascular 
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amyloid fibrils, are the major arguments against the concept that the three 
lesions are made up of the same amyloid subunit. 

In vitro experiments on amyloid formation were initially described 15 
years ago by Glenner et al. 10 using pepsin digestion of Bence Jones pro
teins. Proteolysis of immunoglobulin light chains, released fragments 
that formed fibrils with the characteristics of amyloid. Some, but not 
all, of the immunoglobulin light chains studied were able to form amyloid 
fibrils after proteolysis, suggesting that a specific primary structure 
was essential in determining "amyloidogenicity.,,9,10,75 Since then, 
diverse proteins have been reported to adopt a S-pleated sheet secondary 
structure and polymerize as fibrils in vitro. These include insulin, 
glucagon, S2-microglobulin and the neurotransmitter substance p.76-78 With 
exception of the last, diverse conditions and treatments appear necessary: 
proteolysis in the case of immunoglobulin light chains,lO acidification and 
heating for insulin and glucagon76 and a progressive decrease in salt con
centration for S2-microglobulin.77 The only factor that appears to be 
important in the case of substance P is an adequate concentration of this 
peptide. 78 Our studies using two synthetic peptides corresponding to the 
reported 28-residue sequence of Alzheimer S-protein (SP28) and to residues 
12-28 (SP17) revealed that these peptides formed Congo red positive fibrils 
under physiological conditions, using different salt concentrations and in 
aqueous solutions. 74 No further treatment was necessary. The assembly was 
faster than that reported for other proteins and the time of incubation did 
not affect the morphology. On the contrary, it has been shown that immuno
globulin light chains present different stages of fibrillar development 
depending on the time of incubation. 75 Under electron microscopy SP28-17 
fibrils closely resembled native amyloid fibrils isolated from plaque cores 
and cerebrovascular amyloid, not only in the individual fibril morphology, 
but also in the way these fibrils were arranged forming the typical bundles 
that are seen in the negatively stained extracted fractions from AD brains 
(Figs. 1 & 2). 

Fig. 1. Electron micrograph showing in vitro formed amyloid fibrils from 
SP17. Magnification x 170,000. 
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Fig. 2. Electron micrograph. Immunogold labelling of SP28 amyloid-like 
fibrils with anti-SP28. Magnification x 85,000. 

As expected, X-ray diffraction pattern of SP28-l7 was similar to that 
described for amyloid plaques and NFT79 with typical reflections of S
pleated sheet secondary structure. We have also observed that a synthetic 
peptide of 14 residues including positions 15-28 of S-protein still formed 
Congo red positive birefringent fibrils with similar electron microscopic 
morphology. This finding is in agreement with the reported fibril forma
tion from a peptide including residues 10-20 of S-protein. 80 In spite of 
the morphological similarity between synthetic and native amyloid fibrils, 
a marked difference in the solubility pattern was observed: synthetic 
fibrils were completely solubilized in SDS-containing buffers, assessed by 
gel electrophoresis, while relative insolubility in dissociating agents 
is a well known feature of AD amyloid fibrils. Several factors may be 
postulated to explain this finding: 1) a highly hydrophobic carboxy 
terminal of 14 residues (insolubility fragment) is present in the native 
S-protein;63 2) tissue-related factors may interact with the S-protein 
such as inorganic components (aluminum, silicon, calcium) that are known 
to be present in senile plaques43 or glycosaminoglycans;42 and 3) altera
tions of the S-protein due to the extraction procedure, although this seems 
unlikely in light of its biological behavior in vivo. 

These experiments suggest that folding and self-aggregation of a small 
portion of the S-protein included in positions 15-28, leads to the forma
tion of a quaternary fibrillar structure, whereas the high insolubility 
of the molecule is related to a different portion of the sequence that 
constitutes a hydrophobic tail of 14 residues (positions 29-42) (Fig. 3). 

At the present time, a widely held argument against the notion of S
protein forming the three lesions in AD is the striking morphological 
differences between PHF and other types of amyloid. In vitro studies have 
shown that the same protein can adopt different fibrillar configurations 
depending on the environmental conditions, the degree of heterogeneity of 
the primary structure and diverse enzymatic treatments. This has been 
shown with purified MAP-tau protein adopting different morphology upon 
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Fig. 3. Hydrophatic analysis of S-protein or A4. 84 

F: A portion included in residues 15-28 is necessary for fibril 
formation; I: The carboxy terminal (positions 28-42) renders S
protein insoluble; .: Predicted S-pleated sheet secondary 
structure. 8S 

Fig. 4. Electron micrograph showing twisted amyloid AA fibrils (patient 
NOR) with a crossing-over of 85 nm. Magnification x 170,000. 

treatment with glutaminase or after dialysis against 6M urea. 81 In addi
tion, we have observed that amyloid protein AA isolated from the thyroid 
of a patient with Familial Mediterranean Fever (NOR), could reassemble to 
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form twisted fibrils after the denaturing agents were removed by dialysis. 82 
The morphology and crossing-over of AA twisted fibrils closely resembled 
those described for PHF (Fig. 4). Thus, the possibility remains that amino 
terminal heterogeneity,65 together with unique intraneuronal conditions in
cluding cytoskeletal components, i.e., tau protein, may interact in deter
mining the peculiar assembly of S-protein subunits to make intracellular 
amyloid in AD. 

Alzheimer's Disease seems to be a threshold phenomenon since no 
pathological lesions other than those present in aged normal brains are 
found. Therefore, unraveling the mechanisms of amyloid formation in AD 
would provide not only an approach for the prevention and treatment of 
this major public health problem, but also an insight into the processes 
of normal neuronal aging. 
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In the past few years it has become increasingly clear that the 
neuronal microtubular system is involved in the pathogenesis of Alzheimer 
neurofibrillary tangles (NFT). Electron microscopists were among the 
first to observe the relative paucity of micro tubules in NFT-containing 
neurons. The microtubular system was later implicated immunochemically, 
based on an antiserum that cross-reacted with NFT and microtubules. 1 
In 1980 Eng et al. 2 demonstrated that the cross-reactive element between 
micro tubules and NFT was not the tubulin, which is the most abundant com
ponent of microtubules, because antibodies to tubulin did not cross-react 
with NFT. Attention turned to the microtubule-associated proteins (MAPs) 
which are a class of proteins that cycle with microtubules through tem
perature-dependent phases of polymerization/depolymerization and are 
morphologically associated with the microtubule system. One of the 
possible functions of the MAPs is to stabilize the microtubules against 
depolymerization3 and modulate their dynamic instability.4 Relative to 
other tissues the brain contains an abundance of micro tubules and appears 
to have evolved its own system of MAPs. Brain MAPs have been divided into 
a high molecular weight group and a heterogeneous protein of 55-62 kDa 
designated tau. As seen on SDS-PAGE the high molecular weight group 
consists of a complex series of bands designated MAP1 5 and a doublet of 
approximately 280 kDa designated MAP2. Additional MAPs with unique tissue 
distributions and developmental chronologies have been described as well 
as "light chains" and kinases that bear a close association with those 
MAPs mentioned above. 6 Of the various MAPs in brain, MAP2 is the most 
abundant. 

MAPs were shown to be involved in certain experimentally-induced 
filamentous accumulations. Under these conditions MAPs lose their 
association with tubulin in favor of collecting within filamentous aggre
gates. This phenomenon was demonstrated in vinblastine-treated axons. 8- 12 
In the former case MAP-immunoreactivity partitioned with aggregates of 
intermediate filaments collapsed into perinuclear bundles; in the later 
case MAP-immunoreactivity segregated with the neurofilaments to the peri
phery of the axon while intact microtubules capable of supporting fast 
transport remained intact in the central portion of the axon. 
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In 1984 we demonstrated that NFT selectively incorporate certain MAP2 
epitopes. 13 While these epitopes were present within the mesh of aggre
gated filamentous structures which comprise the NFT (an area devoid of 
microtubules), MAP2-immunoreactivity was not present when NFT were ex
tracted with the ionic detergent, sodium dodecyl sulfate. This finding 
suggested that MAP2 might not be associated with the insoluble ultra
structural component of NFT, the PHF. Subsequently several laboratories 
independently discovered that the tau protein is an integral component 
of the PHF.14-19 This suggestion was based on the finding that NFT on 
tissue sections as well as SDS-extracted PHF were tau-immunoreactive and 
that when SDS-extracted PHF were injected into rabbits a tau-reactive 
anti-serum was consistently obtained. Anti-serum from some rabbits 
injected with SDS-extracted material displayed immunoreactivity to both 
tau and MAP2. Several lines of evidence suggest that there is more to 
PHF than an insoluble form of polymerized tau: Tau antibodies do not 
decorate ghost tangles very well, PHF antiserum absorbed with tau protein 
(and MAP2) continues to immunoreact with NFT, and SDS-extracted PHF 
treated with trypsin lose their tau-immunoreactivity while maintaining 
their ultrastructural integrity.20 This latter finding raises the 
possibility that tau may not be structurally essential to the architecture 
of the PHF. Neurofilaments have also been observed to share epitopes with 
NFT.21-25 An integral role for the neurofilament as a component of the 
PHF was challenged by the finding that the subset of neurofilament mono
clonal antibodies which cross-react with NFT, also cross-react with tau. 26 
This subset of neurofilament antibodies is directed against the phosphory
lated form of the protein and as such cross-reacted with the phosphorylated 
epitope(s) of tau protein. One such antibody from this class of phospho
neurofilament antibodies also cross-reacts with the phosphoprotein, 
rhodopsin. 27 

Within the neuron MAP2 and tau occupy complementary distributions; 
MAP2 is confined to the somatodendritic compartment28- 29 and tau to 
the axonal compartment. 30- 32 This topographical segregation is strictly 
observed in all neuronal cell types so far studied. During cortical 
development when MAP2 is first detected in the rodent brain at E14, we 
have noted that it is positioned within the somatodendritic compartment. 33 
In Alzheimer's disease the strict topographical segregation is violated. 34 
The tau-immunoreactive NFT in Alzheimer's disease cortex are generally 
located within the pyramidal cell soma and apical dendrite, a MAP-rich 
region that is normally devoid of tau-immunoreactivity.16,34 Most 
remarkably revealed by tau immunocytochemistry of Alzheimer cerebral cortex 
is the extensive and dense neuritic pathology which appears more abundant 
than either the senile plaques or the NFT. Numerous swollen dystrophic 
neurites are present throughout the neuropil that react intensely with our 
tau monoclonal antibody.34 These abnormal neurites are present in all 
cortical layers even in regions without amyloid deposition. They extend 
beyond the regions of the senile plaque as seen by their density in the 
molecular layer which generally has a paucity of senile plaques. Whether 
these tau-immunoreactive neurites (unassociated with senile plaques) are 
highly distorted and retracted axons or dendrites or both is as yet 
unanswered. The former case suggests a complete structural disintegration 
of the axon, the latter an ab errantly transported tau to the distal extent 
of the dendrite. Compared to control cases, one can appreciate the extent 
to which the normal axonal architecture is distorted. In the Alzheimer 
brain the radial deployment ofaxons is lost with relatively few normal 
appearing intra-cortical axonal fibers. When one visualizes the comple
mentary side of the neuronal architecture by staining the somatodendritic 
compartment with a MAP2 monoclonal antibody, there is a relative preser
vation of the vertically ascending pyramidal cell dendritic bundles. 35 
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The expression and regulation of the amyloid beta-protein gene on 
chromosome 21 has been posited as fundamental to the pathogenesis of 
Alzheimer's disease, based upon linkage analysis of several large 
Alzheimer kindreds. 36- 40 Senile plaques containing amyloid that is anti
genically identical to Alzheimer amyloid are abundantly present in the 
brains of aged non-human primates. 41 These species do not, however, 
develop paired helical filaments (PHF). Therefore, to the extent that the 
NFT and dystrophic neurites contribute to dementia their unique presence in 
the human in association with the amyloid needs to be explained. To gain 
the structural information required to understand the molecular construction 
of the neurofibrillary tangle we have cloned the genes of some of the 
proteins thought to be involved and have begun to sequence their cDNA's. 

CLONING OF THE HUMAN MAP2 GENE 

Monoclonal antibodies, SF9 and 4F7, were described previously13 as 
specifically directed against distinct epitopes within MAP2. While SF9 
reacted with Alzheimer NFT, 4F7 did not. The antibodies were pooled to 
screen a human fetal brain expression library in Agt11. A 22-week male 
abortus obtained under approved pro to cols was used to prepare RNA. The 
resultant library, amplified in E. coli Y1088 contained 7.S million inde
pendent recombinant phage. cDNA was synthesized from 10 Vg of poly
adenylated RNA by a modification of the method of Gubler and Hoffman42 
described in reference 43. To screen the library, the phage were grown on 
Y1090 at a density of 100,000 per ISO mm2 plate and standard protocol 
followed for incubation of the filters in primary antibody.44-46 The 
filters were incubated in peroxidase-conjugated goat anti-mouse IgG (1:S00) 
and visualized with diaminobenzidine and hydrogen peroxide. A clone 
designated KN7 reacted with both antibodies individually and was plaque 
purified. The insert DNA was 2.S kilobases (kb). On Southern blots47 
in which RN7 was hybridized to EcoRI digests of total human DNA bands at 
7.4 kb and 1.2 kb were detected. The identity of the clone was confirmed 
by matching the direct amino acid sequence of a MAP2 trypsin fragment with 
a portion of the deduced amino acid sequence from the cloned cDNA. The 
fusion protein produced by this cDNA consisted of a 93 kDa insert bound 
to beta-galactosidase. The fusion protein was also recognized by a third 
MAP2 antibody, which is a polyclonal antibody raised against highly purified 
MAP2. 

To study the tissue localization of MAP2 expression Northern analyses 
were performed. KN7 was hybridized to a panel of total RNA extracted from 
10 fetal tissues. Hybridization was detected in a single 9 kb band present 
only in fetal brain. The question as to whether the MAP2 message was 
confined to neurons in brain was studied with RNA prepared from neuronal 
cultures. Neuronal cultures from rat cortex were either left untreated or 
treated with kainic acid to reduce or eliminate neuronal populations. 
Total RNA was extracted from the untreated and treated neuronal cultures 
as well as from astrocyte and fibroblast cultures. The MAP2 cDNA hybridized 
only to the untreated neuronal cultures. A comparison of the expression of 
the MAP2 message between adult and embryonic rat brain was analyzed by RNA 
blots and compared with MAP2 protein expression as detected by immunoblots 
of SDS-gels. KN7 hybridized to a 9 kb band in both adult and embryonic rat 
brain; however a more intense hybridization occurred in the adult. This 
pattern was paralleled on the Western blots which indicated only trace MAP2 
at approximately 20 weeks gestation. Human MAP2 at early developmental 
time points is a single band, similar to the electrophoretic pattern seen 
in rat and cow. An immunocytochemical description of the distribution of 
MAP2 in human fetal cerebral cortex has recently been reported by Sims 
et al. 48 
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The cDNA was used for chromosomal localization by both spot blots of 
sorted chromosomes and by in situ hybridization. 49 Spot blots were done 
by Dr. Peter Harris who hybridized KN7 to a panel of 10 nitrocellulose 
filters, onto each of which two human chromosome fractions had been 
separately sorted. Specific hybridization was seen only to the chromosome 
2 fraction. To localize precisely the MAP2 gene on chromosome 2, in situ 
hybridization was done by Dr. Timothy Donlon using methods described by 
Harper and Saunders50 and modified by Donlon et al. 51 The isolated cDNA, 
at a concentration of 1 pg/~l was radiolabeled by the random priming 
method. 52 One hundred metaphase spreads were examined: 40% displayed 
silver grains over the long arm of chromosome 2 at bands 2q34-35 and 41 of 
216 grains (19%) were localized to this same region. 

CLON!NG OF THE HUMAN TAU GENE 

A mouse tau cDNA denoted pTA2 was generously provided to us by G. Lee, 
D. Drubin and M. Kirschner for hybridization to the human fetal brain 
library described above. Phage were plated on the strain Y1088 at a 
density of 105 per 150 mm plate. The insert DNA was released with Pst! 
and labeled with alpha [32pj-dCTP by random oligonucleotide priming52 to a 
specific activity greater than 109 cpm/~g. Plaque lifts and hybridization 
were done according to the protocol of Benton and Davis. 52 The hybridi
zation resulted in 75 putative human tau cDNA clones under stringent 
conditions (65°C, 4x SSC, and no formamide). Among the seven chosen for 
further analysis the insert size ranged from 1.0-2.9 kb in length as 
determined by EcoR! digestion of the cDNAs and electrophoresis on 0.8% 
agarose gels. To confirm the identity of these clones two of them desig
nated p9TAU (2.9 kb) and p16TAU (1.7 kb) were subcloned into the plasmid, 
pBR322, and hybridized to identical Southern blots 47 of mouse DNA cleaved 
with five different restriction enzymes. The two human clones and pTA2 
all hybridized to a 6.5 kb EcoR! band. p9TAU showed more extensive 
homology with pTA2 than p16TAU since it also shared a 10 kb BamH! band, a 
3.5 kb BamH! band, a 7 kb Hind!!! band, a 2.2 kb Hind!!! band, a 5.5 kb 
Pst band, a 4 kb TaqI band, and a 2.5 Taqlband. p9TAU and p16TAU cross
hybridize with each other and restriction analysis of these cDNAs reveals 
a common region of approximately 500 base pairs. p9TAU was definitively 
identified as a human tau by dideoxy sequencing a fragment subcloned into 
M13 and demonstrating its very high homology with a region within the 
mouse tau sequence as shown to us by Dr. Gloria Lee. Direct protein 
sequence from purified trypsin fragments of bovine tau have also served to 
confirm the identity of the clone. 

The distribution of the tau message was studied by Northern blot 
analysis. Both tau cDNAs hybridized to a single 6 kb human fetal brain 
mRNA and did not hybridize to any other total RNA extracted from 10 
different fetal tissues. A developmental increase in the amount of tau 
message was shown in rat to which the probes cross-hybridized, by comparing 
embryonic day 16 rat with mature rat; equally loaded Northern blots 
revealed markedly increased signal in the mature animal. A comparison of 
the message size in fetal and adult rat indicated that the adult mRNA band 
was approximately 6.5 kb and the fetal band was approximately 6.0 kb. 
This data suggests that the fetal to adult transformation of tau occurs, 
at least in part, at the level of the messenger RNA and cannot solely be 
attributed to a post-translational modification. This large message for 
the tau is similar to that described in mouse for which a 6 kb message 
was also described. 54 p9TAU was hybridized to a similar set of filters as 
described above for spot blots to determine the chromosomal localization of 
tau. Specific hybridization to chromosome 17 was observed. When p16TAU 
was used as the probe chromosome 6 and 17 spots gave positive signals. 
The site of the human tau gene was also determined by in situ hybridization 
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as described above for the MAP2 cDNA. p9TAU mapped to the long arm of 
chromosome 17 (15 of 50 cells contained grains in this region) and 17 of 
104 grains (16.3%) were observed at band 17q21. As suggested by the 
spot blots, p16TAU hybridized to 17q21 and 6p21. The additional 
localization of p16TAU to the short arm of chromosome 6 raises the 
possibility of more than one tau gene or homology of p16TAU to a non
expressed pseudo-gene (55). 
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UBIQUITIN IN ALZHEIMER AND OTHER NEURODEGENERATIVE DISEASES 

INTRODUCTION 

George Perry, Valeria Manetto, and Paul Mulvihill 

Division of Neuropathology, Institute of Pathology, Case 
Western Reserve University, Cleveland, Ohio 44106 

The majority of efforts in understanding the abnormal neuronal 
inclusions found in some neurodegenerative diseases are directed toward 
analyzing their chemical nature. As discussed in other chapters, this 
analysis has depended primarily on indirect techniques e.g. immunocyto
chemistry and structural studies, which lack the quantitation and rigor 
that direct biochemical analysis can provide. Although these studies 
have demonstrated the presence of cytoskeletal elements in several inclu
sions, they have not provided an answer regarding their major constituent. 
Another approach in the study of these inclusions is the elucidation of 
the mechanism underlying the formation of abnormal polymers; that is, the 
processes responsible for transformation of components, probably normally 
present in neurons, into structures unique to these diseases. 

Recently, it has been reported that ubiquitin, a protein important in 
regulating non lysosomal proteolysis, is present in the neurofibrillary 
tangles (NFT) of Alzheimer disease (1,2). In this chapter we will 
consider the possible importance of this finding, specifically regarding 
one of the mechanisms that might be responsible for NFT formation and 
whether ubiquitin is associated with inclusions found in other neuro
degenerative diseases. 

Ubiguitin and Proteolysis 

Ubiquitin, a 76 amino acid protein that is completely conserved from 
Drosophila to man, can be added to free amino groups of acceptor proteins 
by a unique post translational modification. Covalent conjugation of 
ubiquitin to the acceptor protein often marks the protein for subsequent 
proteolysis by a non-lysosomal pathway (3). A recent report has demon
strated that ubiquitin also contains an endogenous protease activity (4). 
Additionally, ubiquitin exists as a stable conjugate to several proteins 
including histones (5), lymphocyte homing receptor (6) and the receptor 
for platelet derived growth factor (7). The sequence conservation, 
presence of ubiquitin conjugated to several proteins having regulatory 
functions, and association with proteolysis indicates that ubiquitin 
probably plays a multi functional role in directing cellular metabolism. 
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Presence of Ubiquitin in Alzheimer NFT 

Using affinity purified antibodies to ubiquitin, Mori et al (1) and 
Perry et al (2) demonstrated ubiquitin in NFT, in neurites surrounding 
senile plaques and in altered neurites in the neuropil of Alzheimer 
disease. In tissue from aged neurologically normal individuals, only 
scant neurites and NFT, findings consistent with normal aging, were 
stained by antibodies to ubiquitin. Additionally, the antibodies 
recognized dot-like structures throughout the white matter in control and 
Alzheimer disease brains. 

Analysis of peptide sequences obtained from paired helical filaments 
(PHF) (1) and immunocytochemistry of isolated PHF (1) have demonstrated 
the presence of ubiquitin. Further, when PHF are loaded onto SOS-poly
acrylamide electrophoretic gels and subsequently immunoblotted, the 
primary band recognized by antibodies to ubiquitin is excluded from the 
stacking gel (2). Complementary results were obtained with the charac
terization of antibodies raised to detergent isolated PHF since several 
of these monoclonal antibodies and antisera recognize ubiquitin epitopes 
(1,8). Therefore, PHF, and possibly other structures characteristic of 
the Alzheimer brain, contain ubiquitin. Further, these results indicate 
that ubiquitin is an integral component of PHF that probably exists 
principally as a conjugate to an as yet unidentified protein or proteins. 

If \ I 
, 

"J. ' • 1 
.J 

~ . • ' I' . , 
~ J 

. ~ .. 
( .. 
• ~ 1'-1\-: 

;, ' .. ~ , '. .; ~ 
! 

~ , 
j f. 

Figure 1. Ubiquitin immunoreactivity is associated with several 
pathological features of the Alzheimer brain, including 
neurofibrillary tangles (arrows), altered neurites (large 
arrowheads), and spherical structures (small arrowhead). 
Peroxidase-antiperoxidase. Light micrograph. X 115. Scale 
bar = 100 u.m. 

Ubiquitin is Present in Other Neuronal Inclusions of Degenerative 
Diseases 

Antibodies to ubiquitin have been used to immunostain sections 
obtained at autopsy from patients having Pick and Parkinson diseases, 
progressive supranuclear palsy, central chromatolysis and amyotrophic 
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lateral sclerosis. The fibrillary accumulations of central chromatolysis 
(9) and ALS (10) are composed of normal 10 nm neurofilaments; the others, 
although varying in morphology, primarily contain 12-18 nm straight fil
aments, which are not present in normal neurons. The affinity purified 
antibody to ubiquitin recognized the hallmark neuronal inclusions in each 
of the diseases containing abnormal filaments, but not the inclusions 
principally composed of neurofilaments. Therefore, the association of 
ubiquitin with intraneuronal inclusions is not specific to the NFT but 
apparently is associated with those inclusions characterized by morpho
logically abnormal filaments • 
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Figure 2. Antibodies to ubiquitin recognize "dot-like" structures 
throughout the white matter of brains obtained from Alzheimer 
and control cases. Peroxidase-antiperoxidase. Light 
micrograph. X 115. Scale bar = 100 ~m. 

Which Protein is Ubiguitinated? 

The identity of the ubiquitinated protein(s) in these inclusion has 
not been established. The elegant study by Mori et al (1) defined 
ubiquitin sequences present in PHF; however, the proteolytic steps 
necessary to generate the peptides used in that analysis detach ubiquitin 
from its acceptor. Although the identity of the acceptor protein or 
proteins are unknown, two candidates are the microtubule associated 
protein tau and the high molecular weight neurofilament subunit (NFH). 
The structures recognized by antibodies to tau in sections from cases of 
Alzheimer and Pick diseases and PSP are similar to those stained by anti
bodies to ubiquitin, with the exception of the dot-like structures in the 
white matter and spherical structures which are not recognized by 
antibodies to tau. 

Evidence to the contrary, however, is found in the Lewy body which 
contains ubiquitin epitopes but lacks any identified epitopes in common 
with tau (11). Since all of these inclusions contain NFH epitopes, there 
is a correspondence betweeh presence of ubiquitin and NFH, but this cor
relation does not indicate that NFH is necessarily the acceptor. Iden
tification of the acceptor protein(s), which must await further chemical 
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analysis of the ubiquitin conjugates, is vital to understanding the role 
ubiquitin plays in the formation of these inclusions. 

, 
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• 

Figure 3. NFT found in the brain stem of a progressive supranuclear 
palsy case although composed of straight filaments, rather 
than PHF, are recognized by antibodies to ubiquitin 
(arrowheads). Immunostained with an affinity purified 
antiserum to ubiquitin. Light micrograph. Peroxidase
antiperoxidase. X 290. Scale bar = 100 Hm. 

Figure 4. The juxtanuclear inclusion of Pick disease, the Pick body, is 
recognized by antibodies to ubiquitin. In this light micro
graph, Pick bodies (arrowheads) are intensely immunostained by 
an affinity purified antiserum to ubiquitin. Peroxidase-
anti peroxidase. Magnification X 825. Scale bar = 20 "m. 
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Significance of Ubiguitin in Neuronal Inclusions: Conclusions and a 
Hypothesis 

Among the various interpretations one can make regarding the high 
density of ubiquitin in the inclusions are the following two: 1) the 
inclusions are ubiquitinated as the cellular response to the inclusion 
and/or 2) ubiquitin plays a role in processing of constituents leading to 
PHF formation. Both these interpretations suggest a deficit in the 
ubiquitin-mediated proteolytic pathway, since the ubiquitin conjugates 
present are apparently stable. Although we cannot rule out ubiquitin 
conjugation as a generalized response to the abnormal proteins found in 
these inclusi~ns, it is possible that the defect in the ubiquitin system 
is instrumental in the formation of these filamentous inclusions. 

The primary role of proteolysis in amyloid fibril formation may be 
analogous to and serve as the model for the processes that lead to the 
formation of PHF and other abnormal filaments found within neuronal 
inclusions. Recent studies by Kang et al (12) have demonstrated that the 
amyloid fibrils of senile plaques and cerebral vascular angiopathy are a 
product of the incomplete proteolysis of a larger precursor protein, 
yielding a small peptide termed A4. The 8-10 nm straight filaments of 
cerebral amyloid, although structurally distinct from PHF, share the same 
beta pleated structure, as demonstrated by X-ray diffraction studies 
(13). Whether the filaments within other neuronal inclusions are also in 
a beta pleated configuration and whether the beta pleated configuration 
is indicative of a common mode of formation remains to be established • 
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Figure 5. Lewy bodies, the hallmark neuronal inclusion of pigmented 
neurons in the substantia nigra and locus coeruleus of 
Parkinson disease cases, are intensely immunostained by 
antibodies to ubiquitin (small arrowheads). Additionally, 
antibodies to ubiquitin recognized some altered neurites 
(large arrowheads). Light micrograph. Peroxidase
antiperoxidase. Magnification X 360. Scale bar = 50 ~m. 

Although the chemical relationship between intraneuronal filamentous 
inclusions and amyloid is not known, one could hypothesize that both 
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might result from a similar process of incomplete proteolysis. In 
Alzheimer disease, the presence of PHF within altered neurites sur
rounding senile plaques and within other altered neurites, as well as in 
NFT, bears on this hypothesis. Altered neurites of Alzheimer disease are 
intensely stained with antibodies to ubiquitin. In axons, which, along 
with dendrites, constitute neurites, the cytoskeletal components are 
assembled into polymers prior to being transported down the axon to the 
terminal (14). Physiologically, proteolysis at the axon terminal is 
responsible for recycling axonal components by breaking them down to free 
amino acids (15). Therefore, disruption of proteolytic processing in 
neurites may contribute to PHF formation. Support for a neuritic role in 
PHF formation is found in identified PHF components, phosphorylated NFH 
and tau, both of which are normally restricted to neurites. Partial, and 
presumably abnormal ubiquitin dependent proteolysis of NFH and tau, as 
well as possibly unidentified neuritic components (16), would provide the 
building blocks for new polymers. The presence of ubiquitin within the 
altered neurites of Alzheimer disease further suggests that ubiquitin may 
play a role in the degradation/regulation of the cytoskeleton in normal 
neurons. The role neurites might play in the formation of Pick bodies 
and Lewy bodies and NFT of progressive supranuclear palsy is more ambigu
ous. Although antibodies to ubiquitin recognize altered neurites in the 
brain stem of Parkinson and progressive supranuclear palsy cases, their 
relationship to neuronal inclusions has not been established. Pos-
sibly the role of proteolysis in the formation of each of these inclu
sions is not identical, since the etiology of each of these diseases is 
probably distinct. 

Although the role ubiquitin plays in Alzheimer disease or other 
neurodegenerative diseases is not established, it has opened the way to 
new insights concerning the cellular basis and mechanism responsible for 
the formation of novel filaments. Alteration of protein metabolism in 
neurites is probably not the primary lesion of any of these diseases. 
Yet, understanding this alteration may provide new insights concerning 
etiology. In addition, the finding of a common mechanism, incomplete 
proteolysis, in the formation of both PHF and amyloid would advance 
substantially the understanding of the pathogenesis of Alzheimer disease. 
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We examined the structural organization of cytoskeletal components 
and membrane systems in neurons of well preserved biopsy material from 
Alzheimer's disease (AD). Information was obtained from thin sectioned 
material using conventional electron microscopy and from thick sections 
with the high voltage electron microscope. Stereo viewing and computer 
assisted serial reconstruction techniques were employed to visualize 
three-dimensional relationships among cytoplasmic components of cortical 
neurons. 

