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Abstract 

Many of the human neurodegenerative conditions involve a reorganization of the neuronal cytoskel- 
eton. The way in which the cytoskeleton is reorganized may provide a clue to the nature of the insult 
causing the neurodegeneration. The most common of these conditions is Alzheimer's disease, in which 
microtubules are lost from neurites that fill up with filamentous structures. One component of the 
filamentous structures is the microtubule-associated protein (MAP), tau. The tau protein is the product 
of a single gene expressed predominantly in neurons. The tau gene undergoes complex alternative 
splicing that is regulated both by development, and by the particular neuronal cell population in which 
it is expressed. Tau protein can be further modified, following its translation by phosphorylation at 
several sites. Much of the recent interest in the transition of tau to anabnormal  state within a tangle- 
bearing neuron has focused on phosphorylation. A group of proteins that migrate slightly more slowly 
than tau, designated PHF-tau, are found in regions of the Alzheimer brain rich in dystrophic neufites, 
are hyperphosphorylated, fail to bind to microtubules, have distinct solubility properties, and can be 
derived from fractions of paired helical filaments (PHF). 

Index Entries: Tau; neurodegeneration; phosphorylation; Alzheimer's disease; paired helical filaments; 
microtubule-associated proteins. 

Molecular Neurobiology 171 Volume 4, 1990 



"172 Kosik 

Introduction 

Many of the conditions grouped under the 
broad designation of "neurodegenerat ive"  
involve a reorganization of the cytoskeleton. 
These conditions are often associated with intra- 
neuronal inclusions, which in their various forms 
often consist of cytoskeletal elements and the pro- 
tein ubiquitin. One of the most common of these 
inclusions is the neurofibrillary tangle. This struc- 
ture is the subject of numerous studies, because 
it is one of the classical hallmarks of Alzheimer's 
disease. The principal ultrastructural component 
of the neurofibrillary tangle is the paired helical 
filament (PHF). Although other cellular debris is 
observed by electron microscopy within the 
tangle, the composition and pathogenesis of the 
PHF represents the most commonly pursued 
object of study. Neurofibrillary degeneration is 
very likely a complex pathobiological process 
that traps PHF within the cellular milieu as part 
of the neurodegenerative process. 

Recently a number of insights concerning the 
molecular composition and pathogenesis of the 
neurofibrillary tangle have appeared. These 
studies have culminated in the observation that 
the microtubule-associated protein (MAP) tau, is 
the major, if not the exclusive, constituent of the 
Alzheimer PHF (Greenberg and Davies, 1990; Lee 
et al., 1991). To approach the significance of tau 
protein as a component of neurofibrillary degen- 
eration requires placing tau in its context among 
the diverse family of MAPs. Within the MAP fam- 
ily are proteins with highly divergent sequences 
derived from multiple genes that all share the 
property of binding to microtubules. Individual 
MAPs attain further diversity by complex splic- 
ing reactions that include and exclude specific 
exons in an array of patterns and phosphoryla- 
tion events at multiple sites within these mol- 
ecules. Although the in vivo functions of these 
proteins remain unclear, in vitro they have the 
property of promoting the polymerization of 
microtubules (Weingarten et al., 1975). In the con- 
text of current models of dynamic instability 
(Mitchison and Kirschner, 1984), MAPs appear 

to decrease the frequency of transition between 
the growing and shrinking phases of microtu- 
bules in vitro (Horio and Hotani, 1986), presum- 
ably by reducing microtubule instability (Bre 
and Karsenti, 1990). Since microtubules have a 
role in the generation and maintenance of cell 
shape, the modulation of the dynamic behavior 
of microtubules by MAPs may contribute to cre- 
ating the diversity of spatial arrays found among 
cells, particularly neurons. Another crucial role 
of microtubules is their vectorial role in the guid- 
ance of organelle translocation. A class of pro- 
teins more loosely asociated with microtubules 
serve as motors to guide organelles toward their 
destinations (McIntosh and Porter, 1989). Because 
these mechanoenzymes, kinesin and dynein, are 
defined by whether they move organelles toward 
the "plus" or the "minus" end of the microtu- 
bules, the orientation of the microtubules in vari- 
ous parts of the neuron is crucial to assure correct 
targeting of organelles (Black and Baas, 1989). The 
maintenance of targeted delivery of organelles 
certainly requires stably polymerized microtu- 
bules. Although a number of modifications of 
tubulin, including acetylation and detyrosination, 
are associated with microtubule stability, MAPs 
are likely to have a very direct role in the stabili- 
zation of microtubules. 