We observed several interesting ultrastructural features in AD 
neurons. These in~lude associations of paired helical filaments (PHF) 
with the membranes of the nuclear envelope and with ribosomes, 
differences between the distribution of the Golgi apparatus in neurons 
containing paired helical filament bundles as compared to neurons 
without these filaments, and abnormalities in the microtubules of 
neuronal processes in the vicinity of neuritic plaques. 

INTRODUCTION 

Disruptions in the fibrillar cytoskeleton of AD neurons are well 
documented (Wisniewski and Terry, 1976). More recently, alterations in 
the location and nature of at least one microtubule-associated protein, 
tau, have been noted (Wood et al., 1986; Kosik et al., 1986; Grundke
Iqbal et al., 1986). In AD, tau, usually found in axons, is widely 
broadcast in association with PHF. PHF are found in perikarya, proximal 
dendrites, occasionally within myelinated axons and very commonly within 
components of neuritic plaques. The tau appears to be associated with 
the PHF in a highly phosphorylated state (Wood et al., 1986; Grundke-
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AGU5131, RR00592 and the NSF; Supported by VA Merit Award #5747-0U4. 
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Iqba 1 et a 1. , 1986). Apparently, some epitopes of neurofi 1 ament 
peptides in PHF also appear to be extensively phosphorylated 
(Sternberger et al., 1985; Cork et al., 1986). Thus, both structural 
and biochemical studies indicate alterations in major components of the 
microtubule and neurofilament-based cytoskeleton. It is now well 
established that both of these filament systems participate in the 
regulation of cell form and the maintenance of the spatial organization 
of the major cytoplasmic membrane systems. Not yet understood, however, 
is the extent to which the positional and functional relationships 
normally shared by elements of the endomembrane system are disrupted by 
this pathological condition. 

New information about the organization of the neuronal endomembrane 
system (Lindsey and El1isman, 1985a,b,c) the association of the Golgi 
complex with the initiation of axonal transport (Hammersch1ag et al., 
1982) and the membrane systems of the axon (El1isman and Lindsey, 1982) 
is available. However, correlation of this information with data from 
previous studies of the pathology of AD neurons is difficult. Although 
historically of great interest, previous work on the effects of aging on 
neuronal Golgi apparatus structure are varied. Early light microscopic 
studies claim age-related changes in the Golgi apparatus (Golgi, 1898, 
1899, 1900; Andrew, 1939; Gatenby and Moussa, 1951; Strehler, 1976). No 
significant changes were reported in the only EM study in which the 
morphology of the Golgi in aged neurons was mentioned (Hasan and Glees, 
1973). This report, however, addresses the appearance of Golgi stack 
lamellae in thin section rather than the extent, size or distribution of 
the Golgi complex within the cell. To our knowledge there are no 
studies dealing with the morphology and distribution of the Golgi 
apparatus or other components of the endomembrane system in AD. 

The objectives of this work were to further characterize the 
distribution of the fibrillar components of the cytoskeleton and to 
evaluate the status of major elements in the neuronal endomembrane 
system within AD neurons. Well-preserved samples of biopsy material of 
cerebral cortex from patients with neuropathologically confirmed AD were 
studied. We used conventional transmission EM (CTEM) and high voltage 
EM (HVEM) as well as computer assisted serial section reconstruction 
techniques to gather new information about structural relationships in 
neurofibrillary tangle-bearing neurons. These findings were compared to 
those in apparent tangle-free neurons from the same biopsy materials. 

METHODS 

The Collection of Serial Sections, the Staining and the Conventional 
TIectron Microscop-y-- -

Epoxy embedded blocks of tissue were sectioned using a specially 
equipped diamond knife in which the boat had been modified to resemble a 
very small marina. Fine dissecting needles lined the back of the boat 
and provided slips into which ribbons of serial sections were 
sequentially docked. After a complete series of 100 1/4~m sections were 
safely harbored, the sections were individually led onto numbered 
formvar filmed slot grids using a platinum transfer-loop technique. The 
sections were thus individually collected and kept in order throughout 
subsequent processing. Serial sections were uniformly stained by 
sequential immersion in 2% aqueous uranyl acetate and SATO lead stain 
for 1 minute each. Upon drying, sections were coated on each side with 
approximately 200A of carbon for dimensional stability. 
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Microscopy was conducted using a JEOL 100CX equipped with a 
eucentric goniometric stage and a specimen holder capable of rotation to 
adjust the orientation of the specimen field on the micrograph. The 
position of a specific cell is first established for a section near the 
middle of a series. Criteria for selection of cells varied depending 
upon objectives of the comparisons to be made but, in general, when in 
the middle of the series we chose cells in which the cell nucleus 
presented a large profile and a portion of the nucleolus had been 
included. This ensured inclusion of the cell body and segments of its 
major arborizations in the serial sectioning for reconstruction. 

After the micrographs were developed and numbered, they were 
carefully examined for quality. If additional information was needed in 
a given plane of the series, the section was res hot so that additional 
micrographs represented a montage of the area surrounding the original 
field of interest or a record of detail at higher magnification. This, 
for example, allowed us to track the major arborizations (dendrites and 
axons) out of the field containing the cell soma. Each series of 
micrographs was then printed on 11"x14" sheets of resin-coated 
photographic paper with a point-source enlarger. 

Digitization of the Micrographs 

We used a computer system for serial section reconstruction 
developed by one of us (Young et al., 1987). Although the basic 
software is now available upon request as a service of the Boulder 
Laboratory for HVEM and the NIH Division of Research Resources, we used 
a special version for this work. This was created in order to 
accommodate the large data files required when keeping track of the 
major cytoplasmic organelles within an entire cell through 100 sections. 
The computer software is very "user-friendly" and utilizes a computer in 

the IBM-PC series with a 16 col or, 640x400 pixel graphics display card 
and monitor. User interaction with the system is accomplished through a 
keyboard and a high resolution graphics tablet. Textual information is 
displayed on a second monitor (monochrome). 

Before entering the detailed location of cell boundaries and 
organelles from each section, a set of fiduciary marks were established 
on each 11 "x14" pri nt. Thi s was done by 1 ayi ng one mi crograph on top of 
its neighbor in the series over a very bright light box and moving one 
over the other until key structural details lined up on both. A pin was 
then pushed through both in at least six places to mark correspondence, 
and these markings were carried through the entire series. These 
fiduciary marks were numbered 1-6 identically on each plane and served 
as alignment coordinates for the reconstruction. Structures to be 
entered in the reconstruction were first outlined with a colored, sharp 
marking pen (ethanol soluble). The fiduciary marks and color coded 
ultrastructural details were then entered section by section by tracing 
on the digitizing tablet. 

Preparation of Sections for HVEM 

Thick sections (1/2-1~m) were cut from the same blocks of tissue 
from which serial sections were cut. These were stained with lead and 
uranium salts as described ~reviously (Ellisman and Porter, 1980; 
Lindsey and Ellisman 1985a,b,c). Sections were examined at 750 KeV and 
1 MeV using the HVEM located in Boulder, CO. Stereopair micrographs 
were taken of interesting areas with useful tilt differences determined 
according to the magnification, specimen thickness and relative 
dimensions of the structures of interest. The degree of tilt, 
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magnification, and accelerating voltage for each micrograph are noted in 
the figure captions. 

OBSERVATIONS 

In these investigations we have examined the distribution of the 
major classes of organelles and pathologic changes in neurons of biopsy 
tissue from the brains of AD patients. Although abnormalities in the 
fibrillar cytoskeleton of AD neurons have been well documented, little 
is known about the three-dimensional distribution of the fibrillar 
cytoskeleton in affected neurons and its relation to the major organelle 
systems. To obtain more information about these relationships, we 
examined the locations and distributions of cell boundaries, nuclear 
boundaries, nucleoli, rough endoplasmic reticulum, Golgi apparatus, 
paired helical filaments, lipofuscin (LF), basal bodies and cilia with 
three-dimensional reconstructions and thick-section stereo micrographs 
(Ellisman et al., 1986). General comparisons were made between cells of 
similar overall form and size but differing with respect to the type of 
inclusions present. For example when comparing cells with respect to 
the distribution of the Golgi apparatus, categories were defined as 
those containing PHF and LF, those containing large amounts of LF but no 
PHF, and those considered "normal", containing little LF and also 
without PHF. 

The computer graphic reconstructions are illustrated by the two 
examples of Figures 1 and 2. These images are photographs of the 
computer color display of the reconstructed series rotated to various 
angles on the vertical axis. These stereo images were obtain@d by 
photographing reconstructions at tilt angles differing by 10 of 
rotation. One of these cells (Fig. 1) is a reconstructed neuron that 
contained a moderate amount of PHF (in red) which are noted in close 
proximity to the membranes of the nuclear envelope (in yellow). PHF 
were found in proximal dendritic branches. The small red-brown globe
like structure inside the nucleus is the nucleolus. In these 
reconstruction studies of PHF bearing neurons, the Golgi apparatus (in 
white) was found to be peripheralized relative to more normal appearing 
neurons (without PHF and with or without LF). The Golgi also appeared 
more globular and was not as completely extended into sheets as found in 
more normal neurons (see Fig. 2). Interestingly, the lipofuscin in this 
neuron (brown and green) is almost completely encapsulated by the PHF. 
Note that with the reconstruction graphic system employed, the 
reconstructions can be derived with or without any of the major 
subcategories of organelle depicted (and colors may also be modified). 
In the case of the lipofuscin, which in these images is partially 
obscured by the PHF, one simply has to view a version of the 
reconstruction without the PHF to expose the lipofuscin distribution. 

Figure 2 is a reconstruction of a more normal-appearing neuron from 
nearby in the same biopsy serial section series as the neuron of Fig. 1. 
Although this neuron contained no recognizable PHF it did contain 
considerable lipofuscin (brown and green). The form of this neuron 
appears less distorted than that of the one reconstructed in Figure 1. 
It is easy to recognize that this is a cortical pyramidal neuron by the 
apical dendrite which extends out toward the viewer. Note the Single 
cilium (characteristic of differentiated neurons in situ [Peters et al., 
1976]) extending downward from the cell body in these images. The axon 
of this neuron is projecting out from the cell soma at about 11 o'clock. 
The Golgi apparatus of this neuron can be seen to encapsulate the 
nucleus and extend partly into the major dendritic arborizations. 
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Figures 1- and l are examples of reconstructions from serial sections. 
These were obtained by employing the reconstruction methodology de
scribed in the text. For proper orientation these and the stereo 
pairs of Figures 5 and 6 are to be viewed with a two-lens stereo 
viewer. These computer graphic reconstructions are through the 
neuronal somata and initial portions of arborizations of two neurons 
from the same biopsy. Figure 1 is of a neuron that contained both 
PHF and LF. Figure 2 is a reconstruction of a neuron that contained 
only LF. A detailed description may be found in the text. 
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Figures 3 and 4 are relatively low power electron micrographs 
from sectTOns- of two neurons which exhibit different amounts 
of PHF inclusions. They are from different biopsies. Open 
arrow, PHF near nucleus; open arrowhead, Golgi; black arrow, 
LF; asterisk, RER. Fig. 3 magnification, 15,OOOX. Fig. 4 
magnification, 6,OOOX. 



As is known from previous ultrastructural studies of Alzheimer 
neurons, not all affected neurons contain equivalent amounts of PHF. It 
is generally assumed that neurons exhibiting smaller numbers of PHF 
represent earlier stages of a degenerative process. We have surveyed 
the cytoplasmic ultrastructure of neurons ranging from those with the 
cytoplasm nearly filled with PHF (Fig. 3) to those containing only 
sparse PHF (Fig. 4). Figures 3 and 4 are from different biopsies 
although variations in the amount of the PHF may be found among neurons 
of the same biopsy. 

Figure 3 shows a relatively broad bundle of PHF closely 
approximating the membranes of the nuclear envelope (open arrow). A 
segment of the Golgi apparatus can be seen in an abnormal location near 
the plasma membrane (open arrowheads). In reconstructions of such 
neurons we found that domains of cytoplasm rich in LF also contained 
RER. In contrast, RER and LF appeared excluded from the PHF bundles. 
Note the relationship between the lipofuscin (closed arrow) and the PHF 
and rough endoplasmic reticulum (asterisk). 

Figure i is a stereo pair which illustrates the "end-on" asso
ciations made between PHF and the membranes of the nuclear en
velope (open arrows) anti polyribosomes that are in association 
with the ends of some PHFs (asterisks). Magnification, 
52,OOOX; section thickness, 1/4~; 100 KeV; and 100 of tilt 
difference between images. 

Very few microtubules were found in the cytoplasm of neurons 
exhibiting extensive PHF as in the reconstructed cell of Figure 1 or 
Figure 3. In contrast, cells like the one depicted in Figure 4 (taken 
from a biopsy in which many blocks contain neurons with fewer PHF) 
contain variable numbers of microtubules. 
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In general, PHF-laden neurons contain few to no cytoplasmic 
microtubules. In cells with scant to moderate amounts of PHF more 
microtubules were observed. Mixed complexes of PHF bundles and 
microtubules were occasionally seen in the cell bodies, but microtubule 
rich zones appeared to be separate from PHF-rich zones in most 
instances. 

( . / 
I ., ~ 

'./ ", 
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Figure ~ is from a slightly thicker section and illustrates an 
association of PHF (open arrows) with material just beneath 
the postsynapt i c density. See text for detai Is. Magnif~ca
tion, 3l,00UX; section thickness, 1/2~; 75U KeV; and 10 of 
tilt difference between images. 

In addition to the low magnification micrographs described above 
and used for cell reconstructions, high magnification stereo images 
revealed interesting associations between PHF and cell structures. 
Figures 5 and 6 are examples of such stereo pairs from both conventional 
and high voltage electron microscopy. Figure 5 illustrates the "end-on" 
associations observed between PHF and the membranes of the nuclear 
envelope (open arrows). The site of this association was first defined 
by following the filaments in the computer reconstruction and then 
chOOSing a subset of sections to examine in greater detail using the 
tilting stage of the conventional electron microscope operated at lUU 
KeV. The images are therefore from a cell that was reconstructed but 
were taken at higher magnifications. This set of micrographs also 
illustrates that polyribosomes may be seen in association wtth the ends 
of some PHF (asterisks). 

We also examined the ultrastructure ofaxons and dendrites at 
synapses in the vicinity of neuritic plaques. We were interested in the 
morphology and associations of PHF and microtubules at these terminal 
arborizations. Figure 6 is a stereo pair of high voltage electron 
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Figures l and ~ are high voltage electron micrographs which 
have been examined by us in 3-D but are not presented in 
stereo here. Figure l illustrates that PHFs are also found in 
association with presynaptic boutons. Figure ~ is from a 
nearby area in which few PHFs were apparent in the cells or 
cell processes. See text for details. Figure 7 magnifica
tion, 35,000X; Figure 8 magnification, 60,OUOX; section 
thicknesses were 1/2~ imaged at 750 KeV. 
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micrographs (750 KeV accelerating voltage) from a slightly thicker 
section (l/~m). This image illustrates an association of PHF (open 
arrows) with material just beneath the postsynaptic density of what 
appears to be a functional synaptic connection. Note also the coated 
vesicles present in both pre and postsynaptic processes (closed arrows). 
In this instance the postsynaptic component of the synapse contains PHF 
but no microtubules. Microtubules are frequently visible in such 
dendritic arbors. Speculation on the viability of such synapses is 
buttressed by the presence of coated vesicles that indicate the 
occurrence of biological processes at the time of fixation. 

Figure 7 illustrates PHF within a presynaptic bouton (PHF, open 
arrows; synaptic vesicles, closed arrow). This PHF-containing 
presynaptic bouton is applied directly to the cell body of a normal
appearing postsynaptic neuron. A segment of the Golgi apparatus in this 
neuron is present in this section and is marked by open arrowheads. 
This section was approximately 1/2~m thick and observed at 750 KeV. It 
was examined in 3-D but like Figure 8 below is not presented in stereo 
pairs here. 

As indicated above we noted atypical ultrastructure in the 
microtubules of otherwise normal appearing synaptic regions near 
abnormal neurites of neuritic plaques. Figure 8 is an example of such 
morphology and is from an area in which few PHFs were apparent in the 
cells or cell processes near a plaque region. Note however that in the 
dendrite of the synaptic apposition there is at least one suspicious 
PHF-like structure (open arrows). Close inspection reveals that the 
microtubules indicated by the closed arrows terminate within the plane 
of the section. Although many are continuous from one surface of the 
section to the other, careful analysis in 3-D revealed that several 
start or stop within the thickness of the section. This observation of 
short microtubules suggests recurrent and abnormal cycles of 
depolymerization and repolymerization. Alternatively, this atypical 
microtubule morphology may be the result of immersion fixation 
necessitated when processing biopsy material. Note however that similar 
atypical microtubular profiles are common within peri-plaque regions 
which contain numerous abnormal neurites. 

Summary of Observations 

The following is based on the complete reconstructions and the 
higher magnification stereoscopic imaging of selected regions. The 
accumulations of PHF partially encapsulate the cell nucleus and ramify 
into dendritic arborizations of affected neurons. Some bundles of PHF 
end within the cell body in regions rich in polyribosomes. 
Polyribosomes are seen along the terminal portions of the PHF in such 
regions. Many bundles of PHF can be traced to sites of close 
association with the membranes of the nuclear envelope where some appear 
to insert in the vicinity of nuclear pore complexes. 

The density of somal microtubules visible in the PHF-containing 
cells ranged from few to none. Numerous microtubules were visible, 
however, in the LF rich cells without PHF and in the "normal" cells. 
The RER was closely associated with the LF but appeared excluded from 
the PHF bundles. 

In the PHF-containing cells, portions of the Golgi apparatus were 
more peripheral than in normal appearing neurons., In contrast, the 
Golgi complex was more normally distributed in both the "LF only" and 
"normal" cells. Atypical morphology was noted in some of the 
microtubules from these specimens. 
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DISCUSSION 

These observations indicate that several changes in the cytoplasmic 
organization of PHF-containing neurons appear to have occurred. These 
have specific implications for the functional status of these neurons 
and also suggest several loci as possible sites of primary defects 
resulting in this abnormality. For instance: Golgi apparatus function 
may be impaired and thus contribute to cell death; affected microtubules 
in neurites may effect the delivery and retrieval of materials to and 
from the dista1 portions of neuronal arborizations; and, as suggested by 
Suzuki and Terry (1967), axonal transport may be impaired. 

The current literature documenting observations on AD tissue and 
many of the chapters in this volume indicate that there is still 
considerable controversy as to the nature of the filamentous material 
which accumulates within these abnormal cells. It is our contention 
that a 3-dimensional approach to the ultrastructural pathology in AD 
might add to our understanding of the nature of these changes. From our 
preliminary study it is clear that, although the neurofibrillary tangle 
occupies a considerable volume within the cytoplasm, the remainder of 
the cell still contains the usual cellular organelles although 
microtubules appear to be reduced in number. Despite the persistence of 
most functional complexes, e.g. Golgi apparatus, they appear to be 
redistributed and there is a subtle change in the shape of the Golgi 
apparatus as well as a decrease in the number of somal microtubu1es 
found in PHF-containing neurons. 

Although more quantitative and detailed studies need to be 
conducted, one has the impression from these biopsies that the larger 
the amount of PHF inclusion, the more periphera1ized the Golgi apparatus 
becomes and the more scarce microtubules become. We are inclined to 
speculate that the microenvironment of neurons and especially of the 
neuron's terminal arbor may be unhealthy for microtubu1es. This may 
promote a type of retrograde degeneration of the parent cell body that 
includes disruption of the somal cytoskeleton. 

Findings of a decentralization of the Golgi complex in neurons 
containing few if any microtubules is consistent with observations on 
the relationship between these structures in other cell types. For 
example, Singer and co-workers (Rogalski et al., 1984a,b) have recently 
shown that the Golgi apparatus depends upon microtubules to maintain its 
position in the cytoplasm of cultured cells. The redistribution of the 
Golgi apparatus in PHF-containing neurons therefore may be a secondary 
consequence of other factors which destabilize microtubules. 

By conducting detailed electron microscopic examination of biopsies 
containing neurons in very early stages of the degenerative process we 
expect to gain further insight into such possibilities. We have already 
observed evidence for certain early appearing abnormalities such as 
altered structure and distribution of microtubules, altered Golgi 
distribution, and simplification of the dendritic arbor. Certain of 
these alterations in cellular functioning may contribute toward the 
sequellae of neuronal degeneration and cortical isolation noted in other 
studies (Terry et al., 1981; Morrison et al., 1983; Campbell et al., 
1985; Mann et al., 1985; Pearson et al., 1985; Rogers and Morrison, 
1985; Lewis et al., 1986a,b). More information about the early fates of 
subcellular structures which participate in major cellular processes 
such as axonal transport (microtubules), protein synthesis (the 
endoplasmic reticulum) and glycosylation (the Golgi apparatus) needs to 
be obtained. We would expect these investigations to elucidate the 
nature of chaQges in such structures. 
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The threshold theory of the causation of Alzheimer's disease (AD), as 
formulated by Roth et al. 1 has important implications for diagnosis, 
clinicopathological correlation and scientific inquiry. The theory is 
based on determination of the intensity of tangle formation and plaque 
counts carried out at the light microscope level, on one hand, and mea
sures of dementia, on the other. Twenty years have passed since this 
theory was formulated. During this period of time fundamental advances 
have been made in three areas of importance for the theory. First, 
modern electron microscopic (EM) techniques provide the means to resolve 
the tangles into the specific and complex components of a modified neuron 
cytoskeleton. 2-5 Second, clinical and neuropsychological assessment of 
dementia has become increasingly precise and stringent in recent years. 
Finally, availability of frontal lobe biopsies from early Alzheimer pa
tients provides the opportunity to define the threshold state and, thus, 
the beginning of the disease with greater accuracy.6 

The present contribution summarizes new data related to all three as
pects. We investigated nine early and four advanced Alzheimer patients 
from these three viewpoints in order to determine the irreversible thresh
old conditions responsible for the transformation of a normal aged person 
into an Alzheimer patient. An extensive presentation of the EM data is 
essential for this purpose. The quantification, chemical specification 
by immuno EM, and 3-D evaluation of the data are in progress. 

We conclude from our results that the neuronal cytoskeleton undergoes 
specific transformations into paired helical filament-like strands which 
lead to the formation of the insoluble paracrystalline paired helical 
filament (PHF) assemblies. The neurofilamentous network (NFN) trans
formation plays an important role in this process, whereby segregation, 
posttranslational modifications and reassembly of the modified components 
through autocross linking occur. 7 ,B The presence of insoluble antigens 
against NFN and microtubule-associated tau and MAP 2 proteins in PHF is 
in accordance with this conclusion. 3- 5 Thus, according to our data, the 
threshold state is the state of irreversible segregation and posttransla-
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Fig. 1: Reversible segregation and rearrangement of the NFN in a normal 
myelinated axon: crossbridging filaments (C) and rod portion 
(R) of the NFN; fine filament tangle (T). 
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tional modifications of the NFN and the microtubule-associated protein 
components, as illustrated in Fig. 2. At this state a therapeutic inter
vention could provide hope for reversing the course of the disease. 

MATERIALS AND METHODS 

Frontal lobe biopsies from 13 patients with AD were investigated. The 
diagnosis was based on clinical, neuropsychological and histological 
assessment. The biopsies from 9 patients were obtained during the catheter 
implantation for intracerebroventricular Bethanecol infusion. The clinical 
features of the individual patients in the early and intermediate stages 
of the disease have been published in Tables 1 and 2. 6 There were four 
patients of the advanced NAP group consisting of 2 males and 2 females, 
49-63 years old. Part of the results obtained from the EM of this group 
has been published. 9 ,10,11 All the biopsies were investigated by stan
dard techniques of thin sectioning EM. About three thousand electron 
micrographs have been evaluated. 

Axoplasm from 3 squid giant nerve fibers was extruded, and extracted 
for four hours in 0.5 ml Rubinson and Baker buffer,12 homogenized and 
stored in the buffer for 48 hours. The samples were placed on grids and 
stained in 1% uranyl acetate, pH 7.0. 

RESULTS 

In electron micrographs of frontal lobe biopsies from Alzheimer patients, 
fixed by instantaneous immersion into the fixative, neuronal profiles can 
be regularly indentified as having a completely normal structure. The 
structure of the longitudinally-sectioned myelinated axon, illustrated in 
Fig. 1, is the same as that observed in myelinated axons of rabbit brain 
fixed by intravascular perfusion, cf. with Figs. 1,2. 9 The electron micro
graph of Fig. 1 has been made from a relatively thick section to illustrate 
the continuous character of the cytoskeleton architecture. For a detailed 
description of the normal axoplasm structure, see Metuzals et al. 9 The 
description given for rabbit axons is also valid for normal axons of AI
zheimer patients. The following conclusions can be made from this. First, 
the quality of human brain biopsies fixed by immersion is the same as that 
achieved by intravascular perfusion of rabbits under the most optimal 
fixation conditions. Second, this fact gives great credibility to the 
observations made with human biopsies and minimizes the possibility of 
artifactual origin of the structures analyzed. 

The normal axoplasm illustrated in Fig. 1 reveals great variability in 
the appearance of the NFN components and an ext~nsive array of cross
bridging filaments (C, Fig. 1). The diameter of the rod, or strand por
tions, of the NFN ranges from 5 nm to 30 nm (R, Fig. 1). The 2 nm proto
filaments are intercoiled at different degrees determining in this way the 
diameter and the protofilament structure of the strand - the neurofila
ment (NF). In many places the NFN components are continuous with fine 
filament tangles of different size (T, Fig. 1). Microtubules and profiles 
of the smooth endoplasm reticulum and of small vesicles are interspersed 
among the components of the NFN. 

Hypertrophied NFN revealing segregation and probably irreversible 
reassembly of its protein components is illustrated in Figs. 2a-c. Large 
profiles of neurites can be identified among normally-structured neuropil, 
which consist of hypertrophied NFN. Microtubules cannot be identified in 
these profiles but normal mitochondria are surrounded by the hypertrophied 
NFN. The longitudinally-sectioned NFs display a sinuous outline due to 
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Figs. 2a,b,c: Irreversible segregation and rearrangement of the MFM in 
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a neutrite: sinuous protofilaments (S) of a MF; lampbrush
like MF (asterisk); protofilament tangle (T); intercoiled 
MFs (MF). Scale bar = 0.1 I'm. 



their helical conformation and extensive intercoiling (Fig. 2a). Cross
sectioned and obliquely-sectioned NF profiles display a whirlpool pattern 
(see also Figs. 6a-d9). The tendency of individual NFs to twist around 
each other is indicated by their constant V-shaped relationships and their 
sinuous intercoi1ing patterns (NF, Fig. 2c). Sinuous protofilaments (unit
filaments) can be identified as components of individual NFs (S, Figs. 
2b-c). Lampbrush-1ike appearances of individual NFs, due to backfo1ding 
of the sidearms (asterisks, Fig. 2b,c) as well as unravelling of individual 
NFs, are constant features. Such extensive hypertrophy of the NFN, 1amp
brush-like NF and backfo1ding of the crossbridges, as illustrated in Figs. 
2a-c, have not yet been identified in normal rabbits. Crossbridging fine 
filaments are relatively less numerous as compared with normal myelinated 
axons, cf. Fig. 2a-c, with Fig. 1. 

Extensive segregation of the 10 nm wide NFN strands into their 2 urn 
wide protofilaments can be observed extending over long distances in 
myelinated axons (Fig. 3). In these axons the protofilaments have either 
a parallel orientation or they are entangled. Such a segregated state 
of the NFN also displays the initial steps of reassembly into PHF-1ike 
structures by intercoiling of the protofi1aments into irregular PHF-like 
assemblies and into the typical paracrystalline PHFs (F, P, Fig. 3). In 
other axons (Fig. 4) the amount of the PHF-like strands distributed among 
modified NFN is increased as compared with the amount illustrated in Fig. 
3. In these axons, PHF-1ike strands ranging in diameter from 12 to 20 urn 
and displaying irregularly spaced constrictions are still continuous with 
NFs. Many NFs in such axons have a smooth outline and measure - 5 urn in 
diameter. The 10 nm wide NFs display irregular widenings and substructure 
of protofi1aments that are oriented obliquely and perpendicular to the 
long axis of the NF. 

Neuron profiles can be ordered according to the content of the NFN, 
fine fi1amentous matrix, PHF-like strands and PHFs. As the amount of the 
NFN and the matrix in the neuron profiles decreases the amount of PHF-
like strands and PHFs increases. It can be concluded from this observa
tion that causal relationships must exist among these assembly states of 
the neuron cytoskeleton in AD. The heterogeneous assembly architecture 
composed predominantly of densely packed PHF-like strands, - 15 urn in 
diameter and of varying periodicity of constrictions, is illustrated in 
Fig. 5. Interspersed among these strands are individual NFs, often in 
continuity (arrows, Fig. 5) with the PHF-1ike strands. Only some short 
distances of typical PHFs can be identified in such cytoskeleton assemblies 
as being in the state of transformation from the NFN and the matrix into 
typical PHF paracrystals. Structural relationships among NFN, PHF-like 
strands and PUF are revealed in the high resolution electron micrographs 
(Fig. 6), which provide support for the concept of the transformation of 
the NFN components into PHF. In such micrographs, large neurite profiles 
consisting of PHF-like strands of variable periodicity of constrictions, 
irregular dimensions, and variable fine structure and architecture can be 
identified. These strands are continuous with typical PHFs. In such 
neurites, NFN components are intermingled with the PHF-like strands. Con
tinuity between components of the NFN and the PHF-like assemblies can be 
identified regularly (arrowhead, Fig. 6), thereby giving strong support 
to the transformation concept of PUF formation. 10 The great variability 
and irregularity in the architecture of this PHF-like assembly is illus
trated in Fig. 6. The - 2 urn wide protofilaments and their orientation, 
as components of the PHF-like strands, are indicated by arrows (Fig. 6). 
Parallel filaments, approximately 10 nm wide, displaying railroad track 
structure, can be observed regularly in this assembly. Large aggregates 
of protofilament tangles (T, Fig. 6) are interspersed among the strands. 
The insert is from another region of the neurite in the same micrograph. 
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Fig. 3: Formation of PHF-like strands (F) through irreversible segrega
tion of the NFN into their protofilaments and remodelling: 
protofilaments in parallel arrangement (E); protofilament tangles 
(T); PHF (p). Myelinated axon. Patient JDL. Scale bar = 0.1 ~m. 
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Fig. 4: PHF-like strands (F) among modified NFN: constrictions of the~e 
strands (bars); 5 nm (1) and 10 nm (2) wide NFs; continuity bet
ween NF and PHF-like strands (arrowhead); fine filament tangle 
(T). Myelinated axon. Patient MBR. Scale bar = 0.1 ~m. 
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Fig. 5: The heterogeneous structure of the neurofibrillary tangle. NF 
(arrows) often continuous with PHF-like strands (F)j typical 
PHFs (p). Cell body. Scale bar = 0.1 ~m. 
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Fig. 6: Transition of the NFN into PHFs: continuity between NFN and PHF
like strand (arrowhead); protofilaments and their orientation 
(arrows); railroad track pattern (W); fine filament tangles (T); 
PHF (p). Neurite. Scale bar = 0.1 ~m. 
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Fig. 7: Cell body. Formation of PHFs (p) by reassembly and phase transition 
of the fine filament tangles (T). PHF-like strands (F); continuity 
between PHF-like strands and PHF (arrowhead); microtubule (M). 
Scale bar = 0.1 ~m. 
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The arrangements illustrated in Fig. 7 represent phase transition9 of 
randomly organized and supposedly soluble protofilament tangles into the 
compactly ordered and insoluble state of typical PHFs. The same process 
is illustrated in the last figure where transition of the randomly ordered 
microfilament tangle is continuous with the crystalline order of a tropo
myosin-like lattice.!3 An area of neurofibrillary tangle in the peripheral 
part of a neuron perikaryon is illustrated in Fig. 7. Intact microtubules 
(H, Fig. 7) can be seen in the region adjacent to the plasma membrane which 
is not included in the figure. Long stretches of individual, characteristic 
PHFs are loosely packed. Such loosely packed regions of typical PHFs are 
surrounded by densely packed bundles consisting predominantly of - 15 nm 
wide PHF-like strands (F, Fig. 7). Continuity between these strands and 
typical PHFs can be identified (arrowhead, Fig. 7). A strand - 50 nm wide 
consisting of loosely intercoiled filaments - 5 nm wide is located between 
two typical PHFs. 

Formation of typical PHFs from PHF-like strands and fine filament tangles 
is revealed by high resolution electron micrographs taken from neurofibril
lary tangles (Fig. 8). Such micrographs illustrate the detailed morphology 
of the dense regions of a neurofibrillary tangle and of some typical PHFs 
(p). The dense regions consist of densely packed - 15 nm wide PHF-like 
strands (F}.10 Fine filament tangles (T) are continuous with typical PHFs 
and with PHF-like strands (arrowheads). Protofilaments can be identified 
in the PHFs (1, Fig.8) and in PHF-like strands (2, Fig. 8). The protofila
ments appear to be tightly packed and ordered at different angles against 
the long axis of 'the PHF and the PHF-like strands. 

The central pathogenic process of AD - the irreversible phase transition 
from fine filament tangles into typical PHFs-is revealed in extensive areas 
of myelinated axons (Fig. 9). The myelin sheath of such axons often does 
not reveal pathological changes. Considerable stretches of typical PHFs 
emerge from areas consisting of irregularity interwoven tangles of - 5 nm 
wide and finer protofilaments. PHF-like strands (F), 10-15 nm wide, with 
irregularly spaced constrictions and variable architecture, are interspersed 
among these structures. These structures are in the process of being inves
tigated by 3-D EH techniques in order to determine the handedness of the 
helical assemblies. 

In the terminal phase of the PHF formation process, paracrystalline 
order of PHF results, revealing constrictions with a periodicity of ap
proximately 80 nm with a modulation of fiber diameter varying between 
- 24 nm at the widest and - 10 nm at the narrowest part of the filament. 
The ordered substructure of such PHFs is revealed in high resolution 
micrographs (Figs. 10,11). Protofilaments, 2 nm in diameter, are tightly 
packed and ordered at different angles to the long axis of the PHFs or 
parallel to this axis (arrows). In the segment of the PHF indicated by G 
in Fig. 10, protofilaments perpendicular to the long axis of the PHF, as 
well as small granules, can be identified similar to the structures revea
led by Wisniewski and Wen. 14 

The paracrystalline properties of mature PHF assemblies are expressed 
in regular lattice relationships, clearly visible over large areas of 
cross-sectioned PHFs in cell bodies11 and in neurites (Fig. 12a). Serial 
sections have been obtained from the profile consisting of the PHF lattice. 
In electron micrographs taken from four consecutive sections (1,2,3,4), 
the location of each PHF profile was marked on a transparent plate and each 
profile was interconnected by a wire. Fig. 12b is a photograph of the model 
viewed obliquely from above. The rows of PHF profiles (arrows) are rotated 
anticlockwise throughout the model. The connecting wires on the right side 
of the model display a helical twist. High resolution electron micrographs 
of cross-sectioned PHF profiles reveal the components of the PHF-the proto-
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Fig. 8: Protofilaments in PHF (1) and in PHF-like strands (2). Cell body. 
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Formation of PHFs (P) by reassembly and phase transition of the fine 
filament tangles (T). PHF-like strands (F); continuity between 
PHF-like strands and PHF (arrowhead); microtubule (M).-----= 0.1 ~m 



Fig. 9: Myelinated axon. Formation of PHFs (P) by reassembly and phase tran
sition of the fine filament tangles (T). PHF-like strands (F); conti~ 
nuity between PHF-like strands and PHF (arrowhead); microtubule (M). 
Scale bar = 0.1 \lm. 
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Fig 10: Ce II body. Orde red f i lamentous subst ructure of PHFs: protof ilarnents 
(arrows); protofilament lattice (C). Scale bar ~ 0.1 ~m . 
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Fig. 11: Neurite. 15 nm wide strand continuous with PHF (arrowhead); micro
tubule (M). Ordered filamentous substructure of PHFs: protofilaments 
(arrows); protofilament lattice (G). Scale bar = 0.1 ~m. 
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Figs. 12a,b,c: PHF lattice and substructure. b: Plastic sheets (1-4) 
indicating the PHF arrangement in electron micrographs taken from 
four consecutive sections. Arrows indicate the anticlockwise 
change of a PHF row. Small wires connecting the corresponding 
profiles demonstrate helical twisting. c: PHF structure in cross 
section: protofilament lattice (C), crossbridges between PHFs 
(arrow), PHF profiles: oval (0), crescent (C), eight-shaped (8) 
and triangular (U). Scale bar = 0.1 ~m. 
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filaments - in cross section (Fig. 12c). The protofilaments appear as 
granules or short filaments less than 2 nm in diameter. Occasionally, 
patterns similar to those illustrated by the model of Wisniewski and Wen14 
can be identified (G). Crossbridges (arrows) between the filaments and 
the sidearm projections occur regularly. The following shapes of the PHF 
profiles can be identified: oval (0), crescent (C), eight-shaped (8) and 
triangular (R). A 3-D analysis of the PHF structure is in progress. 

In vitro experiments with NF isolated fom squid giant axons and left 
for 48 hours in a buffer solution, support the concept derived from stu
dies of thin sections of brain biopsies from Alzheimer patients, as pre
sented above.. NFs in these experiments intercoil in a double helical 
array and display morphological features similar to those observed in thin 
sections of Alzheimer brains. 7 Barbed wire morphology (cf. Fig. 13a with 
1, Figs. 13c, d) and railroad track pattern (cf. W, Fig. 13a with W, Fig. 6) 
occur in both types of structures. 

In electron micrographs of Hirano bodies (Fig. 14) the continuity of 
microfilament tangles with lattice sheets reminiscent of tropomyosin 
crystals is clearly illustrated. 13 Such an irreversible phase transition 
from a random tangle arrangement into the crystalline state may also occur 
during the formation of PHFs from modified components of the NFN and micro
tubule-associated proteins, such as tau, and MAP 2, whereby the autocross
linking properties of these components are realized in the PHF formation 
process. 15 

DISCUSSION 

The central question of the pathogenesis of AD is whether Alzheimer 
pathology is in a continuum with the normal structure, or whether the PHF 
represents a distinct and clear-cut break with the normal helical assem
blies observed inside the neuron. 16 This break would be achieved by the 
de novo synthesis of a protein which assembles into the PHF.16 In the 
present paper we are approaching this problem by thin sectioning of biop
sies from early Alzheimer cases and by in vitro experiments. Investiga
tions of isolated PHFs from autopsies of terminal cases are not suitable 
for answering this question. Our results are in accordance with the 
concept of Alzheimer pathology representing a continuum of modifications 
of the normal neuron cytoskeleton structure. This concept is in agreement 
with the data obtained by immuno EM of the PHFs.3-5 Obviously, it does not 
exclude the possibility of participation of new gene products specific to 
Alzheimer's disease in tangle formation. The characteristic paracrystal
line assembly of PHFs represents the terminal phase of such a continuous 
modification. This conclusion is based on the observations presented in 
Results and discussed briefly as follows. 

From the analysis of the NFN in normal neurons it can be concluded that 
segregation and reversible reassembly of the NFN protein components into 
assemblies of different architecture are constantly occurring in the neuro
plasm under normal conditions (Fig. 1). If the segregated components are 
modified posttranslationally by such processes, for example, as phospho
rylation or through proteolysis by Ca2+ -activated proteases,8 the modified 
components may reassemble irreversibly into structures of abnormal, patho
logical characters (Figs. 2,3,4). The dense packing of the modified fila
ments of the neurofibrillary tangles, their relatively smooth outline, the 
reduced amount of crossbridging and matrix filaments and the lack of micro
tubules, characterize the assembly state of the neurofibrillary tangles. 
From such observations the conclusion is warranted that major pathogenic 
events of AD are: first, stepwise modifications of the crossbridging struc
tures of the NFN, of the fine filamentous matrix and of the microtubule-
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Figs. 13a,b: Double helical arrays of in vitro aged squid NFs, displaying 
intercoiled protofilaments (arrow) and periodic constrictions 
(bars); railroad track pattern (W). NF isolated from squid giant 
axon and aged in Rubinson & Baker buffer12 for 48 hrs. Stained 
negatively with 1% uranyl acetate, pH 7.0. Scale bar = 0.1 ~m. 
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Fig 14: Phase transition of microfilament assembly in a dendrite forming 
a Hirano body: tangle (T) and tropomyosin-like lattice array of 
the microfilaments (A). Scale bar ~ 0.1 ~m. 

Figs. 13c,d: PHFs of a myelinated axon reminiscent of the double helical 
~ NF structure in Figs. 13a,b; PHFs of barbed wire morphology (1); 

PHF fraying into protofilament components (L); protofilament sub
structure of PHFs (arrow). Scale bar = 0.1 ~m. 
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associated proteins; second, the incorporation of the modified components 
into the longitudinal PHF-like strands and, third, autocross linking among 
these components (Figs. 7-10). Finally, phase transition from such an 
intermediary still soluble structure into the insoluble paracrystalline 
state of PHF is realized in this manner. 

Successive increase of protofilament order occurs during the formation 
of PHF assembly until these filaments become ordered and stabilized in a 
permanent irreversible paracrystalline state. The regular lattice array 
is clearly visible over large areas of cross-sectioned PHFs (Figs. 12a-c). 

The in vitro experiments with NFs isolated from squid giant axons support 
the concept derived from studies of thin sections of brain biopsies from 
Alzheimer patients (Figs. 13a,b). Another example of irreversible phase 
transition during aging and pathological modifications of the cytoskeleton 
is represented by the formation of Hirano bodies from random microfilament 
assemblies (Fig. 14). This transition of the microfilaments into the 
crystalline state reminiscent of tropomyosin crystals seems to be related 
to the chemical composition of the Hirano bodies as represented by the 
presence of crosslinking proteins of actin. 1S Thus, the analagous physico
chemical processes - segregation, crosslinking and phase transition - are 
involved in the formation of the Hirano bodies as well as of the PHF 
assemblies .10, 13 

Conclusions can be made from early light microscopic work on neurofibrils 
by Cajal, Alzheimer and Bielschowsky, that are directly related to the 
results of this paper. Caja117 demonstrated experimentally the reversible 
temperature-dependent changes of the "neurofibrillar network" and the 
specific irreversible modifications inducey through infection with rabies 
virus. The figures published by Alzheimer 8 and Bielschowsky2 reveal that 
during AD chemical modifications of neurofibrils occur with a successive 
increase in the packing density and the degree of intercoiling of these 
modified filaments. 

SUMMARY 

Nine early and four advanced Alzheimer patients have been investigated, 
utilizing three approaches in order to specify the threshold state of 
Alzheimer's disease. Extensive thin sectioning electron microscopy of 
frontal lobe biopsies, correlated with stringent clinical assessment, has 
demonstrated that the neuronal cytoskeleton undergoes specific transfor
mations into paired helical filament-like strands which lead to the for
mation of the insoluble paracrystalline paired helical filaments. The 
neurofilamentous network transformation plays an important role in this 
process, whereby segregation, posttranslational modifications and reassem
bly of the modified components through autocross linking, and phase transi
tion occur. According to our data, the threshold state can be defined as 
the state of irreversible segregation and posttranslational modification 
of the neurofilamentous network and the microtubule-associated proteins. 
At this state, therapeutic intervention to reverse the disease process may 
be possible. The results indicate similarities between the formation of 
the paracrystals of the paired helical filaments and the formation of the 
tropomyosin-like crystals of the Hirano bodies. 
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STRUCTURAL CHANGES IN ALZHEIMER NEURONS: 
THE RATIONALE FOR MOLECULAR STUDIES 

Neuritic (senile) plaques and neurofibrillary tangles (NFT) repre
sent the principal structural alterations of neurons in presenile and 
senile dementia of the Alzheimer type (Alzheimer's disease). These two 
types of lesions are also found in much smaller numbers and in restrict
ed topographical distribution in the brains of many neurologically nor
mal individuals after the seventh decade. Tangles, plaques and other 
structural changes found in Alzheimer brain tissue (amyloid angiopathy 
of cerebral and meningeal vessels, granulovacuolar degeneration of hippo
campal neurons, lipofuscin deposition in neurons and glia) are, therefore, 
qualitatively indistinguishable from the lesions that accompany normal 
brain aging but are quantitatively much increased in AD. Neurofibrillary 
tangles (NFT) are large, non-membrane-bound cytoplasmic masses of ab
normal fibers found within the perikarya of neurons in hippocampus, 
amygdala, cerebral cortex and certain deep gray nuclear structures. 
Numerous electron microscopic studies have concluded that the vast major
ity of fibers in these tangles have the appearance of tightly adherent 
pairs of helically wound, intermediate-sized (10 nm) filaments, referred 
to as paired helical filaments (PHF), and having a maximum width of 
about 20 nm and a half-periodicity of roughly 80 nm (1,2,3). Many 
of the abnormal neurites (both axonal terminals and dendrites) making 
up the periphery of the senile plaque contain PHF (4). Several labora
tories have reported that bundles of straight (non-helical) filaments of 
approximately 15-20 nm width may also be found in neurons in AD brains 
and may coexist with PHF in the same cells (5-8). 

The accumulation of abnormal protein fibers (i.e., PHF and straight 
filaments) in neuronal cell bodies and in neuritic plaques has been sta
tistically correlated with the principal features of AD, including de-
gree of dementia (9,10), extent of neuronal loss in hippocampus (11) and 
degree of deficiency of cortical cholinergic function (12,13). Shrinkage 
and loss of large cholinergic neurons in the basal forebrain in AD is asso
ciated with the presence of NFT in many remaining neurons. For example, we 
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have recently used PHF-specific polyclonal antibodies and acetylcholine
esterase histochemistry in double-labeling experiments that show that (a) 
loss of cholinergic neurons in the nucleus basalis of Meynert (nbM) is 
associated with extensive NFT formation, including many residual NFT ghosts 
or tombstones in loci where nbM neurons once existed; and (b) numerous 
non-cholinergic neurons and neurites in basal forebrain show NFT and plaque 
formation (14). Importantly, those cases of AD with a clearly defined gen
etic basis (autosomal dominant AD) show the most severe and extensive 
neurofibrillary lesions, affecting innumerable neurons and neurites through
out the brain. Furthermore, older patients with Down's syndrome often show 
marked NFT and neuritic plaque formation. 

In addition to the intraneuronal fibrous changes just described, 
AD brain tissue displays abundant extracellular deposits of abnormal 
filaments that are found in the cores of senile plaques, in small bundles 
in the cortical neuropil and in the walls of certain leptomeningeal and 
cortical blood vessels (Congophilic angiopathy). Like the NFT, these 
fibrous extracellular deposits show characteristic green birefringence 
under polarized light after staining with the dye Congo red and have thus 
been classified as amyloid deposits. EM demonstrates that the filaments 
comprising these deposits are generally in the range of 6 to 10 nm in 
diameter (mean -8 nm) and are unpaired. Their fine structure is distinct 
from that of the intraneuronal PHF and straight filaments. The protein 
chemical relationship of the intraneuronal PHF and extracellular amyloid 
filaments that accumulate in AD is a subject of active investigation. 

Thus, in contrast to Huntington's disease, in which striatal neuro
nal loss is unaccompanied by any characteristic ultrastructural change in 
adjacent neurons that have not yet died, neuronal attrition in Alzheimer 
brain is associated with marked structural changes in many remaining cells 
and in the neuropil. In view of these observations, it is important to 
identify the molecular nature and origin of PHF and amyloid fibers. The 
principal objective of current work is to characterize the molecular mech
anism of amyloid fiber and PHF formation and establish what role these 
processes may play in accelerated death of neurons during normal aging 
and in Alzheimer's disease. In setting this goal, one must emphasize 
that neurofibrillary tangle formation is a somewhat non-specific event 
occurring not only in normal aging but in a number of etiologically di
verse human brain diseases. On the other hand, neuritic plaques with 
their central amyloid cores are a much more specific marker for Alzheimer's 
disease than is the neurofibrillary tangle. Senile plaque formation is 
largely restricted to AD, normal brain aging and the AD-type brain degen
eration that occurs in virtually all patients with Down's syndrome after 
the third or fourth decade. Therefore, understanding the mechanism of 
neuritic plaque formation is likely to provide more direct clues to early 
events in Alzheimer's disease than are studies of NFT constituent PHF. 

Biochemistry of the Neurofibrillary Tangle 

Most early studies directed at identifying the constituent proteins 
of PHF and other fibers in the NFT employed immunocytochemistry on in situ 
tangles and senile plaque neurites at the light microscopic level, using 
a variety of polyclonal or mono clonal antibodies (reviewed in reference 15). 
In general, these studies showed that numerous polyclonal and monoclonal 
antibodies againstneurofilaments (the normal 10 nm protein filaments found 
in virtually all neurons) do not cross-react with NFT and senile plaque 
neurites, whereas certain neurofilament antibodies do. Certain antibodies 
against microtubule-associated proteins but not antibodies to tubulin it
self (the major subunit protein of microtubules) have also been shown to 
label NFT (16). The results of early immunocytochemical studies suggested 
a complex antigenic composition of the abnormal fibers, including portions 
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of neurofilament and microtubule-associated proteins. Since such studies, 
even using monoclonal antibodies at the EM level, seemed unlikely to pro
vide comprehensive data about the protein composition and thus the molecu
lar origin of PHF, our laboratory carried out experiments aimed at charac
terizing PHF and their bonding structure by the techniques of analytical 
protein chemistry. 

We initially used extraction with the non-ionic detergent Triton X-lOO 
and subcellular fractionation, as conventionally employed in cytoskeletal 
studies, to derive partially enriched PHF fractions from AD cortex. One
and two-dimensional gel electrophoresis failed to demonstrate any consis
tently increased or unique neuronal polypeptides in PHF-enriched fractions 
compared to similar fractions from control brain (17). After repeatedly 
finding no consistent change in identifiable neuronal proteins in PHF
enriched fractions, we postulated that PHF might consist in part of in
soluble proteins that did not enter gels after heating in sample buffer 
containing sodium dodecyl sulfate (SDS) and reagents that reduce disul
fide bonds [e.g., S-mercaptoethanol (SME)]. Electron microscopy of the 
SDS/SME-insoluble residue of our PHF preparations excluded at the top of 
the stacking gel demonstrated abundant PHF which retained their 80 nm 
periodicity but were slightly thinner (-16-20 nm) in diameter than in situ 
PHF (17). We subsequently developed a method for isolating intact~F-T--
and found that many, though not all, NFT appeared to remain intact and re
tained their characteristic Congo red birefringence after heating in 
SDS/SME buffer (17). Further analyses showed that many PHF remained insol
uble a~d recognizable by electron microscopy after treatment with several 
strong denaturants, including 9.5 urea, 6 M guanidine HC1 and phenol 
(17,18). The straight 15 nm filaments found in degenerating neurons in 
some cases of AD can also be recovered in the SDS/SME-insoluble fraction 
of cortex. Since no quantitative assay for PHF in intact cortex or aqueous 
samples was available, we could not estimate the percent recovery of PHF 
after SDS/SME extraction (17). It is probable that a portion of the PHF 
fiber and/or some whole fibers are solubilized by harsh solvent extraction. 
However, the marked enrichment of PHF after SDS/BME treatment, the pre
servation of their characteristic helical periodicity, the fact that actual 
manual counts of NFT before and after treatment indicate no quantitative 
loss (17) and the absence of soluble polypeptides released into SDS/acryl
amide gels all suggest that most PHF fibers are highly stable protein poly
mers. At the same time, it is clear from the studies by Dr. Iqbal and 
colleagues that a percentage of NFT in some cases of AD are disaggregated 
by heating in SDS (19). 

The discovery of the high degree of inertness of the fibers comprising 
NFT led to several conclusions. First, PHF are difficult to analyze by 
conventional biochemical techniques. Second, their insolubility can be 
used to advantage to purify them partially by extraction with harsh sol
vents. Third, and most important, their apparent high degree of chemi-
cal inertness is suggestive of a protein polymer containing multiple strong 
noncovalent bonds, and/or involving some covalent crosslinking. 

The shared properties of PHF fibers and known cross linked protein 
polymers led us to hypothesize that covalent intermolecular crosslinking 
might be involved in PHF formation. A number of mammalian intracellular 
proteins have been shown to be crosslinked by glutamine-lysine bonds 
formed by the calcium-activated enzyme, transglutaminase. We have demon
strated that NF and other endogenous CNS proteins can serve as substrates 
for brain transglutaminase in vitro (20). However, it has not been possi
ble to demonstrate directly~he presence of such putative crosslinks in 
PHF since their identification requires the sequential degradation of the 
protein by proteolytic enzymes and subsequent isolation of the dipeptide 
crosslinks, a technique which cannot yet be carried out on the highly 
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inert PHF. Furthermore, PHF have not, to our knowledge, been purified to 
homogeneity, allowing such an assay. Although the possibility of covalent 
crosslinking in PHF remains, an alternative mechanism for explaining the 
insolubility of PHF derives from recent x-ray diffraction studies. 

We have carried out x-ray diffraction analysis of isolated PHF and 
senile plaque amyloid cores (21). Using considerably enriched but not 
fully purified PHF preparations, we observed characteristic -4.76 A and 
-IO.hA reflections consistent with a macromolecule containing cross-B 
pleated sheet conformation. This finding appears to confirm the long 
held hypothesis that, like other amyloids, the intraneuronal PHF in AD 
contain B-pleated sheet structure. Analyses on highly purified senile 
plaque core amyloid gave similar patterns (21). The apparent B-pleated 
sheet conformation of PHF and amyloid fibers could explain, at least in 
part, their high degree of insolubility. However, the lack of quantita
tive solubilization of PHF and amyloid cores by concentrated guanidine 
HCl differs from the behayior of amyloid fibers in non-neural organs 
and suggests an even greater degree of insolubility in the fibers of AD. 

Although considerable enrichment of PHF has resulted from the use 
of strong detergent during purification (17,19,22-25), other SDS/BME
insoluble constituents of AD cortex (e.g., lipofuscin granules, amyloid 
fibers and unidentified granular material) still co-purify with PHF. 
Because of their unusual nature, it has not been possible to obtain PHF 
that are at or close to structural homogeneity using biochemical purifica
tion methods alone. Consequently, PHF-specific polyclonal antibodies 
(22,24) and monoclonal antibodies (26-28) have been produced to use as 
specific ligands for the further immunochemical characterization of PHF. 
Analysis of our polyclonal PHF antibodies (22) demonstrated that they 
reacted at high dilution with both in situ and SDS-extracted NFT and 
senile plaque neurites but, unexpectedly, they labeled no structures in 
normal aged human or animal brain, other than the occasional senile 
plaque neurites and rare NFT found in normal aged human cortex. These 
PHF antibodies also failed to react with several cytoskeletal proteins 
in human brain homogenates or brain filament fractions (e.g., NF triplet 
polypeptides, tubulin, actin, GFA) by Western blotting. 

Recent work in several laboratories (29-33), has demonstrated that 
PHF antibodies show strong cross-reaction with the microtubule-associated 
phophoproteins designated tau (a family of closely related proteins of 
MW 50-65 kD). Even PHF extensively extracted in SDS remained immunoreac
tive with antibodies to native tau (32) suggesting that the tau antigens 
are an integral component of the fibers. The fact that previous Western 
blotting of aged normal brain homogenates with PHF antibodies did not show 
clear tau bands (22) may be due to the low concentration or lack of post
mortem stability of tau in aged human postmortem brain. The recent studies 
that found that tau proteins were specifically labeled by PHF antibodies 
used highly-enriched fractions of microtubule-associated proteins purified 
from fetal brain. It appears that the tau protein that is strongly asso
ciated with or incorporated into PHF in AD is altered from normal tau. 
This conclusion is based on the fact that the tau associated with PHF is 
resistant to formalin fixation, is insoluble (compared to the high degree 
of solubility of native tau protein in aqueous buffers), may be abnormally 
phosphorylated and is partially resistant to digestion with proteases such 
as proteinase K (see ref. 34). 

The identification of tau as an antigenic constituent of PHF raises 
the question of precisely how tau is altered in the disease process. Fur
thermore, cDNAs encoding both mouse (35) and human tau (36) and human 
MAP2 (37) have been cloned, enabling studies of the level of expression 
of tau and MAP2 in AD versus normal neurons using in situ hybridization 

100 



and Northern analysis. In addition to the tau protein, specific epitopes 
of the microtubule-associated protein designated MAP2 shows some antigenic 
relationship to the PHF (16). Moreover, PHF polyclonal antisera contain 
antibodies other than those directed against tau or MAP2, indicating that 
there are other as-yet-unidentified protein components contributing to 
the PHF. For example, extensive absorption of a PHF antiserum with tau 
to the point that tau proteins on Western blots are no longer recognized 
still leaves the antiserum capable of immunostaining tangles and neurites 
in AD brain sections. One of the non-tau constituents of PHF haR now been 
identified as ubiquitin by the elegant studies of Mori et al. (38). At this 
juncture, it appears that the PHF is a complex, possibly heteropolymeric 
fiber that derives, at least in part, from altered forms of normal neuronal 
microtubule-associated proteins, particuarly tau. The previous immuno
cytochemical evidence that neurofilaments contribute antigens to PHF must 
now be reinterpreted in view of recent data (39) demonstrating that sev
eral monoclonal neurofilament antibodies that are directed against phospho
rylated sites on NF and also recognize PHF show cross-reaction with phos
phorylated forms of tau. It appears that these monoclonal neurofilament 
antibodies recognize similar phosphorylated epitopes on both NF and tau. 
Since the vast majority of NF antibodies do not recognize tangles whereas 
virtually all tau antibodies tested to date do, it is likely that the pre
vious reported reaction of certain NF antibodies with PHF is due to their 
cross-reaction with tau. Independent evidence for the presence in the PHF 
of NF epitopes not shared with tau will now be required. 

Purification and Characterization of Senile Plaque Amyloid: Comparison 
to PHF 

In order to separate senile plaque amyloid from other constituents 
of AD cortex and characterize it, we decided to use a novel strategy, 
fluorescence activated cell sorting, to isolate intact amyloid cores in 
an aqueous suspension (40). The discrete, roughly spherical nature of 
the cores and the fact that their size (6-20 microns in maximal diameter) 
is similar to blood cells that are routinely separated by flow cytometry 
led us to attempt this approach. Initial core fractions were prepared 
by centrifuging SDS-extracted homogenates of AD cortex at low speed, 
allowing quantitative pelleting of the cores while many lipofuscin (LF) 
granules, NFT and small particles remained in the supernatant. The sus
pension was then sieved and separated on sucrose density gradients. Gra
dient interfaces that were particularly enriched in cores were subjected 
to fluorescence activated cell sorting (FACS). Using fluorescence and 
light-scattering (size) discriminants, unlabeled cores were separated 
from most autofluorescent LF granules by an initial FACS sort. The cores 
were then rhodamine-labeled with an antiserum raised against partially 
purified amyloid cores and were separated from remaining contaminants by 
a second FACS sort. Brightfield fluorescence and polarization microscopy 
of the final fraction revealed highly purified, intact amyloid cores. 
EM showed that the cores were virtually free of contaminants except for 
occasional aggregates of LF. By particle counting, the final fractions 
consisted of ~ 90% amyloid cores, the remainder being LF and rare capillary 
fragments. 

We carried out amino acid analyses of purified amyloid cores (40). 
Each plaque core contains approximately 60-130 pg of protein. The amino 
acid composition shows approximately 50% rton-polar resideues with gly
cine being the most common residue (-18%). These analyses showed marked 
similarity to the amino acid composition published by Glenner and Wong 
(41) for a meningeal vascular amyloid peptide (the B-protein) prepared 
from AD brain and not found in normal aged meningeal vessels. 
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In contrast to the meningeal vascular amyloid protein characterized 
by Glenner and Wong (41) the amyloid cores are not quantitatively depoly
merized in guanidine hydrochloride. However, following treatment in the 
stronger salt, guanidine thiocyanate (6.8 M), birefringent cores are no 
longer seen and amyloid filaments are not visible by EM. Similar effects 
occur when the purified cores are treated with 88% formic acid at room 
temperature for 1 hour (40,42). Heating in SDS sample buffer and electro
phoresis of such formic acid or guanidine SCN-treated cores on urea/acryl
amide gels (Coomassie blue staining) reveals: (1) a diffuse smear of Coo
massie-positive material throughout the entire running gel; (2) accentua
tion of this smear at the lower end of the gel, forming two broad bands 
at approximately 4-7,000 and 11-15,000 MW; and (3) some excluded, insolu
ble material remaining at the top of the running and stacking gels (40). 
We have subsequently treated partially purified PHF fractions with either 
80% formic acid or 7 M guanidine SCN followed by treatment with 1% SDS and 
have observed similar broad low MW bands which co-migrate with the bands 
released from the amyloid cores (40). These bands are not present in 
control brain fractions free of PHF or cores. 