The Normal Tau Molecule 

The MAP tau is the product of a single gene 
(Neve et al., 1986) that undergoes complex 
alternative splicing (Lee et al., 1988; Himmler, 
1989). It has been mapped to the long arm of 
chromo-some 17 (Neve et al., 1986) and located 
on a gen-etic linkage map of the chromosome 
(Haines et al., 1990). The cloning and sequencing 
of tau cDNAs have suggested certain structure- 
function relationships. The most apparent was 
the f inding of three imperfect ly  repeated  
sequences, each of 31-32 amino acid, near the 
carboxy terminus of tau, which have the prop- 
erty of microtubule binding (Lee et al., 1989; 
Himmler et al., 1989). This finding derived from 
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in  vitro studies in which tau deletion constructs 
lacking portions of the carboxy terminus were 
expressed and assayed for their ability to bind 
to microtubules. Similar b inding properties 
have been attributed to these sequences based 
on the use of complementary synthetic peptides 
(Aizawa et al., 1989; Ennulat et al., 1989). To ap- 
proximate more closely the in vivo behavior of 
tau, transfection of tau cDNAs in mammalian 
cells were used. Investigators who have ex- 
pressed various tau sequences in mouse fibro- 
blast L-cells (Kanai et al., 1989) and a variety of 
other cell types (Lewis et al., 1989) have observed 
that some of their constructs result in the bun- 
dling of microtubules within the cytoplasm. It is 
unresolved what the minimal tau sequences re- 
quired for bundling are, however, some of the 
variability in the induction ofbundling observed 
by different investigators is very likely a result 
of distinct effects of tau expression in different 
host cells. 

Tau is synthesized in neurons (Kosik et al., 
1989) and abundant within the axonal compart- 
ment (Binder et al., 1985; Peng et al., 1986; Kowail 
and Kosik, 1987; Brion et al., 1988). Another neu- 
ronal MAP, MAP2, is found in the somatoden- 
dritic compartment of neurons, and thus has the 
complementary cytological topography to tau. 
Although microtubules are present throughout 
the neuron, they associate with distinct MAPs, 
depending on their setting in an axonal or den- 
dritic compartment. How this compartmentation 
arises is unknown. The sorting of distinct tubu- 
lin isotypes with differential affinities for the 
MAPs is one testable way by which MAP com- 
partmentation could arise. It should also be 
appreciated that the rules of the cellular local- 
izat ion of the MAPs are not absolute. For 
instance, although tau is considered primarily a 
neuronal protein, it may also be found in other 
cell types that bear no obvious relationship to 
mammalian neurons. Proteins immunoreactive 
with several different tau monodonal antibodies 
were found in the erythrocyte marginal band of 
the dogfish (Sanchez et al., 1990) and the chicken 
(Murphy and Wallis, 1985). The unique spatial 

and mechanical features of the marginal bang  
with its microtubules running over great dis- 
tances in an array that is parallel to the plasma 
membrane, may require the specific properties 
of a tau-like MAP. Tau immunoreactivity has 
even been reported in cotton (Gossypium hirsutum) 
suspension ceils (Seagull et al., 1990). Perhaps a 
particular MAP appears where a cell has a spe- 
cific problem to solve, rather than as an absolute 
defining property of a cell type or a cell lineage. 
Tau-like proteins may occur in settings where 
parallel bundles of microtubules are required 
for cell function. The degree to which these and 
other tau-crossreactive proteins bear sequence 
homology to mammalian neuronal tau must be 
determined. 