The low molecular weight proteins released from amyloid cores or from 
PHF fractions have been separated by HPLC and then used as immunogens to 
raise polyclonal antibodies. The latter show strong reaction with senile 
plaque cores and vascular amyloid deposits in AD brain, but no reaction 
with NFT or the neurites of senile plaques. Various absorption experi
ments confirm the specificity of these antibodies for amyloid fibers, 
not PHF. It appears, therefore, that the amyloid fibers are principally 
composed of a low molecular weight, hydrophobic protein that readily ag
gregates to form polymers. The presence of similar proteins in PHF
enriched fractions may be due to contaminating amyloid filaments in these 
fractions rather than to the PHF. Virtually all available immunochemical 
evidence from nUmerous laboratories suggests that the amyloid filaments 
found extracellularly in AD brain tissue are not composed of the same 
intraneuronal proteins (including tau and ubiquitin) that comprise the 
PHF. Furthermore, PHF occur abundantly in several human neurologic dis
eases in which one sees no amyloid deposition or neuritic plaque formation 
whatsoever. Also, amyloid filaments that are immunochemically and protein 
chemically highly similar to those in senile plaque cores occur in the 
walls of meningeal arteries outside of the brain, a location that makes 
a direct neuronal origin less likely. However, further careful work will 
be needed to determine whether the PHF contain a central protein fila
ment that is composed of the same a-polypeptide that the extraneuronal 
amyloid filaments are; such a possibility cannot be excluded at present. 

Whereas Glenner and Wong were able to obtain a protein sequence up 
to residue 28 for the meningeal vascular amyloid peptide, attempts in our 
laboratory (40) and others (43; D. Miller and H. Wisniewski, personal comm
unication) to sequence the core-derived low Mr protein have been unsuccess
ful. The protein behaves as if it has a blocked n-terminus, in contrast 
to the meningeal vascular a-protein. In contrast, we have been able to 
purify the meningeal vascular amyloid protein either according to the 
method of Glenner and Wong or using an SDS-method modified from our core 
preparation and find that it is readily sequenced and shows the same 
sequence as reported by Glenner and Wong to residue 28 (Joachim, Duffy .and 
Selkoe, unpublished data). Further attempts to obtain unambiguous protein 
sequence beyond residue 28 are under way.. The results just summarized in
dicate that although the same a-protein may be present in vascular amy
loid cores in AD brain, the latter deposits have a modified form of the 
protein in that it is insoluble in guanidine hydrochloride and appears to 
have a blocked n-terminus. 
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Conservation of AD-~ Amyloid Proteins in Other Aged Mammals 

We have prepared a panel of polyclonal antibodies to intact amyloid 
filaments, their low molecular weight S-protein, or a synthetic amyloid 
S-peptide and have used these to examine amyloid deposits in aged monkeys 
and other species (44). It was reported some years ago by Wisniewski and 
colleagues (45,46) that aged monkeys and dogs sometimes display senile 
plaques. Furthermore, Struble and co-workers (47,48) have demonstrated 
that the neurites comprising these monkey plaques have varying trans
mitter specificities, just as is the case for AD neuritic plaques. We 
have now shown that both the amyloid cores of such monkey senile plaques 
as well as microvascular amyloid deposits in meningeal and cortical vessels 
are immunochemically highly similar to those in AD brain (44). Absorption 
o£ the antisera with their respective human amyloid antigens abolishes the 
staining of both human and animal plaque and vascular amyloid. These re
sults indicate that the amyloid proteins that are deposited progressively 
in AD and to a much lesser extent in normal aged human brain are also 
formed into insoluble amyloid filaments in a number of aged mammals, in
cluding squirrel monkey, rhesus monkey, orangutan, dog and polar b2~r (44). 
As a result, any hypothesis about the genetic and post-translational 
mechanism underlying amyloid deposition in AD and Down's syndrome will 
need to take into account the apparently well-conserved process of amy
loid deposition in normal aged mammals, including humans. 

Amyloid Antibodies Provide Evidence for Amyloid-associated Proteins 
Distinct from the S-proteins 

In characterizing several polyclonal antibodies to AD amyloid de
veloped in our lab, we observed that certain of these antisera had very 
low or no reactivity with the amyloid S-protein. As noted above, the 
S-protein appears to be the principal constituent of amyloid filaments 
in both cerebral vessels and senile plaque cores. However, polyclonal 
antibodies raised against fractions of intact amyloid filaments (i.e., 
not solubilized) recognize the S-protein weakly but label amyloid de
posits in plaque cores and vessels at very high titers. We have, there
fore, tentatively categorized our amyloid antibodies into three groups, 
according to the immunogens used: (1) Antisera to intact amyloid fila
ments; (2) antisera to the low molecular weight hydrophobic protein 
(S-protein) solubilized by formic acid from such amyloid filaments; and 
(3) antibodies to synthetic S-protein peptides. Groups two and three 
show reaction with the S-protein by dot immunoassay and on Western blots; 
in contrast, group one antisera show weak reaction. Nonetheless, all 
three groups of antisera stain amyloid deposits in AD brain sections 
in a highly similar, if not identical, fashion. 

Further elucidation of the distinct antigens for these amyloid anti
bodies has emerged from attempts to identify normal plasma proteins that 
crossreact with amyloid antibodies. To date, only antibodies of group 
one, as described above, show unequivocal reaction with specific human 
plasma proteins (49). The principal crossreactive protein identified 
with antibodies to amyloid filaments (group 1 antibodies) is a doublet 
at approximate molecular weights of 88 and 95 kDa. We have partially 
purified these proteins from human plasma using ammonium sulfate frac
tionation and Affigel chromatography. Tentative immunochemical identi
fication of the 88-95 kDa bands suggests that they crossreact with anti
bodies to a-I antichymotrypsin. This observation was predicated on the 
fact that the same amyloid antisera that identified these bands were 
used to screen human liver cDNA libraries identified clones encoding 
a-I antichymotrypsin (50). This hepatic-synthesized protein is abund
antly present in normal plasma. It is a well-characterized inhibitor of 
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cerine proteases. The identification and cloning of this plasma protein 
using antibodies to AD amyloid filaments, raises the possibility that a-I 
antichymotrypsin may have a role in processing of amyloid proteins, pre
sumably including the beta protein, in AD brain. Several antibodies to 
a-I antichymotrypsin immunolabel plaque and vascular amyloid deposits in 
AD brain sections. However, it is possible that the presence of this pro
tein inhibitor merely represents non-specific sticking of a serum protein 
to the hydrophobic amyloid filaments. Whether a-I antichymotrypsin or 
other protein inhibitors, as well as proteases, play a role in the local 
processing of the amyloid 8-precursors requires further study. 

CONCLUSION 

Studies to date provide a complex picture of PHF and amyloid filament 
composition. In the case of the intraneuronal fibers, the microtubule
associated phosphoprotein, tau is an antigenic constituent of the PHF. 
It is currently not clear to what extent MAP2 and neurofilament proteins 
also contribute to PHF. Other neuronal proteins, particularly ubiquitin, 
appear to be present in addition to tau. Thus, the process of neurofibril
lary degeneration appears to involve an alteration and insolubilization of 
certain microtubule-associated proteins together with other constituents 
that remain to be clarified. Whether this process, which occurs in a 
number of unrelated neurofibrillary disorders, depends solely on abnormal 
post-translational processing of cytoskeletal proteins and/or involves 
changes in transcriptional or translation control of the expression of 
these proteins remains to be seen. 

Current evidence suggests that the brain amyloid filaments present in 
AD, Down's syndrome and normal brain aging but absent in other NFT
forming disorders (e.g., Guam PD complex, post-encephalitic Parkinson's 
disease, dementia pugilistica) are distinct from PHF. A major component 
of amyloid fibrils found both in senile plaque cores and in meningeal 
and cortical microvascular deposits is a low molecular weight hydrophobic 
protein (the 8-protein) with a previously unknown sequence. Very recent 
studies from several different laboratories indicate that the gene encoding 
this amyloid protein is localized to chromosome 21. This observation 
provides a direct link to the virtually occurrence of senile plaques and 
microvascular amyloid in late-stage Down's syndrome, although the 
mechanism of their development with age remains obscure. The finding of 
amyloid deposits in normal aged humans and in several aged mammals that 
are immunochemically indistinguishable from AD amyloid suggests a special 
mechanism for accelerated amyloid deposition in patients with Alzheimer's 
disease. The precise cellular and tissue origin of the amyloid precursor 
protien that gives rise to the filaments found in CNS vessels and neuropil 
is not yet clear. Moreover, the initial identification of amyloid
associated proteins raises the possibility of proteins distinct form the 
8-protein that could be involved in the cleavage and local processing of 
the 8-protein precursor. 

The exciting recent progress in isolating and characterizing AD amyloid 
components and the genes that encode them raises the likelihood that the 
amyloid itself may be a seminal factor in cortical degeneration in 
Alzheimer's disease. Evidence that the amyloid filaments and their pro
teins can directly induce neuritic reation (and regeneration) and cortical 
injury (and attempted repairs) is now very important to obtain. Amyloid
bearing neuritic plaques in aged non-human primate cortex may represent 
a relatively close analog of senile plaques in humans and thus present 
the prospect of more dynamic studies of the process of senile plaque 
formation. It remains to be seen to what extent the process of micro
vascular and cortical amyloid deposition and neuritic plaque formation will 
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explain the etiopathogenesis of Alzheimer's disease. Deciphering the 
abnormal protein chemistry of AD now enables the generation of specific 
molecular probes (e.g., complementary DNA's) that can be used to answer 
fundamental questions about gene expression in this disease and will be 
valuable in genetic linkage analysis of kindreds with familial AD. 
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The cytoskeleton of a normal mature neuron is composed of three 
types of fibrils, the microtubules, the neurofilaments and the micro
filaments. One of the cellular and molecular changes with aging, the 
mechanism of which remains unknown to date, is the formation of 
argentophilic intracellular neurofibrillary tangles in certain selected 
neurons of the aged human brain. These extraordinary neurofibrillary 
changes are seen in great abundance in several adult and late life 
dementi as especially the Alzheimer disease/senile dementia of the 
Alzheimer type (AD/SDAT) (for review see Iqbal, et al. 1977b; Iqbal and 
Wisniewski 1983). The Alzheimer neurofibrillary tangles (ANT) are 
composed of paired helical filaments (PHF). Bundles of these PHF are 
also found in neurites (Braak, et al. 1986), especially in the 
dystrophic neurites of the neuritic (senile) plaque, the second leading 
histopathological lesion of AD/SDAT. Together these two lesions, the 
ANT and the plaques, both of which contain the PHF, are the histo
pathological hallmark of AD/SDAT (Kidd, 1964; Terry, et al. 1964); 
occassionally either tangles of 15 nm straight filaments or these 
filaments admixed with PHF have been observed in a few AD/SDAT cases. 
(Shibayama and Kitoch, 1978; Yagishita, et. al. 1981). The number of 
ANT and plaques correlates positively with the degree of psychometric 
deficiency in the affected patients (Tomlinson, et. al. 1970), but their 
origin and role in disease are not understood. The number of tangles 
and plaques does not appear to be interdependent because in some cases 
there are numerous tangles and very few plaques and vice versa. In this 
review the morphology and the biochemistry of the neurofibrillary 
changes and their relationship to plaque amyloid and normal neurofibrils 
are discussed. 

NORMAL NEUROFIBRILS 

The cytoskeleton of a normal neuron comprises of three major 
neurofibrils, microtubules, neurofilaments and microfilaments. Micro
tubules of the neuron are apparently identical to those in glial cells 
and all eukaryotic cells (Olmsted and Borisy, 1973). Each microtubule 
measures 20-24 nm in diameter, has well defined lumen of about 15 nm and 
has short side arms. The protein subunit of microtubules is tubulin, a 
heterodimeric protein. The apparent mol. wts. by sodium dodecyl 
suI fate-polyacrylamide gel electrophoresis (SDS-PAGE), of human brain 
tubulin monomers are 56,000 for Cl and 53,000 for B. These tubulin 
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monomers are acidic and differ slightly in amino acid composition and 
tryptic and cyanogen bromide peptide maps (Feit, et. al. 1971; Iqbal, 
et. al. 1977a). About 80-85% of microtubule protein is tubulin, most of 
the remaining 15-20% protein is of two groups of microtubule associated 
proteins (MAPS), one group of about 225 kilodalton (kDa) to 350 kDa, 
called high mol. wt. proteins and the other of about 68 kDa, called 
nTaun; by SDS-PAGE tau resolves into several polypeptide bands the most 
prominent of which correspond to 55 kDa-62 kDa. These various tau 
molecular species have large homologies as determined by one dimensional 
peptide maps of their limited proteolysis (Cleveland et al. 1977). In 
the absence of MAPS microtubules assembled in vitro do not have side 
arms (Dentler, et. al. 1975; Murphy and Borisy:-1975). Tau is believed 
to be required for the in vitro assembly of tubulin into micro tubules 
(Weingarten, et. al. 1975). Phosphorylation of tau depresses in vitro 
microtubule assembly (Lindwall & Cole, 1984). In vitro assembled brain 
micro tubules contain as contaminants small amounts of several brain 
proteins (Iqbal, et. al. 1977a). The function of micro tubules in brain 
is not yet completely established but they are believed to be involved 
in the movement of cytoplasmic constituents, especially in axoplasmic 
flow. 

The neurofilaments are the intermediate filaments of the neuron. 
They are linear, 9-10 nm in diameter and have side arms. They are found 
sparsely in the cell body, moderately in the dendrites and most 
abundantly in the axon. Like microtubules, neurofilaments can be made 
to undergo in vitro disassembly-assembly cycles (Iqbal, et. al. 1981; 
1986a;1987d). However, the conditions for disassembly and assembly of 
neurofilaments are different from those of microtubles. Neurofilaments 
are biochemically different from intermediate filaments of other cell 
types and are made up of a triplet of about 70 kDa (neurofilament light, 
NF-L) , 160 kDa (NF-medium, NF-M) and 200 kDa (NF-heavy, NF-H) poly
peptides that are apparently unique to nerve cells (Hoffman and Lasek, 
1975; Schlaepfer, 1977; Soifer, et al. 1981). Neurofilaments isolated 
from CNS contain varying amounts of a 50 kDa polypeptide which is 
believed to be mostly the glial fibrillary acidic protein, the major 
protein of astroglial filaments (Eng, et.al. 1971). The function of 
neurofilaments is not yet understood. They may act as a part of the 
force-generating mechanism in axoplasmic transport, and as a 
cytoskeletal element in the preservation of cell asymmetry. 

Brain microfilaments, like those in muscle are 5 nm in diameter and 
are made up of actin, the 45 kDa polypeptide (Berl, et. al. 1973). 

NEUROFIBRILLARY CHANGES IN AD/SDAT 

Both ultrastructure (Table I) and biochemistry of PHF (Table 4) 
have been an area of controversey. Although AD/SDAT and the ANT were 
discovered by Alzheimer as early as in 1907, most of the studies on 
ultrastructure and biochemistry of PHF were reported in the last few 
years. 

Morphology of ANT: 

In the light microscope, ANT appears as an intraneuronal mass which 
is stained intensely with silver impregnation techniques. It produces 
green birefringence in polarized light after staining with congo red. 
This optical property is not observed in normal neurons and is believed 
to be due to B-pleated sheet nature of the proteins making the ANT 
(Glenner, et al. 1974). X-ray diffraction patterns of isolated ANT are 
indeed suggestive of S-pleated proteins (Kirschner, et.al. 1984). 
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TABLE 1: HISTORY AND CONTROVERSIES ON ULTRASTRUCTURE OF PHF 

Authors 

Kidd, 1963 

Terry, 1963 

Hirano, et al. 1968 

Wisniewski, et al. 1976 

Wisniewski, et al. 1984 

Brion, et al. 1984 

Wisniewski and Wen, 1985 

Wischik, et.al. 1985 

Wisniewski, et al. 1986 

Ultrastructure of PHF 

PHF; made from two 10-13 rum filaments 
helically wound around each other 

Twisted tubules, tubular structure 
with intermittent constrictions 

Twisted ribbons 

PHF spiral substructure 

PHF, made up of 4-8 protofilaments 
each 3-5 rum in diameter 

PHF, right handed spiral substructure 
formed by three 4-6 rum strands; each 
strand contain paired 2-3 rum 
protofilaments 

PHF, 8 protofilaments each consisting 
of globules (320 A + 4) connected by 
longitudinal bars (47°A ± 6); 
different from neurofilaments 

Left handed twisted ribbons 

PHF, two types: right handed (RH) and 
left handed (LH) helices; RH are 
larger than the LH both in diameter 
and in periodicity 

Ultrastructurally PHF are unlike any of the normal neurofibrils 
(Table I). Each PHF is a pair of filaments, 10-13 rum in diameter wound 
helically around each other at regular intervals of 80 rum (Kidd, 1963; 
Wisniewski, et. al. 1976; Wisniewski, et al. 1984). Each PHF is made up 
of eight protofilaments; in longitudinal section only four proto
filaments are seen, the other four are hidden behind. The substructure 
of PHF is different from normal neurofilaments in that the globules 
making the PHF protofilaments are larger (320 A + 4 vs 200 A + 3) and 
the longitudinal bars are longer (470 A + 6 vs 270 A + 2) than those in 
neurof1laments (Wen & Wisniewski, 1984; Wisniewski and Wen 1985). 
According to Wischik, et al. (1985), PHF are twisted ribbons wound in a 
left handed manner. 

In addition to ANT, PHF are found as bundles in the dystrophic 
neurites of the senile plaques and in neurites in the neuropil of the 
telencephalic cortex. At this third location, PHF occur in small and 
inconspicuous profiles scattered throughout both alloCortical and 
isocortical areas (Braak, et. al. 1986). The patterns of distribution 
and packing density of neuropil threads i.e. neuropil containing 
accumulations of PHF varies between different cortical areas and layers. 
In neurons undergoing neurofibrillary changes, PHF appear to gradually 
become more densely packed and take over greater proportions of cell 
space displacing cytoplasmiC organelles. It remains unclear whether 
accumulations of PHF lead to cell death. It is also unknown whether the 
affected cells can recover. Maintenance of synaptic contact has been 
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observed in situations where pre and post synaptic processes are filled 
with PHF suggesting that a certain degree of function might persist in 
in these affected synapses. 

Topography of ANT 

ANT are found mostly in cerebral cortex, especially in the 
hippocampal pyramidal neurons of Sommers sector and in small pyramidal 
neurons in the outer laminae of fronto-temporal cortex. They have not 
been observed in cerebellar cortex, spinal cord, peripheral nervous 
system or extraneuronal tissues. 

NEUROFIBRILLARY CHANGES IN CONDITIONS OTHER THAN AD/SDAT 

In addition to AD and SDAT which are believed to be the same 
disease with a different age of onset, PHF are also found in great 
abundance in Guam Parkinsonism dementia complex, dementia pugilistica, 
postencephalitic Parkinsonism and adults with Down syndrome (for review 
see Iqbal, et.al. 1977b; Wisniewski et. al. 1979; Iqbal and Wisniewski, 
1983). The ANT has also been reported in small numbe~s in several cases 
of subacute sclerosing panencephalitis (SSPE) and in rare cases of 
Hallerworden Spatz disease and juvenile neurovisceral lipid storage 
disease (see Table 2). The PHF in these different human conditions are 
morphologically identical to that in AD/SDAT and antisera to PHF 
isolated from AD/SDAT brain label PHF in aged brain, Down syndrome, 
Guam-Parkinsonism dementia complex and AD/SDAT cases (Grundke-Iqbal, et. 
al. unpublished observations). Thus the accumulation of PHF is 
associated with normal aging, viral infection, chromosomal disorders and 
metabolic abnormalities. However, PHF of the Alzheimer type have never 
been observed in any aged animal species or have they been produced 
experimentally in animals. 

The neurofibrillary changes in human disorders are not always of 
the Alzheimer type i.e. made up of PHF. For instance in progressive 
supranuclear palsy (PSP) neurons of some of the same areas which contain 
tangles of PHF in Alzheimer brain have neurofibrillary tangles of 15 nm 
straight filaments (Tellez-Nagel and Wisniewski, 1973). These tangles 
of 15 nm filaments in PSP are sometimes admixed with PHF (Ghatak, et.al. 
1980). The 15 nm filaments crossreact immunochemically with PHF since 
antisera to isolated PHF and as well as PHF reactive antisera to tau 
(see below) label PSP tangles at both light and electron microscopic 
level in tissue sections (Grundke-Iqbal, et. al. 1982; Pollock, et al. 
1986; Gorevic, et.al. 1986; Bancher, et al. 1987). 

In sporadic motor neuron disease, vincristine neuropathy and 
infantile neuroaxonal dystrophy in humans the neurofibrillary changes 
are of 10 nm intermediate filament type. The 10 nm intermediate 
filament type neurofibrillary changes have been experimentally induced 
with aluminum, mitotic spindle inhibitors like colchicine, vinblastine 
and podophyllotoxin, various nitrates and acrylamide in animals. The 
aluminum-induced filamentous accumUlation is apparently specific to the 
nervous system, while in case of the mitotic spindle inhibitors similar 
changes occur in a wide range of cell types. In all of these 
intoxications, the filaments formed are morphologically identical to 
normal neurofilaments. These filaments induced with various agents have 
not yet been isolated and characterized. The neurofilamentous tangles 
induced with aluminum, colchicine, vinblastine and vincristine have been 
shown to immunostain with an antiserum to the 70 kDa neurofilament 
polypeptide (NF-L) but not with an antiserum to the 160 kDa neuro
filament polypeptide (NF-M) (Dahl and Bignami, 1978; Dahl, et. al. 
1980). Unlike PHF, both normal neurofilaments and the aluminum-induced 

112 



TABLE 2: CONDITIONS AND TYPE OF NEUROFIBRILLARY CHANGES 

Condition PHF 10 nm Filament 

Human: 

Aged persons +a 
Alzheimer presenile & senile dementia +b 
Guam Parkinsonism dementia +b 
Dementia pugilistica +b 
Down Syndrome +b 
Post encephalitic parkinsonism +b 
Subacute sclerosing pan encephalitis (SSPE) +c 
Hallervorden-Spatz disease +c 

Progressive supranuclear palsy (PSP) 

Sporadic motor neuron disease 
Vincristine neuropathy 
Infantile neuroaxonal dystrophy 

Animal: 

Aged Rhesus monkey 
Chronic alcohol treated rat 
Whip spider 

Aluminum encephalomyelopathy 
Spindle inhibitor encephalopathy 
Lathyrogenic encephalopathy (IDPN) 
Vitamin E deficiency 
Copper deficiency 
Retrograde and Wallerian degeneration 

aSmal1 numbers of tangles 
bNumerous tangles 

** 
** 
** 

cSmal1 number of tangles and in a few cases only 
dTangles of 15 nm straight filaments sane of which are admixed with 
various amounts of PHF 

eTangles of 10 nm straight filaments which are morphologically 
identical to normal neurofilaments. 

**PHF found in these conditions are sparse and have different 
dimensions from that of Alzheimer presenile and senile dementia 

filaments do not produce in polarized light the characteristic green 
birefringence after staining with congo red. 

MORPHOLOGICAL AND BIOPHYSICAL HETEROGENEITY OF ANT AND PHF 

ANT are heterogenous both in their morphology and solubility. Most 
of the ANT are made up of PHF. Only a few ANT are a mixture of PHF and 
straight 10-15 nm filaments. 

PHF are stable in both fresh and frozen autopsy tissue and are 
resistant to solubilization in aqueous buffer in the absence of 
detergents or denaturants. Two general populations of ANT, I and 11 
have been identified based on the solubility and insolubility, 
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TABLE 3: METHODS FOR BULK ISOLATION OF PHF 

Authors 

Iqbal, et al. 1974 

Grundke-Iqbal, et al. 1981-
Iqbal, et al. 1984 

Selkoe, et.al. 1982 

Ihara, et.al. 1983 

Masters, et.al. 1985b 

Rubenstein, et.al. 1986 

Method 

Nondenaturing conditions; isolation of 
neuronal perikarya followed by 
conventional subcellular fractiona
tion. 

Isolation of neuronal perikarya 
followed by treatment with 2% SOS at 
room temperature for 3-5 min. and 
sucrose density gradient 
centrifugations. Yield: 10-100 ug 
protein/g tissue. 

Differential centrifugation of tissue 
homogenate, followed by extraction in 
2% Triton X-100; yield: 1-2 mg 
protein/g tissue. 

Boiling of tissue homogenate in 2% SOS 
and 0.1 M s-mercaptoethanol buffered 
with 0.05 M Tris, pH 7.6; Yield 50-80 
ug~ tiss~. 

Extraction of tissue homogenate with 
salts and Triton X-100, followed by 
digestion with pepsin, sucrose dis
continuous density gradient centri
fugations and extraction with 2% SOS. 

Differential and rate zonal centri
fugation of tissue hommogenate 
digested with proteinase-K and micro
coccal nuclease and extracted by 
sonication with sarcosyl and 
sulfobetain 3-14; yield: 0.2 ug/g 
tissue. 

-Isolation of PHF employing treatment with SOS, polypeptide compo
sition of isolated PHF and aggregation of PHF polypeptides at the 
top of the gel were presented for the first time at the Annual 
Meeting of the American Assoc. Neuropathologists in 1981. 

respectively in 2% SOS at room temperature for 3-5 minutes (Iqbal, 
et.al. 1984). The ANT 11 are, however, solubilized on repeated 
extractions in SOS and S-mercaptoethanol at 90-100oC or more effectively 
by ultrasonication followed by heating in 1% each of SOS and S-mercapto
ethanol) (Iqbal, et.al. 1984; Iqbal, et.al. 1986b). 

Highly purified PHF are isolated from autopsied tissue by a 
combination of sucrose density gradient centrifugation and SOS treatment 
of neuronal cell bodies enriched preparations ( Grundke-Iqbal, et al. 
1981 jIqbal , et. al. 1984). PHF isolated by heating the whole chopped 
tissue with SOS and S-mercaptoethanol according to Ihara, et. al. (1983) 
are less purified and are made insoluble most likely with this harsh 
detergent treatment (Iqbal, et. al. 1986bj Rubenstein, et.al. 1986). 
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While native PHF are resistant to proteolysis, PHF isolated by 
SDS-treatment are readily digested with proteases. Solubility of PHF 
in detergents and denaturants and their proteolysis demonstrate that, 
contrary to the report of Selkoe, et. al. (1982), PHF are not completely 
insoluble polymers of polypeptides crosslinked with y-glutamyl-E-lysine. 

In agreement with the biochemical studies, ultrastructural studies 
of PHF have subsequently revealed that, indeed, there are two general 
populations of PHF, i.e., PHF with right-handed helices and PHF with 
left-handed helices (Wisniewski, et. al. 1986). The right-handed PHF 
are larger than the left-handed PHF both in diameter and in periodicity 
of the helices. Furthermore, it has also been observed that the 
right-handed PHF are more readily soluble than the left-handed PHF by 
detergent treatments. 

POLYPEPTIDE COMPOSITION OF PHF 

The very first report on the isolation of PHF, which formed the 
basis of all subsequent methods for isolation of PHF, and identification 
of a 50 kDa PHF polypeptide (see Tables 3 and 4), was made in 1974 
(Iqbal, et.al. 1974). Since no ultrasonication or repeated heat 
extractions in SDS and B-mercaptoethanol were employed for the 
preparation of PHF enriched samples for gel electrophoresis at that 
time, the 50 kDa PHF polypeptide might represent mostly the ANT I/right
handed PHF. Antibodies to this 50 kDa PHF polypeptide were subsequently 
shown to label ANT and plaque neurites which also contain PHF, and form 
in Ouchterlony immunodiffusion test a line of identity with PHF and in 
vitro assembled normal brain microtubules (Grundke-Iqbal, et.al. 1979a). 
Furthermore, antisera raised against in vitro assembled microtubules 
from normal brain were shown to label ANT and plaque neurites 
(Grundke-Iqbal, et.al. 1979b). In fact this was the first demonstration 
of a crossreactivity of a normal cytoskeletal protein/s with PHF. 
Subsequently a number of reports confirmed the crossreactivity of PHF 
with one or another normal cytoskeletal protein (Ishii, et.al. 1979; 
Yen, et. al. 1981, 1983; Anderton, et.al. 1982; Dahl, et.al. 1982; 
Gambetti, et.al.1980; 1983; Kosik, et.al. 1984; Perry, et.al. 1985; 
Sternberger, et.al. 1985). However, as it has been pointed out 
previously (Grundke-Iqbal, 1986a) the immunocytochemical crossreactivity 
between two antigens does not allow to draw any precursor product re
lationships. The size of an antigenic site detected by an antibody is 
relatively small and identical or closely related antigenic sites 
comprised of a few amino acids have been found on molecules which are 
otherwise unrelated, e.g., between the transforming proteins of Rous 
sarcoma virus and tubulin, myosin, and vimentin (Nigg, et.al. 1982), 
between thymus and neuronal cell surface proteins (Golub and Day, 1975) 
and between rabbit IgG and ANT (Grundke-Iqbal, et.al. 1985c). 
Furthermore, it is not possible to determine with immunocytochemical 
techniques alone whether crossreactivities may be due to similarities in 
primary amino acid sequence or due to antigenic sites created from 
folding of different regions of a polypeptide chain (Berzofsky, et.al. 
1982) • 

To date only microtubule associated protein tau has been shown to 
be a component of PHF (Grundke-Iqbal, et.al. 1986a, 1986b). The poly
peptide compOSition of PHF is heterogeneous. The major polypeptides 
of isolated PHF have been identified as 45 kDa-62 kDa by SDS-PAGE 
(Iqbal, et.al. 1984) and Western blot analysiS of isolated PHF developed 
with monoclonal and polyclonal antibodies to PHF (Grundke-Iqbal, et.al. 
1984, 1985b). These 45 kDa-62 kDa PHF polypeptides are the same 
as tau by polypeptide compositional analysis and their Western blots 
developed with monoclonal and polyclonal antibodies to tau and to PHF 
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TABLE 4: HISTORY AND CONTROVERSIES ON POLYPEPTIDE COMPOSITION OF PHF 

Authors 

Iqbal, et al. 1974 

Iqbal, et.al. 1978 

Grundke-Iqbal,et.al. 
1979a 

Grundke-Iqbal ,et. al. 
1979b 

Selkoe, 1980 

Selkoe, et.al. 1981 

Selkoe, et.al. 1982 

Ihara, et.al. 1983 

Iqbal, et.al. 1984 
(Grundke-Iqbal, et.al. 

1981·) 

Grundke-Iqbal,et.al. 
1981·,1984 

Wang, et. al. 1984 

Major findings 

A 50 kDa polypeptide identified in a 
PHF-enriched fraction. 

The tyrosine containing tryptic and 
chymotryptic peptide maps of the 50 kDa 
PHF polypeptide have many similarities to 
the peptide maps of the 50 kDa poly
peptide from brain filament enriched 
fractions and 53 kDa and 56 kDa poly
peptides (from SDS-PAGE, most likely 
contaminated with tau) corresponding to a 
and stubulins from microtubule enriched 
preparations. 

Antisera to the 50 kDa PHF polypeptide 
labelled ANT and plaque neurites in 
tissue sections, and formed, in 
Ouchterlony test, a line of identity with 
the PHF polypeptide and microtubles. 

Antisera to normal brain micro tubules 
labelled ANT and plaque neurites in 
tissue sections. 

A 20 kDa (and not 50 kDa) polypeptide 
identified in a PHF-enriched fraction. 

The 20 kDa polypeptide in AD/SDAT 
neuronal (PHF) enriched fraction is 
myelin basic protein. 

PHF insoluble in SDS and other de
naturants; their polypeptide composition 
cannot be studied; hypothesized that PHF 
are insoluble polymers made up of poly
peptides crosslinked by y-glutamyl-E 
-lysine. 

Antisera to PHF do not recognize any 
normal cytoskeletal polypeptide. 

Two populations of ANT, I and 11; I: 
readily soluble in 2% SDS; 11: require 
for solubility ultrasonication prior to 
heat extraction in 1% SDS; polypeptide 
composition heterogeneous, major PHF 
polypeptides on SDS-PAGE: 45 kDa-62 kDa. 

Antisera to isolated PHF label the 45 kDa 
-62 kDa PHF polypeptides. 

Production of monoclonal antibodies to 
PHF. 



Authors 

Grundke-Iqbal, et.al. 
1985b 

Masters, et.al. 1985b 

Grundke-Iqbal, et.al. 
1985a 

Brion, et.al. 1985; 
Flament-Durand and 

Brion, 1986 

Grundke-Iqbal,et.al. 
1986a 

Kosik, et.al. 1986 

Grundke-Iqbal, et.al. 
19 86b, 19 86c 

Wood, et al. 1986 

TABLE 4 Cont'd 

Major findings 

The 45 kDa-62 kDa PHF polypeptides are 
labelled with monoclonal antibodies to PHF. 

PHF are made from the same protein (s
protein) as the cerebravascular and 
plaque core amyloids except that it has 
ragged N-termini; sprotein in PHF have 7 
ragged sequences. 

ANT-reactive antisera to microtubules 
label the same 45 kDa-62 kDa PHF poly
peptides as stained by anti PHF sera; The 
ANT-reactive antibodies in the anti 
microtubule sera are absorbed with PHF 
polypeptides and microtubule polypeptides 
(tau region) other than tubulin and high 
mol. wt. MAPS. 

Antisera to tau label ANT in tissue 
sections and antisera to PHF label tau. 

Tau is a major component of PHF: antisera 
to microtubules and affinity purified 
polyclonal antibodies to various 
molecular speCies of tau label ANT and 
plaque neurites and the same 45 kDa-62 
kDa PHF polypeptides as stained by the 
polyclonal and monoclonal antibodies to 
PHF; PHF-staining antibodies in anti 
microtubule sera are selectively absorbed 
with tau. 

Antisera to PHF label tau; affinity puri
fied polyclonal antibodies to tau label 
ANT and plaque neurites in tissue sections. 

Tau in PHF is abnormally phosphorylated: 
PHF polypeptides (45 kDa-62 kDa) and tau 
from Alzheimer brain cytosol are labelled 
by a specific monoclonal antibody tau-1 
to tau only when dephosphorylated prior 
to immunostaining; the number of ANT and 
plaques (neurites only) labelled with 
tau-1 is dramatically increased when 
tissue sections are dephosphorylated 
prior to immunostaining; antisera to PHF 
label tau. 

The number of ANT and plaques (neurites 
only) labelled with the monoclonal 
antibody to tau-1 is very much increased 
when tissue sections are dephosphorylated 
prior to immunostaining. 
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Authors 

Ihara, et.al. 1986 

Delcourte and Defossez, 
1986 

de Garcini, et.al. 1986 

Gorevic, et.a!. 1986 

TABLE 4 Cont'd 

Major findings 

Antisera to PHF label phosphorylated 
forms of tau. 

Antisera to PHF label tau and antisera to 
tau label ANT. 

Dialysis of tau from buffered 6 M urea to 
buffer alone produce self assembly of tau 
into filaments resembling PHF. 

PHF are insoluble in SDS and other 
denaturants; 4 kDa-6 kDa, 15 kDa-17 kDa 
and 24 kDa polypeptides are extracted 
from PHF enriched fractions with formic 
acid/chloroform extraction • 

• Sparing solubility of PHF isolated by SDS treatment, their polypep
tide composition and immunolabeling of the PHF polypeptides were 
presented for the first time at the Annual Meeting of the American 
Association of Neuropathologists in 1981. 

(Grundke-Iqbal, et.al. 1985b, 1986a; in preparation). Furthermore, both 
by immunocytochemistry and by Western blot analysis it has been shown 
that tau in PHF is abnormally phosphorylated (Grundke-Iqbal, et.al. 
1986b) • 

The amino acid composition of tau and PHF is similar but distinct 
(Iqbal, et. al. 1986c). These differences might be due to the different 
degrees of purity of the two sources of the protein, post-translational 
modifications, differences in the amino acid sequence of the two 
proteins or due to the presence of additional polypeptides in PHF. It 
is not currently known what are, in addition to tau, the other 
components of PHF. Quantitation of tau in PHF by a competitive ELISA 
(enzyme-linked immunosorbent assay) has revealed that most of the PHF 
protein has tau immunoreactivity (Grundke-Iqbal, et. al. 1987). In our 
experience ( Grundke-Iqbal, et al., in preparation) antibodies to tau 
label in tissue sections intraneuronal tangles but not what are believed 
to be ghost tangles or tombstones left after degeneration of the 
affected neurons. Furthermore, while both monoclonal and polyclonal 
antibodies to PHF label the same PHF polypeptides, only the polyclonal 
but not the monoclonal antibodies to PHF label normal tau on Western 
blots. These studies suggest that tau in PHF is altered creating new 
epitopes and that this alteration might be responsible for the 
inaccessibility of some of normal tau antigenic sites with maturation of 
PHF. 

BRAIN MICROTUBULE ASSEMBLY DEFECT IN AD/SDAT 

One of the vital functions of neuron is the transport of materials 
between the cell body and the nerve endings. Microtubule assembly which 
is necessary for this intracellular transport called axoplasmic 
transport is defective in AD/SDAT (Iqbal, et.al. 1986a, 1987a). 
Interestingly DEAE-dextran, a polycation which mimics tau in stimulating 
microtubule assembly induces the assembly of micro tubules in vitro in 
Alzheimer brain cytosol (Iqbal, et.al. 1986a). Since tau in AD/SDAT 
brain cytosol is abnormally phosphorylated (Grundke-Iqbal, et.al. 1986b; 

118 



Iqbal. et.al. 1986a) and phosphorylation of tau depresses microtubule 
assembly (Lindwall and Cole, 1984), it would appear that this alteration 
of tau in AD/SDAT brain might be responsible for the microtubule 
assembly defect. 

The concentrations of tubulin might drop with age (Yan, et.al. 
1985). As is the case in vitro, a critical concentration of brain 
tubulin is probably required for in vivo microtubule assembly. Any 
change in tubulin or in microtubule associated proteins that would 
decrease the efficiency of microtubule assembly, would be thus critical 
in aged brains. Abnormally phosphorylated tau might thus mean that this 
threshold is reached in AD/SDAT, the result being reduced microtubule 
assembly and consequently impaired axoplasmic flow. Since tau in PHF is 
abnormally phosphorylated, it seems that the altered tau might not be 
catabolized, at least actively, thereby accumulating as PHF in the 
affected neurons. A disturbance in axoplasmic flow, both anterograde 
and retrograde, should lead to accumulations of components of the 
axoplasmic flow in both the perikaryon and the nerve terminals. PHF 
accumulate at both of these locations i.e. ANT and plaque neurites. The 
accumulation of the affected proteins will depend on the rate of their 
transport, synthesis and the rate of their degradation by the cell. 
Thus several neuronal components that are normally transported between 
the cell body and the terminals and not rapidly degraded will be 
expected to accumulate in the affected neurons. However, only one or a 
few of these polypeptides might be capable of polymerizing into PHF. 
Sensitive immunocytochemical techniques have shown that antibodies to 
several polypeptides (Ishii, et. al. 1979; Anderton, et.al. 1982; Dahl, 
et.a!. 1982; Gambetti, et.a1.1980, 1983; Yen, et a!. 1983; 
Grundke-Iqbal, et.a!. 1985c; Kosik, et.a!. 1984; Perry, et.a!. 1985; 
Roberts, et.al. 1985; Sternberger, et.al. 1985), including tau (Brion, 
et. al. 1985; Kosik, et.a!. 1986; Wood, et.a!. 1986; Nukina, et.a!. 1986; 
Delcourte, et al. 1986; Yen, et.al. 1986), attach to ANT and plaque 
neurites, but to date only tau has been shown, by polypeptide 
composition analysis, to be a component of PHF (Grundke-Iqbal, et al. 
1986a, 1986b). 

RELATIONSHIP BETWEEN NEUROFILAMENTS AND PHF 

Neurofilaments have been suggested by several investigators to be 
the source of origin of PHF based only on the immunocytochemical 
reactivity of PHF with antibodies to neurofilaments (Ishii,et al. 1979; 
Anderton, et • a!. 1982; Dahl, et .al. 1982; Gambetti, et .al. ,1980, 1983; 
Perry, et.al. 1985; Sternberger, et.al. 1985). The only other data in 
support of the neurofilamentous origin of PHF are the Bodian silver 
staining of neurofilament polypeptides (Gambetti, et.al. 1981). Bodian 
silver impregnation on tissue sections is known to stain PHF, 
neurofilaments and nuclei. Recently we have observed that a silver 
impregnation technique (Gallya stain) which specifically stains PHF and 
not neurofilaments, readily stains PHF and tau polypeptides but not 
neurofilament triplet (Iqbal, et.al. 1987b). All attempts in our lab to 
demonstrate neurofilament polypeptides in isolated PHF have been, 
however, unsuccessful, to date (Grundke-Iqbal, et.al. 1984; 1985a; 
1985b). Furthermore, studies on the substructure of PHF and 
neurofilaments have also shown that PHF are not the product of helical 
winding of neurofilaments since both the size of the globular subunit of 
the protofilaments and distance between the adjacent globules in PHF is 
larger than that in neurofilaments (Wen and Wisniewski, 1984; Wisniewski 
and Wen, 1985). Therefore, presently the case for the neurofilament 
origin of PHF is weak. 
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PLAQUE AMYLOID 

Relationship between PHF (ANT) and plaque amyloid is summarized in 
Table 5. Both PHF and amyloid are congophilic and because of this 
common staining property a close relationship between the two lesions 
has been suggested by some investigators. It has been shown that this 
property is most likely due to S-pleated sheet structure (Glenner, 
et. al. 1974) and this conformation can be induced in many unrelated 
polypeptides which will then in turn become congophilic. PHF and 
amyloid fibrils are different ultrastructurally and in several staining 
properties other than with congo red and thioflavin S. 

TABLE 5: COMPARISONS BETWEEN PHF AND PLAQUE AMYLOID 

Characteristic PHF 

Fibril diameter (nm) 10-22 
Congophilia + 
Argentophilia + 
Periodic acid Schiff (PAS) 
Solubility in SDS + 
Mol. wt. (SDS-PAGE) 45k-62k 
Reaction with anti-PHF sera + 
Reaction with anti-amyloid* 

Amyloid 

7 
+ 

+ 

4k 
rare 
+ 

*Antisera to two synthetic pep tides consisting of first 
10 and 24 amino residues of amyloid S-protein of Glenner 
and Wong (1984). 

Glenner and Wong (1984 a,b) have isolated and sequenced a 4.2 kDa 
protein called s-protein from cerebrovascular amyloid from AD/SDAT and 
Down syndrome brains. The amino acid sequence of the s-protein reported 
by these investigators is unique and homologous (except one amino acid 
substitution difference) between AD/SDAT and Down syndrome brains. 
Oligonucleotide probes have been made from published sequence of the 
S-protein and successfully employed to isolate the amyloid gene and show 
its localization on chromosome 21 (Robakis, et.al. 1987; Goldgaber, 
et.al. 1987, Tanzi, et.al. 1987; Kang, et.al. 1987). Masters, et.al. 
(1985a,b) have reported that the senile plaque core amyloid and PHF are 
also made up of the S-protein but have ragged amino-terminal sequences. 
These authors have claimed 4 and 7 sequences for the plaque amyloid and 
PHF respectively. However, the difficulty with these data are that the 
authors have not reported the yield of the protein sequenced from their 
plaque amyloid and PHF preparations. It is not possible to judge 
whether they sequenced any major PHF and plaque amyloid proteins or the 
cerebrovascular amyloid present as a contaminant of their preparations. 
Masters, et.al. (1985b) have also reported the immunoreactivity with ANT 
of an antiserum to a synthetic peptide corresponding to the residues 
1-11 of the -protein, whereas others (Wong, et.al. 1985; Allsop, et.al. 
1986; Selkoe, et.al. 1986; Grundke-Iqbal, et al. unpublished observa
tions) using both monoclonal and polyclonal antibodies to the synthetic 

S-peptides stained only cerebrovascular and plaque core amyloid but not 
tangles. Anti PHF sera which label PHF do not by and large label plaque 
amyloid. PHF staining antibodies in the anti PHF sera are not absorbed 
with the synthetic amyloid polypeptide (24 amino acid residue) 
(Grundke-Iqbal, et. al., unpublished data). According to Shirahama, et. 
al. (1982) both ANT and plaque amyloid are immunostained with a 
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commercially available anti prealbumin serum. These findings have not 
been reproduced (Alafuzoff, et. al. 1985; Stam and Eikelenboom, 1985). 
Furthermore, there is no cross- reactivity between PHF and scrapie 
associated fibrils (SAF) or prion rods (Merz, et.al. 1986); the SAF 
crossreact with scrapie but not with AD/SDAT plaque amyloid. 

Although AD/SDAT is characterized histopathologically by the 
presence of numerous tangles and plaques in the brain, the two lesions 
might not be necessarily interdependent. In Guam Parkinsonism dementia, 
dementia pugilistica and postencephalitic Parkinson disease, numerous 
ANT are seen with similar topography as in AD/SDAT and as yet by and 
large no plaques are seen in these disorders. Conversely in slow 
unconventional viral conditions both in human, i.e., Creutzfeldt-Jakob 
disease, Kuru and Gerstmann-Straussler syndrome and in animals, i.e., 
various strains of scrapie infected mice both amyloid and neuritic 
plaques are seen but without neurofibrillary tsangles. Furthermore even 
in AD/SDAT in some cases there are numerous ANT and very few plaques and 
vice versa. Both tangles and plaques are of importance on their own and 
the understanding of their pathogenetic mechanisms which might or might 
not be interdependent will enhance our understanding of cerebral aging 
and AD/SDAT. 

SCRAPIE ASSOCIATED FIBRILS (SAF) OR PRION RODS 

Scrapie associated fibrils (SAF) (Merz, et. al. 1981) or Prion rods 
(Pruisner, et. al.1982) are seen in vitro in scrapie-infected brain 
homogenates fractionated by treatment with pro teases and detergents; the 
SAF are not seen in situ. These fibrils have been recently isolated and 
scrapie infectivity has been reported to be associated with them 
(Diringer, et. al. 1983, Prusiner, et. al. 1982; 1983). Since like PHF 
and plaque amyloid, SAF are congophilic, Pruisner et al. (1983) have 
proposed that SAF is the infectious agent and that AD/SDAT might be 
caused by a transmissible agent similar to scrapie. However, it should 
be pointed out here that congo ph ilia is an indication of s-pleated 
sheet conformation and can be induced in unrelated polypeptides 
(Glenner, et. al. 1974). Furthermore, SAF are most likely amyloid 
fibrils which are formed in vitro during tissue fractionation and are 
not the scrapie agent; Bendheim, et.al. (1984) and Wisniewski, et al. 
(1985) have shown the reactivity of anti SAF serum with plaque amyloid 
in scrapie infected animals. SAF and PHF are distinct from each other in 
morphology, polypeptide composition and immunochemical crossreactivity 
(see Table 6) Furthermore, while SAF are observed in Creutzfeld-Jacob 
disease (Merz, et al. 1983) they are not seen in AD/SDAT. 

TABLE 6: COMPARISON BETWEEN PHF AND SCRAPIE ASSOC. FIBRILS (SAF) 
or PRION RODS (PR) 

Characteristic 

Fibril diameter (nm) 
Congo ph ilia 
Argentophilia 
Periodic acid schiff (PAS) 
Solubility in SOS 
Mol. wt. (SOS-PAGE) 
Reaction with anti-PHF 
Reaction with anti-SAF 

PHF 

10-22nm 
+ 
+ 

+ 
45k-62k 

+ 

SAF 
(Pr) 

5-14 
+ 

prob.+ 
+ 

25k-30k 

+ 
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Fig. 1. Comparison of human and calf-brain tau and PHF polypeptides. (a) 
Calf brain tau labelled with anti-MT (PHF) serum (a. MT) (1:3000) and PHF 
polypeptides labelled with the same antiserum (a. MT) and with monoclonal 
antibody 5-25 to PHF (a. PHF) (1 :50, 000). (b) Human brain tau (H-tau) and 
PHF polypeptides dephosphorylated (*) or untreated, labelled with anti-MT 
(PHF) serum (a. MT). 

Calf brain tau was prepared by heat treatment at pH 2.7 from thrice 
cycled microtubules. Human tau was similarly prepared from twice cycled 
micro tubules from the brain of a normal 67 year-old patient. Electrotransfer 
from SDS gel, 5-15% and 5-10% acrylamide (8 x 6 cm) as shown in a and b 
respectively. For SDS-polyacrylamide gel electrophoresis, the isolated PHF 
(1 mg/ml) were solubilized by first sonicating in 0.32 M sucrose for 30 
minutes at setting 1 and 10% pulse with 4 seconds on/off cycles using a 
Branson Model 200 sonifier equipped with a tapered microprobe and then by 
heating in a boiling water bath for 3 minutes with SDS and $-mercaptoethanol 
at both 1% final concentration (Iqbal, et.al. 1984). *The paperblot was 
treated with alkaline phosphatase before application of anti-MT (PHF) serum. 
Although not shown in this figure, both the 200 and the 150-KDa neuro
filament polypeptides employed as control were dephosphorylated under these 
conditions. Reproduced with permission from Grundke-Iqbal, et.al., J. BioI. 
Chem. 261:6084-6089, 1986. 
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Fig. 2. Labelling of tau and PHF polypeptides on Western blots and of 
tangles and plaque neurites on tissue sections with antibodies purified by 
immuno affinity from 5 different molecular species of tau. For tau (pre
pared by heat treatment at pH 2.7) was electrophoresed on SDS-polyacrylamide 
gels (12.5% acry1amide. 16 x 11 cm) and transferred to nitrocellulose paper. 
Strips were cut from the sides and developed with anti-MT (PHF) serum (a. 
MT) and monoclonal antibody to tau (a. tau). The remaining blot was used 
for affinity isolation of anti-tau antibodies from the anti-MT (PHF) serum. 
Roman numerals (I-V) indicate the areas of tau species from which the 
antibodies were purified. In immunoblots of tau and PHF polypeptides with 
affinity purified antibodies from tau polypeptides of areas I-V are shown. 
Electrotransfer from SDS gel. 7-10% acrylamide (8 x 6 cm). Differences in 
the staining intensities of the different antibodies are due to small 
individual variations in the amounts of the samples applied to the gel shows 
immunocytochemical staining of tangles and neurites of plaques in paraffin 
sections of Alzheimer hippocampus with antibodies eluted from tau area I 
(left panel); the background staining might correspond to the normal 
distribution of tau. The right panel shows at high magnification a neuron 
with the fibrils of its tangle darkly stained by the antibody. Original 
magnifications: left panel, x 130; right panel. x 1.500. Identical stain
ing was obtained with antibodies eluted from the other 4 tau areas; plaque 
amyloid was not stained with any of these 5 antibodies. Reproduced with 
permission from Grundke-Iqbal. et.al •• J. BioI. Chem. 261:6084-89. 1986. 
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~. Immunocytochemical sta1n1ng with monoclonal antibody to tau and the 
effect of dephosphorylation. (a-c, f,g). Sections of Alzheimer hippocampus 
and (d,e) temporal cortex; (h) section of hippocampus of a 80 year old non
Alzheimer dementia individual; (i) tangle-enriched preparation that had been 
washed twice with 2% (wt/vol) SDS in a boiling water bath. (b,c,e-h) 
Sections were dephosphorylated with alkaline phosphatase prior to 
immunolabelling; (a & d) nondephosphorylated controls; adjacent sections and 
corresponding areas to b & e treated identically except that the alkaline 
phosphatase was sUbstituted with buffer. 
Numbers of immunostained tangles, plaques, and neuropil threads are very 
much increased in the dephosphorylated tissue sections in b & e as compared 
to the control treated sections in a & d. (c) Staining of plaque neurites 
but not of central core amyloid; (f) a neuron with immunolabelled tangle 
extending into the apical dendrite; (g) a neuron with granulovacuolar 
inclusions; (h) no staining is seen in the non-Alzheimer hippocampus even 
after dephosphorylation. 
Original magnifications: (a,b) x 75; (c,f,g,i) x 750; (d,e) x 300; (h) x 
Reproduced with permission from Grundke-Iqbal, et.al., Proc. Natl. Acad.150. 
Sci. U.S.A. 83:4913-17, 1986. 
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Fig. 4. Immunoblots of PHF polypeptides with (lane 1) antiserum to isolated 
PHF. 1:1000; (lane 2) PHF-reactive anti-microtubule. serum. 1:3000; (lane 3) 
mAb to tau. 0.1 ug/ml on dephosphorylated (*) and non-dephosphorylated blots 
and (lanes 4) blots of PHF and neurofilament (NF) polypeptides with mAb to 
NF. SMI 34. 1:10.000. (*) The dephosphorylation of PHF polypeptides on the 
paper blots was carried out with alkaline phosphatase (43 ug/ml) before 
incubation with antibody. Proteins were electro-transferred from 
SDS-polyacrylamide gel. 5-15% acrylamide gradient. Arrowheads indicate 
positions of Mr markers from top to bottom: myosin (200.000). phosphorylase 
b (92.500). bovine serum albumin (68.000). ovalbumin (43.000). 
a-chymotrypsinogen (25.700). Not shown in this figure. even at a 10-fold 
increase in the antibody concentration mAb SMI 34 did not label PHF 
polypeptides. The background smear and the low Mr bands in lane 1 most 
probably represent oligomers and breakdown products. respectively. of the 
PHF polypeptides; similar immunostaining pattern is obtained with mAb to 
PHF. 
The far left lane shows the Coomassie blue-stained polypeptide pattern of 
isolated PHF (5-30% acrylamide gradient). 

Fig. 5. Immunoblots with mAb to tau of (lane A) PHF and brain microtubule 
fractions (lanes B-D) from (lane B) 83 year old Alzheimer patient. and 40 
year old (lane C) and 81 year old normal individual (lane D) 
dephosphorylated (*) or untreated with alkaline phosphatase prior to 
incubation with the antibody. Proteins were electrotransferred from 
SDS-polyacrylamide gel. 7-10% acrylamide gradient. Arrowheads indicate 
positions of Mr markers as in Fig. 2 and in addition B-lactoglobulin 
(18.400) and cytochrome c (12.300). 
The minor tau bands below Mr 45.000 are most likely the degradative products 
of the 55kDa-62kDa parent tau polypeptides. 
Coomassie blue stained patterns of tau purified from calf brain (lane E). 
Both Figs. 4 & 5 reproduced with permission from Grundke-Iqbal. et. al. Proc. 
Natl. Acad. Sci. U.S.A. 83:4913-4917. 1986. 
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Figure 6: Electron micrographs of in vitro assembled microtubule and 
filament preparations from a normal control brain stained negatively with 2% 
phosphotungstic acid. pH 7.2. a and b: Filaments; c: micro tubules (~) 
intermixed with a few 10 nm filaments (~). from the same control brain as 
in panel a; a microtubule opened in the middle into a sheet showing 
protofilaments). Reproduced with permission from Iqbal. et. al.. Lancet 
2:421-426. 1986. 
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Figure 7: Electron micrographs of in vitro assembled microtubule and 
filament preparations from an Alzheimer brain stained negatively with 2% 
phosphotungstic acid. pH 7.2. a and b: filaments; c: microtubule preparation 
from the same Alzheimer brain as in panel a showing no assembly of micro
tubules but the presence of numerous rings. 12-14 nm in diameter; d: rings 
at high magnification; two typical rings are indicated with arrows). Note 
that diameter of rings is about the same as that of each filament making the 
PHF. Reproduced with permission from Iqbal. et.al .• Lancet 2:422-426. 1986. 
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ANT of PHF and neuritic (senile) plaques, which also contain 
accumulations of PHF in the dystrophic neurites are the most prominent 
lesions of Alzheimer brain. The presence of these lesions in large 
numbers determines the histopathological diagnosis of AD/SDAT. Although 
these lesions were discovered almost as early as the discovery of the 
disease in 1907 by the German neuropathologist, Alois Alzheimer, most of 
the studies on the ultrastructure and biochemistry of PHF were reported 
in the last two decades. 

Both ultrastructure and biochemistry of PHF have been contro
versial. The most widely accepted ultrastructural model for PHF is that 
it is made up of a pair of 10-13 nm filaments, helically wound around 
each other. According to one recent report PHF is a twisted ribbon with 
a left handed-helice. 

There are two types of PHF, left handed and right handed PHF. The 
right handed PHF are larger than the left handed PHF both in diameter 
and in periodicity. The right handed PHF are readily soluble in SDS and 
possibly other detergents and denaturants. These two types of PHF might 
correspond to the two populations of PHF, ANT I and ANT II, readily 
soluble and insoluble in 2% SDS at room temperature respectively. The 
ANT II are solubilized when sonicated prior to extraction in SDS and 
other denaturants. 

Methods for bulk isolation of PHF have been developed whereby 
highly purified preparations of PHF can be obtained. However, these 
methods employ one or another type of detergent/denaturant treatment 
which tends to select isolation of sparingly soluble PHF. The PHF 
isolated under non-denaturing conditions are only modestly enriched. 

The polypeptide composition of PHF is heterogeneous. The major PHF 
polypeptides which range from two to several bands on SDS-PAGE have 
apparent molecular weights of 45 kDa-62 kDa. The identification of 
these PHF polypeptides has been confirmed by both monoclonal and poly
clonal antibodies to PHF. These PHF polypeptides comigrate on SDS-PAGE 
and crossreact with microtubule associated polypeptides tau suggesting 
tau to be a major protein of PHF. Tau in PHF and in Alzheimer brain 
cytosol is abnormally phosphorylated. 

There is a brain microtubule assembly defect in AD/SDAT. This in 
vitro microtubule assembly defect is not due to tubulin but is most 
likely due to the abnormal phosphorylation of tau in AD/SDAT brain. 
Phosphorylation of tau depresses microtubule assembly. The abnormal 
phosphorylation of tau in AD/SDAT brains might be the cause of the 
accumulation of PHF by impairment ofaxoplasmic flow and by poly
merization of the abnormal tau in PHF. 

Although the major PHF polypeptides and tau comigrate on SDS-PAGE 
and crossreact immunochemically, the amino acid compositions of tau and 
PHF are similar (but not identical) and most of PHF accounts for tau 
immunochemica1ly, the exact chemical relationship between PHF and tau 
remains to be established. It is not known in addition to tau what are 
the other components, if any, of PHF. One group of investigators have 
claimed that PHF like cerebrovascular and plaque amyloid are also made 
up of the B-protein. However, because of the lack of quantitative data 
on purity and protein yield this evidence is currently not accepted. It 
is not clear if the chemical data from this one group of investigators 
are not the result of the isolation and sequencing of the amyloid 
protein from the PHF preparations present as a contaminant. Most 
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studies have been unable to detect any crossreactivity between PHF and 
amyloid either cerebrovascular or plaque core. 

Neurofilament is another cytoskeletal element which has been 
suggested by several groups to be the source of origin of PHF. However, 
to date only immunocytochemical reactivity of PHF with antibodies to 
neurofilaments have been shown. All attempts to identify any neuro
filament polypeptide by SDS-PAGE or by immunoblots of PHF with 
antibodies to neurofilaments have been unsuccessful. Furthermore, 
substructural studies on PHF and neurofilaments have also suggested 
that PHF are not a product of winding around of neurofilaments. Bodian 
silver impregnation which stains PHF, neurofilaments and chromatin on 
tissue sections has been shown to label neurofilament polypeptides 
separated by SDS-PAGE. However, a silver impregnation method which 
stains PHF on tissue sections readily stains on SDS-PAGE both PHF and 
tau polypeptides but not neurofilament triplet. Finally no defect in in 
vitro assembly of neurofilaments from AD/SDAT brain has been detected. 
The case for the neurofilament origin of PHF with the data available to 
date is weak. 

PHF are also unrelated to scrapie SAF or prion rods in polypeptide 
composition. To date no crossreactivity between PHF and SAF have been 
observed. 