The Cell Biology 
and Pathobiology of Tau 

The observation that MAP2 and tau are com- 
partmented in neurons has prompted studies that 
have sought to explore a role for these proteins 
in the generation of the unique morphologies of 
axons and dendrites. In the case of tau protein 
there is some evidence to support such a role. The 
minor neurites elaborated by neurons in culture 
just after plating are all tau-immunoreactive; even 
after a single neurite undergoes elongation to 
form an axon, all the neurites remain tau-immu- 
noreactive. Although tau is eventually sorted se- 
lectively to the axon in rat cerebrocortical cultures, 
it does not appear localized there until well after 
the neurite attains an axonal morphology (Kosik 
and Finch, 1987). This immunocytochemical lo- 
calization may cast doubts on the role of tau pro- 
tein in the generation of polarity, but another 
experimental approach has suggested that tau 
could function coordinately with other cellular 
events to create asymmetric neuronal morpholo- 
gies. This approach utilized tau antisense oligo- 
nucleotides added to neuronal cell cultures in 
order to inhibit specifically the elaboration of an 
elongated, nontapering,  axonlike structure 
(Caceres and Kosik, 1990). When tau antisense 

Molecular Neurobiology Volume 4, 1990 



174 Kosik 

oligonucleotides were administered to more 
mature cultures, there was a specific loss of 
neurites with an axonlike morphology, while 
dendritelike neurites continued to grow and 
increased in complexity (Caceres et al., in press). 
Furthermore, the expression of tau protein in a 
foreign host cell results in the elaboration of long, 
thin, relatively unbranched processes that bear a 
morphological similarity to axons (Knops et al., 
1991). These experiments utilized a baculovirus 
vector to express tau protein in Sf9 cells, a type of 
cell derived from the moth ovary, that does not 
ordiharily express tau. 

Given the possibility of a role for tau in the 
generation of an axonal morphology, it is of 
interest that recent immunohistochemical ob- 
servations in the Alzheimer brain suggest a loss 
of resolution of many neurites as axons or den- 
drites. These studies used tau antibodies on sec- 
tions of Alzheirner brain tissue to describe the 
neurofibrillary lesions. In addition to neurofi- 
brillary tangles, tau antibodies label a population 
of neurites that range from having a nearly nor- 
mal, threadlike appearance to thickened curly fi- 
bers (Kowall and Kosik, 1987; Braak et al., 1986; 
Braak and Braak, 1988). Among the nearly nor- 
mal appearing neurites labeled with the tau anti- 
body are pyramidal-cell apical dendrites (McKee 
et al., 1989). The immunolabeling of tau within 
the apical dendrite represents a distinctly aber- 
rant cyto-logical localization of the tau protein. It 
is likely that these affected neurites have also lost 
their MAP2 immunoreactivity. Tau-reactive dys- 
trophic neurites also affect axonal populations, 
and some of these neurites may even represent 
new sprouts (Ihara, 1988). 

Dystrophic neurites are observed both around 
senile plaques and unassociated with plaques in 
the neuropil. The importance of these neurites has 
been underscored by the general agreement that 
tau-reactive neurites are critical neuropatho- 
logical correlates of the clinical dementia of 
Alzheimer's disease (Barcikowska et al., 1989; 
Crystal et al., 1988; Arai et al., 1990; McKee et al., 
in press). The finding of ~-amyloid protein immu- 
noreactivity in the brain, although a neccessary 

lesion, is alone insufficient for the diagnosis of 
Alzheimer's disease. The high frequency of amy- 
loid deposition in normal aging accounts for the 
poor correlation to clinical dementia. The pre- 
dominant cytoskeletal feature of dystrophic 
neurites are processes that have either lost or 
destabilized their microtubules and have become 
filled with highly phosphorylated filamentous 
structures. A number of experimental systems 
address different aspects of this type of 
cytoskeketal reorganization. 