A final note 

Biochemistry of PHF is a very difficult area of research and has 
been plagued with controversies. Despite it, gaps and differences 
between different laboratories are getting smaller and smaller everyday. 
A few years ago there were very few laboratories working on the biochem
istry of PHF. Now a number of new several groups continue entering this 
area of research. A number of difficult problems, namely the bulk 
isolation of PHF, production of monoclonal and polyclonal antibodies and 
solubilization of PHF have been achieved. The overcoming of these 
hurdles and a fantastic increase in interest in this previously neg
lected area of research is expected to accelerate progress in under
standing the primary cause/s of AD/SDAT. 
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The major lesions consistently found in the brains of Alzheimer 
patients are neurofibrillary tangles (NFT) and senile plaques (SP). The 
prevalence of NFT and SP have been found to correlate with the severity 
of the dementia (1-3). NFT are primarily composed of paired helical 
filaments (PHF), although 15 nm straight filaments and amorphous com
ponents are also common constituents (4). SP, or neuritic plaques, are 
composed of a core of cerebral amyloid, 6 to 8 nm filaments (5), sur
rounded by altered neurites containing PHF (6). The chemical identity, 
mode of formation and physiological consequences of the PHF have been the 
focus of many studies on Alzheimer disease (AD). 

In the first description of AD in 1907, Alois Alzheimer, noting that 
NFT and neurofibrils are both argentophilic, suggested that NFT result • 
from the accumulation of neurofibrils (7). The modern era of studies on 
NFT began with Kidd's observation that NFT are composed of PHF, two 
helically twisted 10 nm filaments (8). This observation was used to 
support the hypothesis that PHF, and thus NFT, result from an alteration 
in the components of the neuronal cytoskeleton, with 10 nm neurofilaments 
being obvious candidates. This chapter will critically review data 
concerning the origin and composition of these abnormal filaments. 

IMMUNOCYTOCHEMISTRY OF NEUROFIBRILLARY TANGLES OF ALZHEIMER DISEASE 

Approaches used to identify epitopes in NFT 

The reliance of studies of PHF composition on immunocytochemical 
approaches is a consequence of the chemical properties inherent to PHF: 
their insolubility (9) and lack of a pure fraction. These factors have 
impeded the application of direct biochemical analysis to determine PHF 
composition. Two mirror immunocytochemical approaches have been used to 
understand NFT composition: the search for antibodies raised to normal 
proteins that react with NFT and the identification of normal proteins 
recognized by antibodies raised to PHF. 
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Antibodies to normal proteins reacting with PHF 

The use of specific antibody probes has shed light on the composition 
of NFT. Immunocytochemical studies indicated that NFT share epitopes 
with microtubule protein (10) as well as neurofilaments (11,12). These 
studies were further confirmed through the use of monoclonal antibodies 
specific to various microtubule (13,14) and neurofilament components (15-
17). There is now general agreement that NFT share epitopes with NFH (the 
high molecular weight neurofilament subunit, often designated NF 200 Kd) 
and the microtubule associated protein, tau. 

Figure 1. PHF isolated by a procedure incorporating extensive ionic 
detergent extraction contain cytoskeletal epitopes. The PHF 
shown were immunodecorated with colloidal gold conjugated to 
NFH monoclonal antibody 1.1.1. (16) and subsequently 
negatively stained with 2~ phosphotungstic acid. Magnification 
X 140,000. Scale bar = 0.1 gm. 

As discussed in detail in the chapters by Dickson et aI, Iqbal et aI, 
Kosik and Neve, Pollock et aI, and Selkoe, all antibodies to tau recog
nize a subpopulation of NFT. This differs from the observations made 
with antibodies to NFH where only some antibodies that recognize phos
phorylated epitopes of NFH are found to recognize NFT (18). Several of 
these antibodies to NFH which recognize NFT have also been reported to 
cross react with tau; one of the exceptions is the monoclonal antibody 
1.1.1. which does not recognize tau (16,18,19). Therefore, NFT share 
epitopes with tau and phosphorylated NFH epitopes such as that recognized 
by monoclonal antibody 1.1.1. Immunochemical methods cannot be used to 
define whether the shared tau epitopes recognized by other NFH antibodies 
derive from NFH or tau, or if the epitope in NFT recognized by antibodies 
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like 1.1.1. is an epitope shared between NFH and another as yet 
unidentified protein in NFT. 

Antibodies to PHF recognize normal proteins 

PHF have been used as antigen for the production of antibodies useful 
in the analysis of PHF components. Antibodies to PHF have been demon
strated to react with tau (20,21), NFH (21), ubiquitin (22-25) and with 
as yet undefined epitopes (21). Although cross-reactivity of antibodies 
to components of the neuronal cytoskeleton with PHF and cross-reactivity 
of PHF antibodies with the neuronal cytoskeleton are complementary 
approaches that yield consistent findings, one must be aware that they 
both suffer from limitations inherent to immunochemical approaches. 
Neither approach can be used for the unequivocal demonstration of novel 
proteins, only novel epitopes. Further, the regions of PHF accessible to 
antibodies or able to produce an immune response may only be the most 
exposed or antigenic, not necessarily the most prevalent. 

Figure 2. PHF are also decorated by antibodies specifically reacting 
with tau. These PHF were isolated under conditions of mild 
denaturation in ionic detergent (26) and were immunodecorated 
with affinity purified antiserum to tau (27) followed by 
secondary antibody conjugated to colloidal gold. The prep
aration was negatively stained with 2% phosphotungstic acid. 
Magnification X 115,000. Scale bar = 0.1 um. 
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IMMUNOELECTRON MICROSCOPY 

As stated above, NFT are primarily composed of PHF but also contain 
15 nm straight filaments, amorphous components and occasionally normal 
cytoskeletal elements (28-30). Immunoelectron microscopy has shown that 
epitopes recognized by antibodies to tau and NFH are present in 15 nm 
straight filaments (31) and amorphous elements found within NFT, as well 
as in PHF (32). The amorphous elements within NFT are present only in 
tissue obtained at autopsy and not in biopsy specimens (4,6) suggesting 
that amorphous elements result from postmortem autolysis. Some anti
bodies to tau react principally with the amorphous components while 
others react with both filamentous and amorphous components (13,32,33). 
These findings, along with the observation that the tau epitopes present 
in PHF can be removed by trypsin treatment (34), suggest that tau in PHF 
is accessible to protease and therefore is probably located peripheral to 
the core. 

Figure 3. Antibodies to neurofilaments and tau recognize both 
filamentous and amorphous components within NFT. The 
antibodies to tau show the strongest reaction with amorphous 
components. In A, an NFT stained with monoclonal antibody to 
tau, 5E2 (35), and immunoperoxidase shows the heavy decoration 
of amorphous components. Even at higher magnification (B), 
one cannot detect reaction with filaments with this antibody. 
Magnification A, X 15,000; B, X 37,000. Scale bar = 0.5 ~m. 
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Figure 4. Alzheimer NFT contain both PHF and straight filaments. 
Straight filaments and PHF share all their identified 
epitopes. This NFT, containing both filament types, was 
immunodecorated with an antiserum to PHF (20) followed by 
secondary antibody conjugated to colloidal gold. 
Magnification X 62,000. Scale bar = 0.5 um. 

Early morphological studies (28-30,36) have suggested a precursor 
relationship between straight filaments found in NFT and PHF. The obser
vation that both filament types exist as insoluble polymers (see below) 
and contain similar microtubule and neurofilament epitopes suggests that 
they result from a similar transformation of the same cytoskeletal 
components (31). 
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Figure 5: Isolation of NFT filaments by extensive ionic detergent 

extraction yields fractions containing both PHF and straight 
filaments. Similar to PHF, straight filaments maintain all of 
their identified epitopes after these treatments, as demon
strated by immunodecoration of an NFT filament preparation 
with 1.1.1. (16) followed by secondary antibody conjugated 
to colloidal gold. In this suboptimally decorated preparation 
one can identify both filament types as labeled. Negatively 
stained with 2~ uranyl acetate. Magnification X 80,000. 
Scale bar = 0.1 urn. 

BIOCHEMICAL ANALYSIS OF NFT COMPONENTS. 

Most of our knowledge concerning NFT/PHF composition has come from 
immunochemical studies. As discussed above, there are limitations 
inherent to these methods because, although they can demonstrate the 
presence of defined epitopes in PHF, they cannot definitively demonstrate 
the presence of any protein in PHF nor its quantitative representation. 
Three groups have used biochemical procedures to study PHF composition. 
A recent elegant biochemical study has demonstrated the presence of 
ubiquitin sequences and epitopes in PHF (22). Ubiquitin is discussed in 
another chapter (25). Through extensive sonication and SDS extraction, 
Iqbal and coworkers have obtained peptides from PHF which can be stained 
with several antibodies to tau and PHF (14,26,37,38). Although biochemi
cal procedures were used to obtain the peptides, their analysis has thus 
far depended on immunochemical procedures. Beyreuther and Masters (39) 
have reported sequence homology between formic acid-solubilized PHF and 
amyloid the other primary lesion of AD. However, the strong possibility 
that PHF in these studies were contaminated by amyloid have made this 
conclusion questionable. 

CYTOSKELETAL ELEMENTS PRESENT IN OTHER FILAMENTOUS NEURONAL INCLUSIONS 

Determination of the cytoskeletal epitopes found in other filamentous 
neuronal inclusions has been used to understand NFT formation. The Pick 
body, the neuronal inclusion of Pick disease, is primarily composed of 
12-15 nm straight filaments but also contains twisted filaments similar 
to PHF (40) and amorphous components. Pick bodies and NFT share all of 
their identified epitopes (41). 
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Figure 6. Pick bodies, the characteristic neuronal inclusion found in 
Pick disease, share all of their identified epitopes with 
Alzheimer NFT. Monoclonal antibody 1.1.1. (16), recognized 
filamentous and amorphous components within Pick bodies. 
Similar results were obtained with other antibodies to NFH, NF, 
tau and PHF (not shown). Indirect immunoperoxidase. 
Magnification X 16,000. Scale bar = 1.0 "m. 

As was observed for NFT, tau and NFH epitopes in Pick bodies are 
present in the straight filaments, twisted filaments and amorphous ele
ments. The antibody to PHF, which also recognizes tau and an antisera to 
microtubule protein reacting with tau, show a more prominent reaction with 
amorphous components when compared to those to neurofilaments (41). The 
neurofibrillary tangles found in progressive supranuclear palsy (NFT-PSP) 
are, like Pick bodies, composed of straight filaments (42,43). The homo
logy between NFT-PSP and Alzheimer NFT is not complete since, although 
straight filaments of NFT-PSP share epitopes with tau, they do not possess 
the site recognized by monoclonal antibody 1.1.1. (44). Lewy bodies, 
found in pigmented neurons of the substantia nigra and locus ceruleus of 
Parkinson patients, are composed of 10-20 nm straight filaments radiating 
like a halo from a central amorphous core. Some antibodies to each of the 
NF triplet proteins (NFL, NFM, NFH) (45), to Alzheimer PHF fractions and 
tubulin recognize the filamentous halo region of Lewy bodies. Differing 
from NFT and Pick bodies, Lewy bodies do not contain the epitope 
recognized by 1.1.1 or share epitopes with tau (46,47). 
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Figure 7. Lewy bodies, the characteristic neuronal inclusion found in 
selected neurons of Parkinson disease cases, share many of 
their epitopes with Alzheimer NFT but also contain epitopes 
not found in NFT. A, Lewy bodies immunostained with an 
antisera to PHF (48). B, Lewy bodies immunostained with a 
monoclonal antibody to non-phosphorylated NFH (Sternberger
Meyer Inc, SMI 33). Magnification X 800. Scale bar = 25 urn. 
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Why do abnormal filaments in these dementing neurodegenerative 
diseases consistently contain NF and microtubule epitopes while at the 
same time show antigenic differences? The issue of antigenic similarity 
in the face of variances in the epitopes found in these inclusions is an 
important issue basic to understanding the pathogenetic mechanisms respon
sible for their formation. However, at present we do not know whether to 
give greater weight to the similarities or to the variances. 

INSOLUBILIZATION OF ABNORMAL FILAMENTS 

The normal neuronal cytoskeleton (neurofilaments, microtubules and 
microfilaments) are polymers held together by non-covalent, and in the 
case of the latter two, dynamic bonds. The cytoskeletal polymers are 
readily disassociated by denaturants. PHF differ from normal cytoskeletal 
polymers in that they are insoluble in strong denaturants (9), an obser
vation indicating that bonds maintaining PHF integrity differ from those 
maintaining cytoskeletal polymers. The epitopes that PHF share with NFH 
and tau are also insoluble in strong denaturants (32,49) indicating that 
when these components are incorporated into PHF they are altered from 
their normal state. The cytoskeletal and other identified epitopes found 
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Figure 8. Cytoskeletal epitopes have not been detected in the other 
filamentous material in Alzheimer cases, cerebral amyloid. An 
antiserum to neurofilaments (12) strongly decorates PHF but 
not a bundle of amyloid filaments (A). Magnification X 
64,500. Scale bar = 0.5 ~m. 
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in the straight filaments of Pick bodies (41), NFT-PSP (44) as well as 
NFT of AD (31) are also insoluble. These results indicate that the 
process of in solubilization is not unique to the Alzheimer PHF. 

CONCLUSION AND HYPOTHESES 

The relationship between amyloid and PHF is important since AD has 
been linked to an alteration or duplication of the DNA sequence containing 
the gene for the amyloid precursor (50-53). Understanding the etiology of 
AD would be simplified if the two main structural changes of AD could be 
attributed to the same genetic defect. It has been suggested that both 
PHF and amyloid are derived from the same protein precursor, a putative 
integral membrane protein (52). Amyloid would be composed of sequences 
from the extracellular and membrane spanning domains. It is possible 
that PHF could derive from the intracellular and membrane spanning domains. 
The intracellular domains of many membrane receptor proteins have been 
shown to interact with cytoskeletal elements (54,55); therefore, the 
presence of intracellular domains in PHF explains the integration of 
cytoskeletal elements in PHF. This hypothesis can explain the observa
tion that a given NFT can share epitopes with either tau alone, NFH 
alone, tau and NFH, or neither (56), since these cytoskeletal elements 
may be specifically, but not invariably, associated with PHF, the core of 
which would be provided by the amyloid precursor. This hypothesis would 
explain the presence of the two major structural lesions of AD as the 
result of the one primary neuronal alteration. The hypotheses engendered 
by the recent molecular biology studies provide a rationale in under
standing PHF and amyloid as they relate to the primary cellular 
alteration of AD. 
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Two major types of pathological lesion are present in 

Alzheimer's disease: the neurofibrillary tangle and the neuritic 

senile plaque. The presence of tangles in the cerebral cortex 
has a diagnostic significance in that the frequency of these 

structures and the extent of choline acetyl transferase loss is 
correlated with the degree of dementia 1-3 Tangles are large 

accumulations of fibrous proteins, the bulk of which has been 

shown to be composed of paired helical filaments (PHF) 4 which 

fill the perikarya of affected neurones. These PHF have the 

appearance of being two 10nm filaments wound around each other to 
form a helix with a half-periodicity of approximately 80nm 4,5. 
Tangles are also localised in many of the abnormal neurites that 
make up the periphery of the senile plaque 6,7. The origin of 

the tangle is unknown although it was suggested that they may be 
related to neurofilaments 4. The application of electron 
microscopy using shadowing and negative staining techniques has 
revealed the PHF as a left-handed double helix 8 with a 

relatively short axial length; this makes the structure different 

from the fibrous sub-structure of neurofilaments 8. Negative 

staining of isolated PHF, bovine neurofilaments and microtubules 

reveals the dissimilarity in visual appearance between these 
assemblies 9 

However, despite these differences in structure, polyclonal 
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and monoclonal antibodies raised against neurofilament protein 

have been shown to recognise epitopes of tangles 10-15. More 

recently, reports have also implicated the microtubule
associated protein, tau, in the composition of PHF 16-21. 

Antibodies against PHF have been shown to recognise tau 
protein 16-18 and conversely, anti-tau antibodies have been shown 

to recognise PHF 18,19. These reports all suggest that tau is a 

major component of PHF. In addition, it appears that the tau in 
Alzheimer brain is abnormally phosphorylated 19,20. It has been 

suggested that this phosphorylation of tau may lead to 

aggregation and formation of insoluble polymers 20 which may in 

turn interfere with the normal interactions seen between tau and 
other brain proteins such as tubulin 19,21. 

Ihara et al. 10 have shown that antisera raised against the 

200K polypeptide of neurofilaments recognises tangles in situ 

whilst an anti-tubulin antibody failed to do so. Antibodies 
prepared by Gambetti et al. 12 were shown to react consistently 

with tangles in situ. More recently, it has been demonstrated 

that antigenic determinants of neurofilaments and heat-stable 
microtubule-associated proteins are integral components of 
PHF 14,15. 

There remains uncertainty about the contribution of 
neurofilaments and microtubule-associated proteins to tangles. 
Some have argued that PHF originate from amyloid 22-24 and this 

is based upon the finding that proteins extracted from tangles 
and amyloid plaque cores are similar. Unfortunately, these 
reports did not include data describing the degree of purity of 
the PHF preparations and did not rule out contamination with 

other insoluble protein residues, including amyloid; our 
experience is that obtaining pure PHF is technically difficult. 

PHF have been shown to be a very insoluble structure 25 in an 

extensive range of chaotrophic buffers and strong protein 

denaturing reagents 26,27. This resistance to solubilisation 

suggests that covalent bonds other than disulphide bonds such as 
~-glutamyl - E- lysine cross-linking may be present in PHF 26,28. 

This property of insolubility has been exploited by the above 

authors to obtain partial enrichment of PHF by fractionating 

brain specimens using strong denaturing conditions. 
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Disagreement still exists over the degree of insolubility of 

PHF. Iqbal et al. 29 suggest there are two populations of 

tangles. One which is readily soluble, the other being 

solublised by repeated extraction in sodium dodecyl sulphate 

(SDS) and 2-mercaptoethanol. It has been proposed that as much 

as 90% of total PHF may be lost during isolation procedures 

utilising mild SDS treatments. As a result, Rubenstein et al 30 

recommended isolation of tangles under non-denaturing conditions 

since they reasoned that the isolation conditions and not the 
intrinsic properties of the tangles themselves may be a 
determining factor for solubility. 

We are currently investigating the insolubility of the 

neurofibrillary tangle and the means of their isolation. By 

using more stringent strategies we hope to characterise better 

the protein composition of PHF. 

Isolation of PHF 
Immunochemical studies have produced two major observations 

to date: (1) Tangles in situ have been stained by some 

antibodies to neurofilaments and to microtubule-associated 
proteins 11,14,15,31-33; (2) Antibodies prepared using 

preparations enriched in SDS-insoluble PHF as immunogen, stain 

tangles in situ but fail to recognise routinely any normal 

cellular constituents by immunocytochemistry as possible PHF 
precursors 34-36. 

We recently reported that several neurofilament monoclonal 
antibodies label SDS-insoluble PHF with one of them, 8D8, 
labelling more than 90% of the tangle population 15. Thus, there 
is evidence to suggest the presence of abnormal cytoskeletal 
proteins in tangles 11,12,31. If tangles were simply a mixture 

of normal neurofilaments and microtubules along with PHF, then 
all antibodies to these cytoskeletal structures should also 

immunocytochemically label tangles. However, this is not the 

case as shown by our studies with neurofilament antibodies 15 

There is a great deal of variation between the proportions of 

tangles labelled by the antibodies where some label a significant 

percentage (8D8,RT97) and others none at all (147,RS18). We 
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have, until recently, been isolating tangles utilising a method 
based upon that of Iqbal et al 29 which has been described in 

detail previously 15. In our hands, we find that contamination 

is a problem. Whilst the method yields an enriched fraction of 

tangles a large amount of other insoluble material, such as 

plaque cores and lipofuscin, is also present in our preparations. 

Various modifications to the method have been tried in order to 
produce a purer product in larger yield than can easily be 
achieved by flow cytometry 25,37. 

Non-ionic detergents have been widely used in tissue 

fractionation and they have the advantage of being milder in 
action than SDS. Hence, if there are two tangle populations 29 

then inclusion of SDS during tissue homogenisation might result 

in a reduced yield of tangles. However, the use of a non-ionic 
detergent such as Triton X-lOO during homogenisation could 

improve the yield of isolated tangles whilst solubilising 
membranous contaminants. We have studied the effect of including 

Triton X-lOO, Tween 20, Lubrol PX, sodium dodecyl sarcosinate 
(sarkosyl) and deoxycholate at concentrations of 1% (w/v) in the 

homogenisation buffer. When the final pellet fractions were 

obtained and stained with thioflavine, the staining showed these 

preparations to have approximately the same amount of 

contamination and PHF yield as a preparation where no detergent 

was used during homogenisation. SDS extraction of the final 
pellets were made and analysed on a mini SDS-polycrylamide gel 
electrophoresis system (SDS-PAGE). The results from the gels did 
not reveal any major differences between these samples (data not 
shown). 

After the homogenate has been prepared in 0.32M sucrose and 

the sucrose concentrations re-adjusted to lM the final volume of 
homogenate is approximately 60ml. l5ml of homogenate is then 

layered upon a sucrose step-gradient consisting of 20ml 1.2M 

sucrose over 5 ml l.8M sucrose 15 This is similar to the 

original method where 40 ml of homogenate is layered over a 20 ml 
discontinuous density gradient 29. A more efficient separation 

will be achieved when the volume of homogenate is reduced to a 

level such that it is less than or equal to the volume of the 

1.8M sucrose layer. 
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We adopted this modification and homogenised 19 of tisssue 

in 5.5 m1 of 0.32M sucrose. The homogenate was filtered once 

through a 60 pm mesh, admixed with 4ml 2.4 M sucrose and 5 ml of 

homogenate was layered on each step-gradient. Centrifugation was 

carried out as normal. We have noted the following: 

(1) the population of the tangles at the interface between the 

1.2 M and 1.8 M sucrose layer are different to those in the 
pellet. The tangles at the interface are very fine and 

threadlike in structure when examined by thioflavine staining, 

whereas those in the pellet are much larger and consist mainly of 
whole intact tangles (see figures 1 and 2). (2) The amount of 

tissue required to isolate these fractions is reduced. Whereas 

previously, we were routinely using 8g of grey matter, the 19 of 

tissue used in the modified method appears to have produced a 

much greater yield of tangles. We have quantified the number of 

tangles in each preparation by using thioflavine and assessing 

the number of tangles in a representative field of view. As 

figures 1 and 2 demonstrate there are many tangles in the 

modified PHF preparation. By the old method we would obtain 
around 20% of these yields in a good preparation. Obviously the 
initial concentration of tangles in the brain is important as 

well, but these observations have been made from similar areas of 
the same brain, hence one can consider the initial tangle 

concentrations to be comparable. We are currently examining 

these two populations of tangles for differences in properties. 

Solubilization of PHF 
Masters et al 24 reported that after pepsin treatment PHF 

were soluble in formic acid and that a polypeptide of 4000 
molecular weight was obtained; PHF have been shown to be 
susceptible, to a degree, to pepsin and other proteases 38,39. 
Selkoe 27 has reported that PHF are also insoluble in a phenol: 

acetic acid: water mixture in addition to the normal chaotrophic 
reagents 26. Phenol: acetic acid: water is a strong protein 

solubilizing medium which has been used previously in the 

separation of ribosomal proteins and also encephalomyocarditis 

virus 40. Samples solubilised in phenol: acetic acid: water have 

been applied for separation directly to acetic acid: urea 
polyacrylamide electrophoresis gels (7.5% acrylamide, 35% acetic 

acid, 5M urea) 41 We have modified this solvent system and 
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Figure 1: Thioflavine staining of isolated tangles, harvested at 
the l.2M / l.BM sucrose interface, from a PHF preparation 
following SDS- extraction. 

Figure 2: Thioflavine staining of isolated tangles collected in 
the pellet fraction of a PHF preparation following SDS
extraction. 
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investigated the ability of phenol: acetic acid: urea (PAU) in a 

ratio of 2:1:1 (w/v/v) as a solubilizing medium where the urea 

concentration adopted was BM. 

Tangle fractions were obtained using the method of Miller et 

al 15 and were either treated immediately with PAU overnight at 

room temperature (ie, pre-SDS extraction) or after first 

extracting in SDS. The acetic acid: urea (AU) PAGE system 
described by Panyim and Chalkley 42 consisting of 10% acrylamide, 

0.9M acetic acid and 6.25M urea was used for separations of these 

samples immediately after solubilization. After staining of the 

the gels large amounts of streaking was evident possibly due to 
the presence of phenol in the samples. In order to overcome this 

effect, the samples solubilized in PAU were dialysed before 

electrophoresis into 20 % (v/v) acetic acid. During this stage a 

precipitate formed suggesting that phenol is intrinsically 

involved in solubilizing these preparations. This precipitate 
was highly insoluble and did not redissolve in PAU. 

When a non-SDS extracted sample was dissolved in PAU and run 
on AU-PAGE a series of bands was observed with a large amount of 

excluded material remaining trapped at the top of the gel. When 

the pellets were first SDS-extracted then solubilized in PAU 

these lower bands vanished leaving only excluded material at the 

top of the gel (data not shown). When these gels were 

immunoblotted using monoclonal antibodies to neurofilaments and a 

polyclonal to PHF a similar set of results was obtained. Bands 
were detected on the blot when the samples were not pre-SDS 
extracted before PAU solubilization, as well as a band 
corresponding to the excluded material at the top of gel. This 
latter band was detected by both the neurofilament monoclonal 

antibodies and the anti-PHF polyclonal antiserum. When the 
samples were pre-SDS extracted the only band detected was that 

corresponding to the excluded material and this was labelled by 
the neurofilament monoclonal antibodies and anti-PHF polyclonal 

antiserum (see figures 3 and 4). These results show that the 

bands seen before SDS extraction include normal neurofilament 

material. After SDS-solubilization these proteins are removed 

leaving behind the material that is unable to enter the gel. 

This material is unlikely to contain normal neurofilaments as 
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Figure 
before 
PAGE. 
g)RS18 

a b c d e f g h i 

3: Immunob1ot of proteins from a PHF-enriched fraction, 
SDS extraction, solubilised in PAU and separated by AU
Labelled with a)8D8 b)RT97 c)1215 d)BF10 e)147 f)155 
h)anti-IFA and i)anti-PHF. 

B c D 

Figure 4: Immunoblot of proteins from a PHF-enriched fraction, 
after SDS-extraction, solubilised in PAU and separated by AU
PAGE. Labelled with A)8D8 B)RT97 C)anti-IFA and D)anti-PHF. 
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these will have been removed by SDS extraction. Two possible 

explanations for this may be: (1) the neurofilaments have been 

modified in some manner so promoting their aggregation or (2) 

neurofilaments (peptides or fragments) have been incorporated 

into tangle structure along with other unknown proteins or 

polypeptides. 

Isolation of cDNA for the 200K neurofilament polypeptide 
We have recently reported the isolation of 2 cDNA probes for 

the 200K polypeptide (NF-H) of neurofilaments 43. One of these 

probes (2.5kb) encoded for the C-terminal tail, whilst the other 
(3.0kb) overlapped and also encoded the epitope for the 

monoclonal antibody, anti-IFA. The epitope for anti-IFA is 

believed to be present in all intermediate filaments, located at 

the highly conserved C-terminal end of alpha-helix 2 in the 

general structure of intermediate filaments 44. We be1ive that 
the 5' end of the 2.5 kb cDNA corresponds to the NF-H C-terminal 

tail which is known to be heavily phosphorylated 45. Our 

sequence data has revealed this region to contain a peptide 

repeat unit of -Glu.(Ala, Val).Lys.Ser.Pro.Ala- that is repeated 

several times. The alanine-valine interchange represents a 

conservative difference with alanine being predominant. The 

presence of the serine residue in the centre of a charged 

environment may represent a phosphorylation site and thus the 
repeat sequence may form the known multiphosphorylation site in 

NF-H. The importance of the multiphosphorylation site is unknown 

although one possibility is that the phosphorylation may be 

involved in mediating interactions between neurofilaments and 
other neuronal components 45. 

The question of phosphorylation state may have a pivotal 

role in the formulation of the neurofibrillary tangle. It has 
been demonstrated that antibodies to phosphorylated 

neurofilaments stain tangles and plaques in situ but fail to do 

so after these structures have been pre-treated with 
phosphatase 46,47. This suggests that there may be an aberrant 

phosphorylation of the neurofilaments in the perikaryon before 
transport to their axonal location can take place. The presence 

of structurally abnormal phosphorylated neurofilaments in 
neurofibrillary tangles has been supported by others 47-49 It 
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has been proposed that the aberrant phosphorylation may cause the 

neurofilaments to become more compact which prevents their 
migration into the axon 46 and in addition only one or few of the 

neurofilament phosphorylation sites is involved. It is now of 
interest to see if PHF contain this same sequence and these cDNA 
clones will enable us to map these epitopes on neurofilaments 
that are either associated with or absent from PHF. 
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Recent biochemical and immunocytochemical studies have provided 

evidence that heat-stable, microtubule-associated proteins (MAPs) may be 

instrumental in the pathogenesis of Alzheimer neurofibrillary tangles 

(ANT)1-5. Some investigators speculate that the mid-molecular weight, heat

stable MAP known as tau protein6 may be the subunit of the paired helical 

filament (PHF)2,3, which is the major ultrastructural component of ANT7. 

Tau is a group of proteins with molecular weight of 42-68 kd (Fig. 1) that 

co-purifies stoichiometrically with tubulin8 • Despite its microheterogeneity 

in terms of isoelectric point and molecular weight, all tau proteins have 

conserved amino acid sequences that are recognized by several antibodies9 • 

The microheterogeneity of tau protein may be related to several processes 

including alternative gene splicinglO or post-translational modification 

such as proteolysis9 or phosphorylation 11 ,12. The function of tau proteins, 

other than facilitating tubulin polymerization into microtubules 8 ,13, is 

currently unkown. The distribution of the various isoforms of tau with 

respect to neuronal type and neuronal subcellular location is incompletely 

understood at present. Most tau protein appears to be localized to axons, 

but some is also present in perikarya and dendrites 14 . The role of specific 

isoforms of tau in ANT remains to be investigated. 

Phosphorylation of MAPs may be a mechanism of regulating their 

functional attributes 15 ,16, one of which may be the bridging of intermediate 

filaments to microtubules17. Phosphorylation of MAPs, including tau protein, 
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Fig. 1. Coomassie blue stained SDS
polyacrylamide gel electrophoretic 
profile of bovine heat-stable micro
tuble preparation. Molecular weight 
standards at right. (from Yen S-H, 
et al.: Am J Pathol 126:81, 1987. 
Used with permission.) 

inhibits their ability to promote microtubule assemblyI5,16. In Alzheimer's 

disease there is preliminary evidence that phosphorylation states of 

cytoskeletal proteins may be altered I8 ,19. 

In this report we summarize our studies of ANT using two groups of 

monoclonal antibodies, and critically assess the evidence that suggests that 

ANT are composed of heat-stable MAPs. We have taken advantage of the 

hybridoma technique of Kohler and Milstein20 to produce mouse monoclonal 

antibodies that are immunoreactive with ANT. The antibodies we have 

generated and characterized include a group of ten monoclonal antibodies 

raised against a tangle-enriched preparation. Half of the preparation was 

fixed in formaldehyde before immunizing the mice 2l . This group of antibodies 

is referred to as "anti-ANT". Among a second group of monoclonal antibodies 

raised against a crude homogenate of basal fore brain from Alzheimer brain22 , 

are six monoclonal antibodies that react with high molecular weight 

neurofilament proteins and immunostain axons 23 • Individual antibodies of 

this group are designated by the prefix "NP." 
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RESULTS AND DISCUSSION 

Some Anti-ANT Antibodies Recognize Unique Antigenic Determinants 

The ten anti-ANT antibodies were characterized by immunological 

methods. All antibodies were of the IgG class. They all bound to ANT in 

preparations of isolated perikarya from Alzheimer brain21 as judged by 

doub1e-Iabeling with thiof1avine S, a fluorochrome that binds to ANT24. 

However, they were not equally reactive with ANT. The proportion of ANT 

1abe1ed varied from 25 to 100 percent. Antibodies that bound to the greatest 

proportion of ANT, in most cases recognized antigenic determinants that were 

unique to ANT (Ab39, Ab64, Ab69, AblI7), since they did not bind to any 

normal brain proteins on Western-type immunoblots. The immunoreactivity of 

these antibodies to ANT could only be absorbed with preparations that 

contained ANT and not by normal proteins. 

Immunoperoxidase electron microscopic studies with Ab39 and Ab69 

showed that their epitopes were localized to paired helical filaments of 

ANT25. Recent immunogo1d studies have confirmed this with Ab39 (Fig. 2). 

Fig. 2. Immunogold staining of Lowacryl embedded tissue section from a brain 
biopsy of a patient with Alzheimer's disease. Gold particles immunodecorate 
PHF. (51,000 X). 
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Our data suggest that the epitopes recognized by these antibodies are 

intrinsic to PHF, since these antibodies react with detergent-treated ANT. 

We are intrigued by the possibility that these unique epitopes may be 

present on proteins that are not normally expressed in the adult brain; 

however, we have not excluded the possibility that they may represent PHF

specific, conformational epitopes due to modification of normal neuronal 

proteins. It will be important to screen human brain cDNA expression vector 

libraries with these antibodies in an attempt to find a transcript that 

encodes for theses epitopes26 . 

Some Anti-ANT Antibodies Recognize Antigenic Determinants in MAPs 

On Western-type immunoblots of Alzheimer brain homogenates, all anti

ANT antibodies bound to proteins at the top of the 4% acry1amide ge121, 

which contain PHF. Five of the ten anti-ANT antibodies also bound to soluble 

proteins in either Alzheimer or normal brain preparations2l • These soluble 

proteins were extractable with physiological buffers and formed several 

bands in the 50-70 kd molecular weight range on SDS polyacrylamide gels. 

Similar proteins were detected in bovine microtubule preparations27 (Fig. 

3). The proteins were stable to heat treatment and co-localized with 

proteins that reacted with po1yclona1 antisera to tau protein. 

Interestingly, four of the ten anti-ANT antibodies also showed reactivity 

with high molecular weight, heat-stable MAPs in bovine microtubule 

preparations27 • These proteins were MAP2 based upon their immunoreactivity 

to antibodies that were specific to MAP2' The absence of high molecular 

weight MAPs from human material was likely due to their rapid postmortem 

degradation. 

The significance of shared epitopes in heat-stable MAPs (MAP2 and tau 

protein) is not known. It is tempting to speculate that these epitopes may 

represent conserved recognition sites that mediate macromo1ecular 

interactions. The theoretical possibility that monoclonal antibodies might 

be able to detect such sites has been previously suggested28 • In the case 

of MAPs, this is an attractive hypothesis since various MAPs might have 

conserved domains that mediate interaction with microtubu1es. Epitope 

mapping will be necessary to prove that these proteins have shared amino 

acid sequences that may be capable of interacting with microtubu1es. 
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Fig, 3. ~</estern-type immunoblot of bovine, heat-s table microtubule 
preparation as in Fig. 1 with the ten anti-ANT monoclonal antibodies and an 
anti-MAP2 antibody. (a-Ab39, b-Ab64, c-Ab69, d-Abl17, e-Ab175, f-Ab2l5, g
Ab322, h-Ab63S, i-Ab636, j-Ab70S, k-anti-MAP2') (From Yen S-H, et al.: Am J 
Pathol 126 :81, 1987. Used with permission.) 

An important point to be emphasized from these results is that some 

antibodies generated by immunizing mice with ANT bound to antigenic 

determinants that were common not only to ANT and tau, but also to MAP2 • 

Previous studies have shown that a limited number of anti-MAP2 antibodies 

bind to ANT29. This data is consistent with the hypothesis that MAP2 , or 

parts of MAP2, may be incorporated into ANT. 

Tau-like Epitopes Are Present in ANT 

The fact that five of our ten anti-ANT monoclonal antibodies bind to 

tau proteins, in addition to evidence from our studies 27 and others l - 5 that 

anti-tau antibodies bind to ANT (Fig. 4) favors the idea that tau-like 

epitopes may be the major antigenic component of ANT. Whether ANT are 

cmnposed of tau proteins or other proteins with tau-like epitopes is 

currently not resolved. The fact that antisera raised against ANT often 

contain antibodies that bind to tau proteins3 is further evidence that tau

like epitopes in ANT are immunodominant. Although it is possible that ANT 

are composed primarily of an "altered form" of tau protein, the available 

evidence also supports the possibility that ANT are composed of unique 

proteins that share epitopes with normal cytoskeletal components, including 

tau, MAP2 and neurofilament (see below). 
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One thing that needs to be emphasized is that immunostaining of ANT by 

anti-ANT antibodies, in most cases, could not be absorbed by tau proteins or 

crude heat-stable microtubule preparations27 • In this respect, our 

immunoabsorption results are comparable to those of other investigators who 

have used polyclonal antisera to PHF-enriched preparations, "anti-PHF"30. 

The "anti-PHF" antisera showed cross-reactivity of ANT and tau proteins on 

immunoblots of SDS-treated proteins; however, immunoreactivity of ANT could 

not be absorbed with tau proteins3l • This may indicate that the epitope 

detected in denatured proteins on immunoblots may be hidden in proteins in 

their native state. 

Some investigators have stated that antibodies raised against 

preparations from Alzheimer brain produce antibodies reactive to tau 

proteins, but not to other cytoskeletal proteins3 . We were thus interested 

in further characterizing a group of monoc1onal antibodies (NP series), six 

of which reacted with neurofilaments and ANT (ANT-reactive anti-NF 

antibodies), produced by immunizing mice with Alzheimer brain homogenates22 • 

/ 

l 

a · ' ... c 

Fig. 4. Immunoperoxidase staining of frozen sections from the hippocampus of 
Alzheimer's disease. Anti-tau antibodies bind to ANT (arrows), neurites in 
gray matter and in senile plaques (*). Both po1yclonal antisera (a) and 
monoclonal antibodies (Tau-I) (b) react with ANT. Far fewer ANT are 
detected with polyc1ona1 anti-tau antisera compared to Tau-I. If tissue 
sections are incubated for 10 min. in 0.01% trypsin, Tau-l no longer reacts 
wi th ANT (c). 
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ANT-Reactive Anti-NF Antibodies Have Phosphorylated Epitopes 

Several studies of ANT have shown that some anti-neurofilament (anti

NF) antibodies bind to ANT32-38. We have characterized six monoclonal anti

NF (NP series) using immunocytochemical and immunochemical methods39 • All 

S1X antibodies immunostained axons in white matter and both isolated ANT and 

ANT in frozen sections 23 • Immunoblots of cytoskeletal preparations with 

these antibodies showed that they all reacted with the high molecular weight 

proteins (210 kD and 150 kD) of the neurofilament triplet, but not with the 

68 kD neurofilament protein39 • Immunoreactivity of the antibodies to 

electroblotted neurofilament proteins was decreased to different degrees 

after phosphatase treatment39 • On tissue sections incubated with 

phosphatase two of the six anti-NF antibodies bound to axons; while four 

showed absence of axonal staining under the same conditions23 ,39. The 

discrepancy between immunocytochemical staining and Western blots may be due 

to phosphate groups in some of the epitopes that are only accessible to the 

enzyme when neurofi1ament protein is in the denatured state. 
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Fig. 5. Immunoperoxidase staining of frozen sections of Alzheimer 
hippocampus with NP14. Axonal staining in (a) is eliminated by incubating 
tissue sections with alkaline phosphatase (b), but ANT are stained after 
either phosphatase (c) or trypsin treatment (d). Trysin enhances ANT 
staining. In addition to ANT (arrows) and neurites in senile plaques (*), 
NP14 also immunostains granu1ovacuo1ar degeneration (arrow heads). 
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Phosphatase treatment had no effect on the binding of most of the 

anti-NF antibodies to ANT39,40, indicating that the antigenic determinant 

differed in ANT as compared to normal proteins (Fig. 5). This may indicate 

that phosphate groups in the epitopes are not. accessible to the enzyme 

active site, possibly due to abnormal folding or packing of the epitope 1n 

ANT or that ANT contain some material such as aluminum4l that may inhibit 

the enzyme. 

ANT-Reactive Anti-NF Antibodies Recognize Tau Protein 

Microtuble preparations were used to screen a series of anti-NF 

monoclonals, including the NP series, two well-characterized antibodies that 

react with ANT (Anderton's RT97 34 and Sternberger's 07-542 ) and three anti

NF antibodies that do not react with ANT (Sternberger-Meyer, Inc. (SMI)-32, 

Behringer-Mannheim (BN) 200 and 160)39. Interestingly, all ANT-reactive 

anti-NF antibodies reacted with tau proteins in bovine microtubule 

preparations (Fig. 6). Some of the ANT-reactive anti-NF antibodies also 

recognized human tau proteins39 • That the proteins were really tau proteins 

and not degradation products of neurofilament was demonstrated by binding of 

co-migrating proteins with antibodies that recognize tau proteins (Tau-l and 

anti-ANT Ab635). 
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Fig. 6. Western-type immunoblots of twice-cycled, bovine microtubule 
preparation with anti-NF monoclonal antibodies. Only those antibodies that 
bind to ANT recognize tau proteins. The microtubule contained a small amounl 
of neurofilament. (From Ksiezak-Reding H •• et al.: Proe. Nat1. Acad . Sci. 
(USA) in press(1987). 
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The significance of cross reaction between tau protein and 

neurofilment was emphasized further by the observation that anti-NF 

antibodies that fail to show cross reactivity between neurofilament and tau 

proteins do not bind to ANT39. The role of neurofilament in the formation of 

ANT, therefore, needs to be re-evaluated. 

It may be questioned whether the antibodies of the NP series are 

indeed anti-NF. Immunocytochemical studies suggest that this is the case, 

since they immunostain axons in post-mortem human brain sections. On the 

other hand, well-characterized antibodies to tau protein do not stain axons 

from human tissue. This may be due to the fact that microtubules are rapidly 

depolymerized in autopsy material. 

Irmnunoperoxidase staining of ANT in frozen sections from Alzheimer 

hippocampi by ANT-reactive anti-NF antibodies was enhanced by brief 

incubation of the sections with trypsin (Fig. 5). In contrast, brief trypsin 

treatment destroyed the immunoreactivity of ANT with the anti-tau antibody 

Tau-l (Fig. 4). Thus, nonphosphorylated tau protein epitopes 14 are labile 

to trypsin treatment, while other epitopes, in particular the 

Fig. 7. Double labeling immunofluorescence of paraffin-embedded hippocampus 
stained with Tau-l and counterstained with thioflavine S. Note absence of 
Tau-l reactivity (a) with ANT (arrows) labeled by thioflavine S (b). On 
frozen sections Tau-l binds to ANT (arrows) in (c) similar to 
thioflavine S (d). 

173 



phosphate-dependent epitopes common to neurofilament and tau proteins (and 

epitopes recognized by anti-ANT), are resistant to trypsin. Previous 

studies have shown that protease treatment does not alter the morphology of 

PHF 43. This raises the question of whether tau proteins are essential in 

the maintenance of PHF. The detection of tau-like epitopes in SDS-treated 

ANT 27, nevertheless, argues that tau-like epitopes are integral components 

of PHF. 

The inability of a specific anti-tau monoclonal antibody (Tau-l)14 to 

bind to ANT in paraffin sections (Fig. 7) unless they were pretreated with 

phosphatase has been the main argument that tau protein is abnormally 

phosphorylated in Alzheimer's disease 19 . Further analytical studies that 

measure the actual phosphate content of tau proteins in Alzheimer's disease, 

similar to that which has been done for neurofilament44 , will be needed to 

prove this point. Since we have been able to demonstrate Tau-l 

immunostaining of ANT in frozen sections without phosphatase treatment (Fig. 

4 and 7), one wonders whether the necessity to use phosphatase treatment for 

immunostaining paraffin sections is a consequence of tissue processing. 

CONCLUDING REMARKS 

Our immunocytochemical studies show that antibodies that recognize 

antigenic determinants in normal cytoskeletal proteins bind to only some 

ANT32 (Fig. 8). In contrast, antibodies that react with tangle-specific 

epitopes bind to the majority of ANT (Fig. 8). These results point out an 

important property of ANT that has not been emphasized, their heterogeneity. 

Alzheimer neurofibrillary tangles are heterogeneous by morphological, 

biochemical, and immunological criteria. At the light microscopic level, ANT 

are present in both small non-pyramidal neurons, where they are little more 

than coarse perinuclear fibrils, and in large pyramidal neurons, where they 

form compact, flame-shaped or globose aggregates. With the hematoxylin and 

eosin stain most ANT are amphophilic to basophilic, but some are 

eosinophilic. Some ANT are stained well with thioflavine and silver 

methods, while others are stained much weaker. 

Ultrastructural studies of ANT confirm their heterogeneity. Some ANT 

are composed of loosely arranged filaments and others are dense, almost 

paracrystalline arrays. Although the majority of the filaments are 
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Fig. 8 Double staining immunofluorescence of frozen sections using NP18 (a) 
and Ab39 (c) and thioflavine S staining of same sections in (b) and (d). 
Anti-ANT bind to virtually every ANT while some ANT are not reactive with 
anti-NF (arrows). 

PHF, other filaments including 15-18 nm diameter straight filaments45 , PHF 

with a longer periodici ty46 and normal appearing intermediate filaments are 

also present to varying degrees in different ANT. In addition ANT almost 

always contains electron-dense granular material. Very few studies have 

addressed the nature of the nonfilamentous components of ANT. 

Biochemical studies have shown that some ANT are composed of insoluble 

material that resists harsh acid or alkaline treatment or enzymatic 

digestion43 ,47, but others contain soluble and extractable elements. The 

former material fails to enter the stacking gel of acrylamide gel 

electrophoresis47 , while the latter material either enters the gel forming a 

diffuse smear or a set of discrete protein bands in the mid-molecular weight 

region48 . Characterizing the biochemical composition of ANT must bear in 

mind this heterogeneity. ANT purified by methods that take advantage of the 

insolubility characteristics may be lacking in extractable elements, while 

methods that yield ANT enriched in soluble components, may produce quite 

conflicting results. 
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Because of these inherent properties of ANT, biochemical studies of 

ANT may be intractable. Immunochemical methods may prove to be the most 

reliable method of "dissecting" the ANT. It is important in this respect, 

however, that antibodies be well-characterized and their limitations kept in 

mind. 

What then can be said for the molecular nature of ANT? The definitive 

answer awaits studies that address the evolution of ANT. What must be 

resolved is whether the heterogeneity that is observed with morphological, 

biochemical and immunological methods is due to developmental 

("maturational") properties of ANT or to factors such as the size or type of 

neuron affected. A study of neurofibrillary degeneration in Down's syndrome 

patients of various ages with the various antibodies to which ANT have shown 

at least some reactivity may be able to detect early neuronal changes that 

are precursors to ANT formation. Of particular interest would be the 

abnormal disposition of heat-stable MAPs in vulnerable neurons of Down's 

syndrome patients before they would be expected to have Alzheimer type 

changes49 • This might suggest that MAPs are involved in the pathogenesis of 

ANT. 

A better understanding of ANT would come from an elucidation of the 

nature of the unique epitopes recognized by anti-ANT monoclonal antibodies. 

Do these represent unique PHF proteins or unique combinations or alterations 

of normal cytoskeletal proteins? It may be significant that ANT contain 

epitopes shared with neurofilament and MAPs. Are these epitopes conserved 

sequences that are common to several proteins, including possible unique PHF 

proteins? Finally, it is of interest that many of the epitopes shared 

between ANT and normal proteins are phosphorylated. Could this indicate that 

ANT result from alterations in activities of specific kinases? 
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Microtubules are essential for maintaining neuronal function. As a 
structural component, they serve to strengthen the cytoplasmic matrix by 
interacting with other cytoskeletal elements through 
microtubule-associated proteins (MAPs) (1-4). The formation and 
maintainance of neuritic processes in vitro is dependent upon the 
presence of polymerized microtubules (5). By providing an avenue for the 
vesicular translocator, kinesin, (6) microtubules are also required for 
fast axonal transport. The diversity of functions performed by 
microtubules is a reflection of their heterogeneity. They are composed of 
alpha and beta tubulin subunits (7), which exhibit increasing 
heterogeneity during development (B), leading to at least 11 tubulin 
isoforms (9). Posttransiational modifications of tubulin such as 
acetylation (10), phosphorylation (11,12), tyrosinolation (13) and 
detyrosinolation (14) also serve to diversify microtubules. The 
association of various MAPs with neuronal microtubules adds to the 
complexity of this population of cytoskeletal elements. Although 
microtubules are heterogeneous, they are distributed throughout the 
neuron. The interaction with MAPs, which are apparently not equally 
parceled among neuronal compartments, provides a mechanism for 
stabilizing and maintaining subpopulations of microtubules required for 
specific functions. The segregation of MAPs, or different forms of 
individual MAPs, within specific neuronal compartments implies the neuron 
possesses mechanisms for keeping them apart. Alteration of the sorting 
and segregation process necessary to maintain neuronal 
compartmentalization, could result in loss of neuronal form as well as 
function. Alzheimer's disease-affected neurons are one model for the 
study of improper neuronal organization of cytoskeletal elements. 

COMPARTMENTALIZATION OF ALZHEIMER'S DISEASE-AFFECTED NEURONS 

Alzheimer's disease (AD) is a neurodegenerative disease in which two 
major pathological features are present: the neurofibrillary tangle (NFT) 
and the neuritic plaque (NP). The NFT is found in the perikaryon, whereas 
the NP is a spherical structure composed of neuritic processes at its 
periphery, often surrounding an amyloid core. Electron microscopic 
studies determined that NFT and many plaque neurites are composed of 
paired helical filaments (PHF) (15,16). PHF have been shown to share 
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antigenic determinants with neurofilament polypeptides (17-20), and other 
cytoskeletal components (21-25), yet still may contain epitopes not found 
in normal brain (26). Recent studies however, show a constituent of the 
NFT and NP to be a modified form of the microtubule-associated protein, 
tau (27,28,29). The localization of tau to the NFT in the perikaryon 
suggests the atypical segregation of this protein in disease-affected 
neurons, since tau has been reported to be concentrated in axons (30). 

Alzheimer's disease is only one of many neurodegenerative diseases 
characterized by filamentous cytoplasmic aggregates. Other 
neurodegenerative diseases which exhibit such filamentous structures 
include: Pick/s disease, progressive supranuclear palsy (PSP) and 
amyotrophic lateral sclerosis-parkinson dementia complex of Guam (ALS-PDC 
of Guam). Parkinson/s disease (PO), a movement disorder which may be 
associated with dementia, also exhibits a characteristic cytoplasmic 
inclusion, the Lewy body. We were interested in investigating the 
association of tau with other cytoplasmic inclusions. Therefore, using 
immunocytochemistry, we compared these cytoplasmic structures using 
tissue from a spectrum of neurodegenerative diseases for alterations of 
the neuronal cytoskeleton. 

TAU IMMUNOLOCALIZATION IN PICK BODIES AND GLOBOSE NEUROFIBRILLARY TANGLES 
OF PSP 

Immunocytochemistry was performed on formalin fixed paraffin tissue 
sections using two monoclonal antibodies, Tau-1 and Tau-2 (kindly 
provided by Dr. L.I. Binder), which are directed against bovine tau. 
Tau-2 immunocytochemistry was performed at 1:100 and Tau-1 was used at 
1:500, dilutions optimal for immunoreactivity of pathological structures; 
axonal staining however, was not appreciated. The lack of axonal label 
may be due to decreased antigenicity of tau after formalin fixation. In 
contrast, the antigenicity of modified tau associated with pathological 
structures is apparently preserved, perhaps by the stability of the 
microenviornment. Although Tau-2 recognizes a different epitope on the 
tau molecule (31) thah the previously described Tau-l antibody (30), it 
does recognize human tau. Tau-2 therefore, was used for the staining of 
human tissue sections and compared with routine histological silver 
impregnation and hematoxylin and eosin (H&E) stains, as described below. 

Pick bodies, characteristic argentophilic cytoplasmic inclusions, 
found in neurons in Pick/s disease, contain straight filaments averaging 
15nm in diameter (32). Most globose neurofibrillary tangles, which 
characterize PSP disease tissue, also contain 15nm straight filaments 
(33), although some globose NFTs contain paired helical filaments (PHF) 
(34), similiar to those found in Alzheimer's NFTs (15,16) or a 
combination of both straight filaments and PHF. PSP globose NFT share 
antigenic determinants with Alzheimer NFTs (35). Pick bodies have 
epitopes in common with both neurofilaments (36) and PHF (37). We 
examined paraffin sections of tissue from cases of Pick/s disease and PSP 
for tau immunoreactivity. The Pick bodies present in the pyramidal cells 
and dentate neurons of the hippocampus and the globose NFTs in the 
subthalamic and inferior olivary nuclei all exhibited Tau-2 
immunoreactivity. Tau-positive Pick bodies ( FIg.l) and globose 
neurofibrillary tangles (Fig.2) can be compared to corresponding silver 
stained sections (Figs. 1 and 2). 
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Figure 1. 

Light micrographs of paraffin sections from formalin-fixed 
Pick's disease tissue. A) Silver stained section showing argentophilic 
Pick bodies in the pyramidal cells of the hippocampus. B) Tau-2 
immunopositive Pick bodies in hippocampal pyramidal cells from an 
adjacent section. 

Figure 2. 

Light micrographs of paraffin sections from PSP tissue 
illustrating globose neurofibrillary tangles. A) Subthalamic nucleus 
neurons from PSP tissue bearing globose neurofibrillary tangles seen by 
routine silver stain. B) Tau-2 immunopositive globose neurofibrillary 
tangles in neurons in the subthalamic nucleus. 
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IMMUNOCYTOCHEMISTRY OF LEWY BODIES AND HIRANo BODIES 

Lewy Bodies 

Lewy bodies are round intracytoplasmic inclusions with an 
eosinophilic core and a paler surrounding halo. Immuno-light and electron 
microscopy, using antibodies directed against the neurofilament 
polypeptides, demonstrate neurofllament epltopes as a component of these 
cytoplasmic inclusions (38,39). Although Lewy bodies are characteristic 
of idiopathic parkinsonism, a progressive neurodegenerative disease 
manifested by the loss of dopaminergic neurons in the nigrostriatal 
pathway, they are not pathognomonic. In fact, they are frequently 
encountered in neuromelanin-bearing neurons in Alzheimer's disease brains 
(40). Tissue slices from such a histologically-confirmed case of 
Alzheimer's disease, containing Lewy bodies in the pigmented cells of the 
substantia nigra, were examIned for tau immunoreactivity. Unlike the the 
globose tangles of PSP and the Pick bodies, cytoplasmic Lewy bodies 
contain no apparent Tau-2 immunoreactivity (Fig. 3). 

Hirano Bodies 

Hirano bodies, first described in the ALS-parkinson-dementla complex 
of Guam (41), are rod shaped, eosinophilic structures. Ultrastructurally, 
these cytoplasmic inclusions are paracrystalline arrays of densely packed 
filaments located within neuritic processes and occasionally within 
neuronal perikarya. Immunocytochemical studies have implicated actin as 
their major constituent (42), however Hirano bodies also share antigenic 
determinants with a-actinin and tropomyosin (43). In addition to being 
found in ALS-PD complex of Guam, they have also been described in normal 
aged people (44,45), In Alzheimer's disease (45) and Pick's disease 
(46,47). The coexistence of Hirano bodies in the hippocampus of many 
disorders with tau-positive cytoplasmic inclusions, led us to investigate 
their tau immunoreactivity. Hirano bodies in the hippocampus in a Pick's 
disease case, did not show any apparent Tau-2 positive immunoreactivity 
(Fig. 4) . 
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Figure 3. 

Light micrographs of paraffin sections from an Alzheimer's 
disease case showing Lewy bodies in the pigmented cells of the substantia 
nigra. A) Hematoxylin and eosin stain illustrates the dense core and 
paler surrounding halo of the Lewy body. B) No labelling of the Lewy 
bodies is seen after Tau-2 immunoperoxidase staining of the tissue 
section. The neuromelanin pigment contained within the neuronal cytoplasm 
should not be confused with immunoperoxidase reaction product. 
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TAU IMMUNOCYTOCHEMISTRY OF ALZHEIMER NFT IN ALS-PARKINSON-DEMENTIA 
COMPLEX OF GUAM 

The ALS-PDC of Guam is characterized by neurofibrillary tangles of 
the Alzheimer type, found in widespread neurons including those of the 
hippocampus, midbrain, brainstem and cerebellum. These NFT are identical 
in light and electron microscopic appearance to those of Alzheimer's 
disease; neuritic plaques however, are rarely found in ALS-PD complex 
(48). Since NFT of ALS-parkinson-dementia complex of Guam tissue are 
composed of PHF (41), and Alzheimer NFT and NP in aldehyde fixed tissue 
contain a modified form of tau (27,28,29), we examin~d paraffin-embedded 
hippocampus from two cases of ALS-parkinson-dementia complex of Guam for 
tau immunoreactivity. In the first case, Tau staining was not apparent 
(data not shown) .. The lack of staining in one case may reflect the age of 
the specimen. In the second case, in general, fewer NFT were tau positive 
than st~ined with silver (Fig. 5). 

a 

Figure 4. 

Light micrographs of paraffin sections illustrating Hirano bodies in 
the pyramidal cell layer of the hippocampus from Pick's disease tissue. 
A) The arrow points to a Hirano body in the neuropil as seen by 
hematoxylin and eosin stain. B). An immunostained section showing a Tau-2 
negative Hirano body (arrow) adjacent to a pyramidal neuron containing a 
Tau-2 immunopositive Pick body (arrowhead). 
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Figure 5. 

Light micrographs of paraffin sections from a case of ALS-PD 
complex. A) Many neurofibrillary tangles of the Alzheimer type in the 
pyramidal cells of the hippocampus are seen by silver stain. B) Fewer 
tangle-bearing neurons are tau positive than stain with silver. 
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DISCUSSION 

In this study, we performed a comparative immunocytochemical 
analysis of tissue from a spectrum of neurodegenerative diseases to 
determine whether the pathological filamentous inclusions characteristic 
of each, share antigenic determinants with the microtubule-associated 
protein, tau. We investigated Pick's disease characterized by Pick 
bodies, progressive supranuclear palsy (PSP) with globose neurofibrillary 
tangles, an Alzheimer's case with prominent Lewy bodies (inclusions 
strongly associated with idiopathic Parkinson's disease) and amyotrophic 
lateral sclerosls-parkinson dementia complex of Guam cases containing 
neurofibrillary tangles of the Alzheimer type. Hirano bodies, 
cytoplasmic inclusions often found in the hippocampus in most of the 
diseases described above, were also examined. Our results show that Pick 
bodies as well as NFT of Alzheimer's disease, ALS-PD complex of Guam and 
PSP, share antlgenic determinants with tau, whereas Lewy bodies and 
Hirano bodies do not. Consistent with this result, using a different 
antibody directed against tau, the filamentous aggregates of Pick's 
disease and PSP were found to share antigenic determinants with a 
modified form of tau (49) as seen in Alzheimer's disease-affected neurons 
(27,28,29). 

Hirano bodies are intraneuronal structures found in the pyramidal 
cells of the hippocampus in AD tissue, often in juxtaposition to other 
pathological structures, e.g. NFT. Anti-tau immunolabelled Hirano bodies 
therefore, could be confused with a partially immunoreactive NFT in the 
pyramidal cell perikarya in immunocytochemically prepared tissue. It is 
for this reason that we chose Hirano body-containing Pick's disease 
tissue to examine whether Hirano bodies are tau-immunoreactive. Although 
Pick bodies are also located in hippocampal pyramidal cells, these tau 
immunopositive spherically shaped structures are less likely to be 
confused with rod-like structures (44), than a partially immunopositive 
flamed-shaped neurofibrillary tangle. 

The localization of tau to Alzheimer NFT (27,28,29) is unique since 
several previous studies immunocytochemically demonstrated that Alzheimer 
NFT contain neurofilament epitopes (17-20). It should be noted, however, 
that some of the anti-neurofilament antibodies, directed against the 
phosphorylated epitope of the 200 kd neurofilament polypeptide, used in 
these studies cross react with other phosphorylated proteins. Regardless 
of differences in the distribution of cytoskeletal proteins in NFT, the 
localization of tau to the pathological structures of several 
neurodegenerative diseases suggests that the aberrant accumulation of tau 
in disease-affected neurons is a fundamental abnormality. On the other 
hand, this is not a general phenomenon of neurodegenerative diseases 
since the Lewy body, characteristic of Parkinson's disease, and Hirano 
bodies do not appear to exhibit tau-positive immunoreactivity. 