PC12 cells have been used to show a correla- 
tion of neurite outgrowth to the induction of tau 
protein (Drubin et al., 1985) and tau mRNA 
(Drubin et al., 1988). Consistent with this obser- 
vation are the reports that tau expression 
increases rapidly during neural development at 
a time when axonal outgrowth occurs, and then 
decreases as the animal matures (Couchie et al., 
1988; Mangin et al., 1989). However, increased 
tau synthesis in the adult rat dorsal root ganglion 
was not observed during axonal regeneration 
after a crush injury to the sciatic nerve (Oblinger 
et al., in press). Axonal outgrowth in a regenera- 
tive setting may not, therefore, represent an iden- 
tical phenomenon with regard to the organization 
of the microtubules as axonal outgrowth in a 
developmental context. The features that make 
the regenerative response distinct from develop- 
ment are nowhere more clear than in the aber- 
rant response to close axotomy in the lamprey, 
discussed below. The aberrant features of this ste- 
reotypic regenerative response resemble some 
aspects of the neurofibrillary degeneration of 
Alzheimer's disease. 

A system in which injury results in the assump- 
tion of axonal properties within dendrites and 
neuronal sprouts is that of the larval sea lamprey, 
Petromyzon marinus (Hall et al., 1989). Approxi- 
mately three weeks after axotomy close to the 
neuronal cell bodies of the anterior bulbar cells, 
sprouts emerge from the dendritic tips of these 
cells. The dendrites proximal to these sprouts, 
which often appear swollen, develop some ultra- 
structural properties of axons, particularly pre- 
synaptic elements and abundant neurofilaments. 
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These structures, however, differ from normal 
axons in that they contain labile microtubule 
populations, as detected by the presence of reac- 
tion product with tyr tubulin antibodies (Hall et 
al., 1991). Well before the time that sprouts 
emerge, as early as five days after axotomy, phos- 
phorylated neurofilaments can be detected in the 
dendrites (Hall et al., 1991). Under normal 
conditions, phosphoryla ted  neurofi lament  
immunoreacitivity is detectable only in axons. 
This finding leads to the speculation that the 
phosphorylation status of the neuronal cyto- 
skeleton may be a controll ing element for 
neurite identity. Although the association of 
neurofilaments with Alzheimer neurofibrillary 
tangles is controversial, these phosphorylated 
neurofilament antibodies are also capable of 
labeling neurofibrillary tangles. 

Tau Phosphorylation 
and Neurodegeneration 

From a cell-biology perspective, these consid- 
erations indirectly suggest the importance of 
phosphorylation in cells with neurofibriUary 
tangles. A more direct assessment of the tau 
phosphorylation state in tangle-rich Alzheimer 
brain tissue has also revealed the presence of 
hyperphosphorylated tau (Ksiezak-Reding et al., 
1990b). This work was predicated on the identi- 
fication of several protein bands from neurofi- 
brillary tangle fractions as a modified tau protein. 
These bands, run by SDS-PAGE a little higher 
than normal tau protein, do not purify with brain 
microtubules, and have solubility properties 
distinct from normal tau. The first reference to 
these modified tau proteins was by the term A68 
(Wolozin et al., 1986); however, these investiga- 
tors did not identify the protein as tau. More 
recently, these proteins have been definitively 
identified as tau by antibody crossreactivity 
(Ksiezak-Reding et al., 1990a; Flament et al., 1989) 
and by direct protein sequencing (Lee et al., 
1991). Sucrose gradient fractions containing PHF, 

when analyzed by gel electrophoresis, contain 
only these modified tau bands, dearly demon- 
strating that at least some PHFs are soluble in 
SDS (Lee et al., 1991). When the phosphate con- 
tent of these proteins was analyzed, they con- 
tained 12 tool of phosphate per mole of tau, in 
contrast to normal brain tau from Alzheimer 
brain and from control brain, which contained 
phosphate in the range of 3 mol of phosphate/ 
mol oftau (Ksiezak-Reding et al., 1990b). The lat- 
ter phosphate contents are similar to the phos- 
phate content of tau previously reported in 
bovine brain tau (Ueda et al., 1990). The distinct 
features of this modified tau protein are best de- 
scribed by the term PHF-tau. An antibody that 
recognizes PHF-tau, but not normal adult human 
tau has been described (Greenberg and Davies, 
1990). Lee et al. (1991) has suggested that serine 
396 is a critical site of altered phosphorylation in 
PHF4au; however, the massive degree to which 
PHF-tau is phosphorylated compared to normal 
tau may imply multiple critical sites. 