The accumulation of tau in the perikarya of disease-affected neurons 
suggests the aberrant segregation of this microtubule-associated protein, 
since tau, or a form of tau, has been reported to be concentrated in 
axons (30). The atypical segregation of tau in disease-affected neurons 
implies a defect either in the recognition of tau by the transport 
mechanism, or the transport system itself. Although our data implies a 
potential defect in the sorting and segregation of tau in 
disease-affected neurons, It is not able to distinquish between these two 
possibilities. In either case, since tau acts as a microtubule 
stabilizing and assembly promoting factor in vitro (50), it is possible 
that neuronal degeneration results from the instability of axonal 
microtubules due to the accumulation of tau in the perikarya of diseased 
neurons. Understanding the mechanisms underlying alterations in the 
neuronal cytoskeleton during aging and dementia may provide insights into 
the pathogenesis of several neurodegenerative diseases. 
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Addendum 

Galloway et.al. (51) have recently reported that a population of 
Hirano bodies in Alzheimer's disease tissue contain tau proteins. In the 
present results, Hirano bodies in tissue sections from several diseases 
examined did not show tau immunoreactivity. These immunocytochemical data 
using several different antibodies directed against tau, indicate that 
further work on the structural compostion of Hirano bodies is needed. 
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CYTOSKELETAL ABNORMALITIES IN PARKINSON'S DISEASE 
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Alterations in the neuronal cytoskeleton are major 
features of many neurodegenerative diseases. In Parkinson's 
Disease, a characteristlc pathological change is the Lewy 
body. Lewy bodies are intraneuronal, cytoplasmic inclusions. 
They were first described in large neurons of the substantia 
innominata and dorsal nlotor nucleus of the vagus (1). We now 
consider the catecholaminergic nuclei, the substantia nigra 
and locus ceruleus, to be the typical sites of Lewy body 
formation in Parkinson's disease. Nevertheless, careful 
neuropathological studies have demonstrated Lewy bodies in a 
large number of eNS areas, including many brain stem nuclei, 
hypothalamus, neocortex, and peripheral gan91ia (2-5). Lewy 
bodies in these different areas show many slmilarities, but 
some morphological differences (see below) . 

The first studies to link Lewy bodies to cytoskeletal 
elements were electron microscopic observations (4,6-
8). The inclusions contain large numbers of filaments, 6-8nm 
in diameter. In brain stem neurons, the filaments tend to be 
oriented radially around a core composed of vesicular and 
9ranular material. In cortical neurons, a radial arrangement 
IS not observed, and filaments a~pear more randomly organized 
into a round mass, admixed wlth granular and membranous 
material (8,9). Lewy bodies are not membrane bound, nor do 
they seem to be associated with specific intracytoplasmic 
membrane systems. The neuromelanin granules of pigmented 
brain stem neurons are not part of the inclusion, but rather 
appear pushed to the side by the filamentous masses. In most 
locations, Lewy bodies are to be confined to the neuronal 
~erikaryon. In peripheral ganglion cells, however, 
Inclusions are found in proximal processes. 

At the time of the first ultrastructural observations, 
far less was known about the specific molecular constituents 
of the neuronal cytoskeleton than is known today. The 
present knowledge of the major neuronal filamentous proteins, 
and the generatlon of antibodies to them, has made possible 
some insights into the nature of Lewy bodies. Our current 
understanding of the composition of Lewy bodies has been 
derived entirely from immunocytochemical studies, because it 
has not ¥et been possible to isolate the inclusions for 
direct blochemical analysis. Antibody reactions can be 
summarized as follows. 
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Several studies have demonstrated bindin~ of anti
neurofilament antibodies to Lewy bodies, indlcating the 
presence of neurofilament antigens (10-14). The size of the 
filaments places them in the range of intermediate filaments, 
of which neurofilaments are the neuronal-specific class. 
Antibodies include Qolyclonal rabbit antisera, which react 
with all three neurorilament proteins or are monospecific, 
and mouse monoclonal antibodies, which react mainly with the 
200kd and lSOkd peptides Thus, there is evidence that all 
three neurofilament com~onents can be found in Lewy bodies. 
Whether they are organlzed in a normal fashion has not yet 
been determined. Some antibodies give immunocytochemical 
reactions over the entire inclusion, while others react more 
with the periphery and less with the core. While this may be 
an artifact, related to how the inclusion is sectioned, it 
also may reflect how different neurofilament antiSens are 
distributed within the inclusion. Monoclonal antibodles tend 
to stain the periphery, while we have seen both peripheral 
and overall staining with rabbit antisera. Some of the 
neurofilament epitopes within Lewy bodies are phosphorylated. 
This has been inferred from positive reactions with 
monoclonal antibodies, the binding of which to neurofilaments 
can be prevented by treatment of the proteins or the tissues 
with phosphatase (13). Whether phosphorylation of 
neurofilaroents is of primary importance in the formation of 
Lewy bodies or is a secondary consequence of other changes is 
not yet clear (see below) . 

In collaboration with Dr. Richard Vallee, we have found 
immunocytochemical reactions of Lewy bodies with antibodies 
to high molecular weiSht microtubule-associated proteins 
(MAPs) (Figure 1). Antlbodies to MAPl and to MAP2 bind to 
the inclusions, and the reaction is observed in both brain 
stem and cortical Lewy bodies. A positive reaction with 
anti-tubulin antibodies has been reported (14), but our 
experience has been that anti-tubulin antibodies bind only 
weakly to Lewy bodies. Normal appearing microtubules are not 
part of Lewy body structure. These observations raise the 
possibility that high molecular weight MAPs become associated 
with Lewy bodies because they bind to other constituents, 
possibly neurofilaments or perhaps tubulin (see below). 

Figure 1: Reactions of anti-MAFIa antibody with Lewy bodies 
in the substantia nigra. Antibody binding was visualized 
using the peroxidase-anti-peroxidase technique. Round, 
immunoreactive profiles are present in cell perikarya. 
Perikaryal and dendritic staining is also evident. X310. 
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The filaments of Lewy bodies are morphologically 
different from the paired helical filaments of 
neurofibrillary tangl~s and the 15-20nm strai9ht filaaents 
seen in tangles and 1n Pick bodies. Some ant1bodies that 
bind to tangles also react with Lewy bodies, while others do 
not (10-12, 14). The sRecific epitopes that are recognized 
by these various ant1bo~les 1n L~wy bodies and tangles have 
not yet been identified. It is likely that mechanisms of 
formation of Lewy bodies are different from that generating 
tangles. If both types of inclusions contain the same kinds 
of cytoskeletal proteins (neurofilaments, for example), 
albeit altered in different ways, then one might ex~ect some 
cross-reactive antibodies as well as non-cross-react1ve ones. 

The dissimilarities between Lewy bodies and paired helical 
filaments does not reflect intrinsic differences in the 
ability of various neurons to form cytoskeletal 
abnormalities, since nigral neurons are well known to form 
tangles in several disorder~. 

Contractile proteins, which are associated with Hirano 
bodies, do not form part of the Lewy body, at least judging 
from immunocytochemical studies (14 and our unpublished 
observations. 

The following table summarizes immunocytochemical 
studies with antibodies to cytoskeletal proteins 

Table 1 

Antilln 

Neurofilaments 
MAPla 
MAP2 

Tubulin 
PHF 

Actin 
Myosin 

Tropomyosin 

Binding to LBs 

+ 
+ 
+ 
+ 
+ 

It is important to note that Lewy bodies include 
components other than cytoskeletal elements. That has been 
clear from ultrastructural observations. Antibodies to 
tyrosine hydroxylase bind to the inclusions (15). Monoclonal 
antibodies, generated to Parkinson's disease nigra, bind to 
Lewy bodies (16). The antigens appear to be proteins, but 
have not been fully characterized. Whether non-cytoskeletal 
elements play a critical role in the geneSis and organization 
of Lewy bodies, or whether cytoskeletal disorganization is 
primary, with other elements followins the filan,entous 
abnormality is a critical 9uestion Wh1Ch has not been 
answered. Typical Lewy bod1es have not been generated 
experimentally. Furthermore, early stages of Lewy body 
formation have not been reported, althoush Forno has 
suggested that the cytoplasmic clearing seen 1n nigral and 
locus ceruleus neurons in Parkinson's may represent an early 
cytoplasmic event. 

A number of possible mechanisms could account for Lewy 
body formation. These will be considered separately, but are 
not mutually exclusive. 

The accumulation of filaments within cell perikarya 
suggests alterations in transport or in the export of 
filaments from the cell body, or alterations in turnover. 
Decreased transport of neurofilaments is consistent with 
finding Lewy bodies in proximal processes in peripheral 
ganglia. It is common to see many axonal spheroids in the 
nigra in Parkinson's disease. It has not been possible, 
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however, to discern the neurons of orlgln. Alterations in 
turnover would add to accumulations. Intermediate filaments 
are substrates of calcium-activated proteases in vitro (17). 
Such proteases may be active at synaptic terminals, an idea 
consistent with the fact that neurofilaments are transported 
along axons, but are not prominent organelles in synapses. 
Neurofilaments can be altered by proteolysis during transport 
in some axonal syst~ms (18). Mechanisms and degree of 
turnover of filamen~s ln neuronal cell bodies is not known. 

Post-translational modifications of filaments could 
account for alterations in export and turnover. The most 
popular idea currently has to do with phosphorylation of 
Iilaments. Antibodies that bind to phosphatase-sensitive 
epitopes react with Lewy bodies. These antibodies do not 
normally react well with neuronal perikarya, binding largely 
to axons. These observations have raised the idea that 
phosphorylation of neurofilaments is in'portant in generating 
the abnormality. Binding of these antibodies to neuronal 
perikarya is an interesting phenomenon, but it is not 
specific for Parkinson's disease. It can be seen in a 
variety of conditions, including motor neuron disease, 
aluminum neurotoxicity, and experimental chromatolysis 
(19-21). Neurofilaments do accumulate abnormally in 
perikarya and proximal axons in these disorders, but the 
typical Lewy body structures are not formed. Other forms of 
amino acid derivitization could have a number of effects, 
such as slowing or preventing turnover by chan~ing amino
termini (22), or preventing the normal interactlons between 
cytoske1etal systems (see below). The idea that post
translational modifications of cytoskeletal elements may 
alter the ability of intracellular proteolytic mechanisms to 
degrade the proteins is important to consider. The apparent 
stability of cytoskeletal abnormalities in degenerative 
diseases may well be directly related to the neuron's 
inability to recognize and degrade altered cytoskeletal 
substrates. 

Changes in the organization of microtubule systems have 
consequences for intermediate filament organization. Thus, 
de~olymerizing microtubules in cultured cells leads to a 
cOlling of intermediate filaments (23). The disease giant 
axonal neuropathy may indeed be a disorder of connections 
between microtubular and intermediate filament systems, since 
fibroblasts fronl patients with this disease show the 
characteristjc filament coils (24). Accumulations of 
intermediate filaments are evident in many cell types, 
including neurons. Lewy bodies have not been described. 
Intoxications with drugs such as b,b'-iminodiproprionitrile 
also cause a dissociation of microtubules from 
neurofilaments, and result in the loss of axonal transport of 
neurofilaments (25-27). Thus, abnormalities in one 
cytoskeletal system can have profound consequences for the 
organization of other filamentous proteins. Finding high 
molecular weight MAPs associated with the intermediate 
filament accumulations in GAN and in toxic states 
demonstrates that MAPs can interact with intermediate 
filaments (23,25). Furthermore, in vitro interactions 
between MAPs and neurofilaments has been demonstrated (28). 
If MAPs are included in Lewy bodies by virtue of their 
association with neurofilaments, it might be useful to 
consider the possibilit¥ that microtubule systems are 
disrupted in Parkinson's dlsease. 

Parkinson's disease induced by MPTP involves the death 
of neurons in the substantia nigra (29-31). A recent study 
reported the formation of acidophilic inclusions in nigra1 
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neurons in monkeys given MPTP (31). Whether these inclusions 
bear similarities to Lewy bodies remains to be seen, but 
their formation is worth study. For example, the active 
compound in MPTP intoxication ap~ears to be the oxidized 
form, l-methyl-4-phen¥lpyridinium lone One could postulate 
that a direct bindlng of such a cationic toxin to 
neurofilarnents might alter the interactions of filaments with 
other cytoskeletal systems, as has been proposed for other 
toxins 132), thus segregating neurofilaments and halting 
their export from the cell bod¥ and resultin~ in a 
disorganized accumulation. Chemlcal modificatlon of 
filaments may have the added effect of altering turnover 
rates of the proteins. Examination of cytoskeletal 
abnormalities in such a model may lead to important insights 
into the genesis of neurofilamentous pathology. 
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MICROFILAMENT INVOLVEMENT IN HIRANO BODY FORMATION 

Pamela G. Galloway and George Perry 

Case Western Reserve University 
Cleveland, Ohio 

The neuron, like many other types of cells, contains three major 
morphologically distinct filamentous systems: microfilaments, intermediate 
filaments and microtubules. l The role of these cytoskeletal components 
in the neuron has been unclear until recently. These discoveries have 
implicated the cytoskeleton in many cell functions, including internal 
organization. 2- 5 Microfilaments in neurons have mainly been studied in 
relation to axonal transport. 6- 9 By light microscopy, actin filaments 
have been demonstrated in neurites,lO-13 growth cones of avian dorsal 
root ganglia cells14- l8 and in micro spikes of murine neuroblastoma 
cells.lO,ll In situ organization of actin filaments in dendritic spines, 
dendrites and axon terminals has been demonstrated19 using heavy 
meromyosin decoration. 20 

Microfilaments, and other components of the neuronal cytoskeleton, have 
been implicated in degenerative diseases of the central nervous system. 
These diseases are characterized morphologically by loss of neurons from 
certain areas of the brain, and by inclusion bodies within neurons. 
Alzheimer's and Pick's diseases and progressive supranuclear palsy are 
characterized by intraCyto~lasmic inclusions which contain components of 
the neuronal cytoskeleton. 1-25 

The Hirano body is another such inclusion. It is an eosinophilic, 
usually rod-shaped structure originally described in a patient with 
Parkinsonism dementia complex of Guam. 26 It is commonly present in 
neurons of Sommer's sector of the hippocampus27 and in the underlying 
stratum lacunosum. 28 Less commonly it is located in spinal cord29 , 
cerebellum,30 glial cells,3l cerebral cortex,32 Schwann cells,33 
Purkinje cells,34,35 inflammatory cells,36 01igodendroglia,37 and 
extraocular muscles. 38 The Hirano body can be seen in hippocampal 
neurons of non-demented old individuals39- 4l and in increased numbers in 
patients with Alzheimer'S disease. 42 It is also seen in pick's 
disease,43 sporadic motor neuron disease,27 hepatic encephalo
pathy,36,44 the ataxic form of Jakob-Creutzfeld disease,45 in axons of 
peripheral nerves in patients with progressive external ophthalmo
plegia,46 and in seitelberger's connatal form of Pelizaeus-Merzbacher 
disease. 47 Hirano bodies are also seen in experimental animals, 
including squirrel monkey dorsal horn,48 in Schwann cells of rat 
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Fig. 1. A(left) Two Hirano bodies adjacent to a hippocampal neuron 
immunostained with a smooth muscle tropomyosin antibody using the 
peroxidase antiperoxidase (PAP) technique. B(right). Immuno
staining of the Hirano body (arrow) is removed after adsorption 
with tropomyosin. (Scale bar= 58 microns). 

peripheral nerve,49-52 spinal roots of a hamster mutant with hind leg 
paralysis,33 in mice with experimental scrapie,53 chimpanzees with 
experimental kuru,30 peripheral nerves of the spontaneously diabetic B-B 
Wistar rat,54 in brains of ferrets inoculated with subacute sclerosing 
panencephalitis,55 and in the brindled mouse. 56- 59 

Immunocytochemical analyses have implicated microfilaments in Hirano 
body formation. The major component of microfilaments is actin, a 43,000 
kilodalton (kO) protein. 60 In cells actin can either be present as 
monomers, i.e., in the globular or G state, or as filaments, i.e. in the F 
state. 61 Actin molecules assemble and disassemble to form three 
dimensional structures to meet the functional requirements of the cell. 
This assembly and dissembly of actin is controlled by a group of proteins 
called actin associated proteins. 61- 53 These proteins are classified 
into groups, including proteins that predominantly sequester actin 
monomers, proteins which block the ends of actin filaments, actin filament 
cross-linking proteins, and proteins that bind to the sides of actin 
filaments. 52 

Immunocytochemical studies have shown that Hirano bodies share epitopes 
with actin28 ,54 and actin associated proteins including vinculin, 
alpha-actinin and tropomyosin (Fig. 1).64 The epitopes are distributed 
evenly throughout the body, as was demonstrated by immunoelectron 
microscopy (Fig. 2).64 

At least nine different isoforms of tropomyosin have been 
described. 65 The molecular weights of the different forms vary with 
cell type, and even within the same cell, in the range of 29-39 kO. 52 
Some tropomyosin isoforms have been isolated from brain. 66 ,67 Antibodies 
raised to certain isoforms cross react with other isoforms. 68 Tropo
myosin epitopes in Hirano bodies immunoreacted with antibodies to both 
platelet and smooth muscle64 tropomyosin; but not with antibodies to 
skeletal muscle69 or to brain tropomyosin. 70 
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Fig. 2. A(upper) Hirano body viewed at the electron microscopic level 
immunostained with a platelet tropomyosin antibody. B(lower) The 
Hirano body immunostained ~ith rabbit pre-immune serum as primary 
antibody is unstained. Sections were not contrasted with uranyl 
acetate and lead citrate. (Scale bar= 0.5 micron.) 
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Fig. 3. The filaments are in a Hirano body are arranged as "beads on a 
string" (arrows) or in a crosshatched arrangement (right third of 
field). Uranyl acetate and lead citrate. (Scale bar= 0.5 micron.) 

The presence of tropomyosin epitopes in Hirano bodies raises the 
interesting question of the role of tropomyosin in Hirano body formation. 
The different isoforms of tropomyosin have different actin binding 
properties. 71 Different tropomyosin isoforms may be expressed in aging 
neurons and in neurons forming Hirano bodies. Evidence indicates there may 
be genetic co-expression of more than one type of tropomyosin within a 
single cell. 65 It might be speculated that genetic expression of a 
tropomyosin with a higher than normal actin binding affinity may occur in 
aging neurons; this higher affinity may initiate Hirano body formation. 
Tropomyosin binds to the sides of actin filaments, but does not appear to 
have a direct cross-linking function. 62 The only known function of 
tropomyosin, other than its modulating effects on actin-myosin 
interaction,72 is its ability to inhibit incompletely the spontaneous 
fragmentation of actin filaments 72 or the rupture of actin filaments by 
actin-fragmenting proteins. 74 ,75 These functions may play a rola in 
Hirano body formation, since spontaneous fragmentation of actin filaments 
would be diminished, and actin fragmenting proteins may not gain access to 
actin filaments. 

Alpha-actinin is an actin filament bundling protein. Proteins in this 
group stablize the alignment of actin filaments into side-by-side 
aggregates. Alpha-actinin is an asymmetrical homodimer with a molecular 
weight of 105 kD, which has been isolated from brain cells. 76 Non-muscle 
alpha-actinins are calcium binding proteins, a feature which distinguishes 
them from muscle alpha-actinin. Calcium binding inhibits the ability of 
alpha-actinin to interact with actin. 61 As non-muscle alpha-actinin 
binds calcium, its binding affinity for actin diminishes. 76 ,77 The 
ability of alpha-actinin to bind and cross-link actin filaments into a 
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side-by-side configuration occurs maximally at low temperatures in vitro, 
at least in the case of some cytoplasmic alpha-actinins. 6l Whether the 
same property is also true of neuronal alpha-actinin is unknown. 

The presence of vinculin epitopes is also intriguing. Vinculin was 
formerly classified as an actin bundling protein, based on its location in 
areas where actin filaments insert into the plasma membrane. 78 This 
concept was supported by subsequent studies showing that vinculin 
preparations obtained according to published procedures79 affect assembly 
of actin filaments and lower the viscosity of F-actin measured by low shear 
viscometric techniques. 80- 84 However, it is known that contaminants in 
the vinculin preparations are responsible for practically all of the 
filament bundling activities previously attributed to vinculin. 85 
Studies have shown that vinculin of higher purity than those used in 
previous studies has little or no effect on actin assembly and on the low 
shear viscosity of F-actin solutions. 85 - 89 Given the apparent lack of 
interaction between vinculin and actin, it is intriguing that vinculin 
epitopes are present in Hirano bodies. It can be speculated that the 
impurity may also be incorporated into the Hirano body. 

With electron microscopic examination, Hirano bodies show a 
paracrystalline structure made of sheets of 6-10 nm parallel filaments. 
The filaments of adjacent sheets are arranged at oblique angles. 27 ,29 
The filaments in Hirano bodies can either appear as a cross-hatched 
arrangement or as "beads on a string", (Fig 3) depending on the angle of 
view. Immunostaining at the electron microscopic level has shown that 
filaments in both arrangements are immunostained (Fig. 4) when antibodies 
which immunostain Hirano bodies at the light microscopic level are 
used. 64 The crossover periodicity of the filaments is regular and ranges 
from 20 to 25 nm. 58 Various interpretations of this arrangement have 
been suggested. One interpretation90 is that the "beads" are granular 
ribosomal material arranged on the "strings". Another interpretation9l 
using digital processing on electron micrographs is that they are composed 
of helical strands. However, other evidence64 confirms the purely 
filamentous nature of Hirano bodies. High voltage electron microscopy 
performed on 1. 0 micron and 0.5 micron sections showed that the "beads" on 
the "bead on a string" arrangement were transformed into filaments when 
viewed at the proper orientation (Fig 5). The section thickness afforded a 
greater representation of the change from beads to filaments for a given 
angle of rotation. Because the "beads" in the "bead on a string" 
arrangement were visualized as filaments after tilting 1.0 and 0.5 micron 
sections, this finding indicates that Hirano bodies are made entirely of 
superimposed filaments, and do not contain granular structures. In this 
figure, it can be seen that the beads are in fact cross sections of 
filaments rather than granules. 

When frozen sections of hippocampus from Alzheimer's disease patients 
were treated with rhodamine and fluorescein labeled phalloidin, probes with 
unique affinity for F-actin,92 Hirano bodies were stained. 64 This 
indicates that actin in Hirano bodies is in the F state. 

Although Hirano bodies appear to be derived primarily from neuronal 
microfilaments, the neurofibrillary tangle, and its main constituent, 
paired helical filaments 93 , do not show immunologic cross-reactivity with 
components of microfilaments. 64 Antibodies raised against sodium dodecyl 
sulfate extracted paired helical filaments show reactivity with the 
microtubule associated protein, tau. 94- 96 Several antibodies against the 
200 kilodalton (kD) and 145 kD neurofilament subunits2l ,22,97 and 
microtubule associated protein 2 (MAP2),98 and the microtubule associated 
protein tau are also immunoreactive with neurofibrillary 
tangles. 94- 96 ,99,100 To determine a possible relationship between 
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Fig. 4. The platelet tropomyosin antibody reacts intensely in areas both 
with the "bead on a string" arrangement of filaments (right half 
of Hirano body) and the crosshatched arrangement (left half). The 
material between the large groups of Hirano body filaments is 
osmiophilic material of undetermined composition, which is seen in 
some Hirano bodies. (Scale bar= .31 micron.) 

neurofibrillary tangles and Hirano bodies, Hirano bodies were immunostained 
with a monoclonal (5E2) antibodylOl and a polyclonal antibodyl02 to tau 
protein. Hirano bodies were immunostained by the polyclonal antibody and 
by 5E2. In contrast to the results obtained using antibodies to actin, 
tropomyosin, vinculin and alpha-actinin, only about 20% of Hirano bodies in 
a section were immunostained. Tau is a microtubule associated proteinl03 
which can also serve as an actin cross-linking protein. GO- G3 Fractions 
enriched in both I4AP2 and tau have been shown to gel actin at relatively 
high concentrations. Gl Actin filaments incubated with high concen
trations of tau form bundles visible in the electron microscope.l0 4 
Using antibodies to MAPla and 2,105 the presence of these epitopes has 
been shown in Hirano bodies. lOG Since MAPs localize to microtubules, and 
not to cortical networks or bundles of actin in cells,Gl the functional 
significance of actin cross-linking by MAPs is not clear. It is possible 
that they become complexed under pathological conditions. lOG 

As yet, it is not clear what role MAPs play in Hirano body and 
neurofibrillary tangle formation. Although it is possible that Hirano 
bodies are mainly derived from microfilaments and neurofibrillary tangles 
derive largely from neurofilaments and microtubules, it is possible that 
the underlying mechanisms of their formation may be related. 

This work was supported by NIH Grant AG00795. 
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Fig. 5. Electron micrograph of a 0.5 micron plastic embedded section 
examined at one million electron volts. The specimen on the right 
is positioned at -100 and on the left at +100 • The "beads" 
(arrows) change to filaments (arrows). (Scale bar= .24 
micron. ) 
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antibody, 115 
immunocytochemistry, 115 
preparation, 115 

lattice, 90 
left handed, 111, 115, 128, 151 
location in neuron, 61-72, 111, 

112, 151 
Lubrol PX, 154 
MAP2, 13, 46, 101, 104, 168-170 
microtubule, 128, 138 
microtubule-associated protein, 
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microtubule antibody, 115, 116, 

125, 138 
microtubule defect, 118, 119, 
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model, 71, 72, 85, 119, 146, 

174-176 
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monoclonal antibodies, 116, 166-
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neuropil threads, 111 
normal aging, 112, 113 
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pepsin, 155 
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phenol, 99, 155, 157 
phosphatase, 122, 124, 125, 171, 
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identity, 115-118 
molecular weight, 115-118 

postencephalitic Parkinson, 112, 
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prealbumen, 120, 121 
precursor, 176 
properties, 174-176 
protofilament, 90, 91 
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rat, 113 
Rhesus monkey, 113 
ribosomes, 61, 67, 68, 70 
right handed, 111, 115, 128 
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sequence, 117 
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tau, 13, 25, 26, 46, lOO, 101, 
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168-170, 182 

tau-l, 117 
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thioflavin S, 120, 154-156, 167, 
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tubulin, 98 
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ubiquitin, 53-58, 101, 142 
urea, 99, 155, 157 
variability, 175 
viral infection, 112 
whip spider, 113 
X-ray diffraction, 57, 100 

Phosphatase (see Phosphorylation) 
Phosphorylation, 91 

antibody specific, 5 
assembly, 5, 6 
autophosphorylation, 28 
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dephosphorylation, 5 
neurofilament, 4-6 
neurofilament epitopes, 9 
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phosphatase, 5, 25 
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protein, 25-30 
protein kinase, 25-30 
tau, 25-30, 119 
microtubule assembly, 25-30 
tubulin, 181 
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argentophilia, 183 
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epitopes, 142, 182 
immunocytochemistry, 142 
immunoelectronmicroscopy, 143 
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182 
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tau-2, 182, 183, 185 

Pick disease, 13, 142, 143, 182, 
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properties, 121 

Procalcitonin (see Amyloid) 
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(PSP), 182, 186 
neurofibrillary tangle, 13, 112, 

113, 143 
1. 1 • 1, 143 
components, 143 
epitopes, 143 
glob ose, 186 
neurofilaments, 143 
tau, 143, 182, 186 

Protease 
calcium activated (see Calpain) 
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Lewy body, 194 

Proteinase K, 114 
tau, 100 

Protein kinase 
autophosphorylation, 28 
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26-29 
molecular weight, 26 
phosphorylation, 26-30 
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cyclic AMP dependent, 30 
types, 30 

Proteolysis, 33 
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neurofilament modification, 94 
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Retinal ganglion cells, 12 
Retrograde degeneration, 71 

neurofilament, 113 
Retrograde transport, 6 
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68, 70 
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Robitaille Y, 75 
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RS18 (see Antibodies) 
RT97 (see Antibodies) 
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Saunders ME, 48 
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Schulman H, 26 
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antibodies, 121 
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molecular weight, 121 
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SOS, 99, 154 
Selkoe 0, 97, 114-11 6, 138 
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altered neurites, 36, 58, 137 
Alzheimer disease, 36 
cell sorting, 101 
components, 137 
definition, 36, 97, 137 
description, 181 
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glial cells, 36 
immunocytochemistry, 124 
neurotransmitters, 98 
structure, 36 
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Type I, 12 

Ser ial sections 
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Shirahama T, 120 
Sidearms 

neurofilaments, 4 
Simon C, 3 
Sims KS, 47 
Singer SJ, 71 
SMI32 (see Antibodies) 
SMI33 (see Antibodies) 
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Hir ano body, 199 
neurofibrillary tangle, 112 

Southern blots 
tau cONA, 48 

SP17, 37 
elec~ronmicrograph of fibrils, 
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X-ray diffraction, 38 

SP28, 37, 38 
immunogold labeling of fibrils, 

38 
X-ray diffraction, 38 

Sternberger L, 5 
Ster nber ger N, 5 
Straight filament, 97, 98, 140, 

175 
12-15 nm, 55 
immunocytochemistry, 141, 142 
neurofibrillary tangle, 109, 

112, 113 
origin, 141 
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filament, 79, 83-85, 89, 
141 

Stratum lacunosum 
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Subcellular fractionation, 114 
Suzuki K, 71 
Synapses, 6 
Synapsin, 26 
Synaptic terminals, 7 

Tabaton M, 137 
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Tau, 75, 91, 182 

abnormal, 100, 186 
abnormal phosphorylation, 118, 

119, 128, 174 
actin, 204 
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alteration in Alzheimer disease, 
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amino acid composition, 118, 128 
antibody 
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axonal, 46, 165, 186 
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MAP2, 100, 101 
Northern, 100, 101 

calf brain, 122 
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dendritic, 165 
dephosphorylation, 122, 124, 125 
distribution, 46, 186 
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in situ hybridization, 48, 49, 

100 
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restriction analysis, 48 
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gene organization, 49 
gene splicing, 165 
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human, 122 
immunoblots, 122, 123 
immunoelectronmicroscopy, 139, 
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in development, 46 
insolubil1zation, lOO, 152 
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microfilament, 204 
microtubule assembly, 25, 26, 

30, 110, 128 
molecular weight, 25, 45, 110, 

165 
neurodegenerative disease, 186 
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139, 172-174, 186 
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post-translational modification, 
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properties, 165 
proteinase K, 100 
proteolysis, 165 
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tau-l, 117, 170, 182 
tau-neurofilament 

cross-reactivity, 46, 101, 
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in aging, 119 
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platelet-derived growth factor 

receptor, 53 
progressive supranuclear palsy, 

54-56 
role in proteolysis, 53, 57, 58 
sequence, 53 
tau, 55 
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degradation, 6 
gene structure, 8 

Vinblastine, 45, 112 
Vinculin 

bundling, 203 
Hirano body, 200 
location, 203 
properties, 203 
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