One functional consequence of tau hyperphos- 
phorylation is its inability to bind to microtubules 
(Rosenblum et al., 1990). If tau is unable to bind 
to microtubules, one might predict that axonal 
microtubules would  become destabilized. 
Indeed, McKee et al. (1990) have observed that 
an antibody to acetylated tubulin, which probes 
for stable microtubules, is not reactive with dys- 
trophic neurites. However, microtubules are lost 
throughout tangle-bearing neurons (Ellisman et 
al., 1987) and dystrophic neurites often have a 
dendritic origin (Yamaguchi et al., 1990). There- 
fore, the problem of microtubule instability un- 
der the condit ions of Alzheimer ' s  disease 
extends beyond the axonal compartment. In fact, 
although PHF-tau is left behind in affected neu- 
rons, it is likely that other components of the mi- 
crotubule system, including MAP2 and tubulin, 
have been proteolyzed, because many tangle- 
bearing cells lackimmunoreactivity with antibod- 
ies to these proteins. Tau may be left behind in 
the course of massive microtubule destabiliza- 
tion, as an inadvertent consequence of its molecu- 
lar structure. 
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A crucial question in Alzheimer research is that 
of the relationship of the neuritic lesions described 
here to the other classical hallmark of the disease, 
the deposi t ion ~-amyloid.  Some causative role 
for the amyloid in the generation of the neuritic 
lesions is likely, since the f~-amyloid protein 
appears to deposit several years before neuritic 
changes are apparent (Mann et al., 1988). One promi- 
nent location of dystrophic neurites is around and 
within the senile plaque, and direct induction of 
neuritic changes following the expo-sure of neu- 
rons to a putatively toxic amyloid fragment has 
been described (Yankner et al., 1990). However,  
the distribution of the [3-amyloid peptide does not 
correlate well to the distribution of neurofibril- 
lary tangles (Kuzuhara et al., 1989). These obser- 
vations suggest that the effects of the f~-amyloid 
peptide may be more remote, rather than directly 
on the neurites with which the peptide comes in 
contact. The formation of the amyloid fibril may 
result  in neu rona l -membrane  in jury  that  re- 
sembles axotorny to the extent that membrane 
integrity has been violated. Since neuritic lesions 
are not unique to Alzheimer's disease, other brain 
insults could induce similar lesions. The mani- 
festations of the injury may vary depending on 
where  in the very diverse structure of a neuron 
the injury occurs. Injury at the nerve terminus 
may result in a protracted time-course before 
neuritic changes occur; once they do occur, they 
may  appear remote from the site of the injury. 
Injury closer to the cell body may have a greater 
impact on the integrity of the dendritic tree. It is 
possible that one aspect of an amyloid-related 
injury to neuronal  cell membranes is a disrup- 
tion of internal calcium homeo-stasis, a type of 
insult that has been associated with the induc- 
t ion of neur i t i c  changes  in cells in cu l ture  
(Mattson, 1990). The subsequent acti-vation of 
calcium-dependent kinases or inhibition of phos- 
phatases could induce much of the cyto-skeletal 
reorganization described here. Phos-phorylation 
of MAPs and their subsequent dissociation from 
microtubules wou ld  destabilize microtubules; 
concommittant neurofilament phosphoryla t ion 
would ,  in the somatoden-dri t ic  region, contrib- 
ute to the loss of dendritic identity. 

Summary 
It is very likely that the neuronal  ctyoskeleton 

plays a role in the formation and maintenence of 
axonal and dendritic identity. The disruption of 
the cytoskeleton in Alzheimer's disease involves 
a repart i t ioning of cytoskeletal e lements  that 
under  normal conditions are preferentially seg- 
regated to the axon or dendrite. The setting in 
which this category of lesion is observed is that 
of neuronal injury resulting in denervation. The 
cytoskeleton undergoes progressive destabiliza- 
tion and loss of microtubules and a concomrni- 
tant accumula t ion  of h ighly  phosphory la ted  
filaments. In Alzheimer's disease, at least some 
of these filaments are likely to represent aber- 
rantly phosphorylated tau polymers. 
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